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Abstract

Fuel cells are representing a promising technology in order to generate energy
without being limited to the Carnot efficiency (as is the case for combustion engi-
nes), which results in high efficiencies. Especially high-temperature fuel cells like
Solide Oxide Fuel Cells (SOFC) have the advantage of being operated with con-
ventional hydrocarbon fuels like diesel or ethanol. SOFC systems are, for instance,
applicable for power generation on board of heavy duty trucks or for range exten-
sion of electric vehicles. Such mobile SOFC systems, also called Auxiliary Power
Units (APU), are therefore an important approach during the transition towards
renewable and CO.,-free energy sources. The introduced liquid hydrocarbon fuel
must be converted into a fuel cell compatible reformate gas before entering the fuel
cell stack which is done by an upstream Gas Processing Unit (GPU).

This thesis deals with an analysis of a Gas Processing Unit for a SOFC system con-
sisting of an evaporator and a reformer in flow path 1 and an oxidation catalyst
for exhaust gas aftertreatment in flow path 2 by using Computational Fluid Dy-
namics (CFD) tools. The solid body between the two flow domains was included
in the modelling, so that the heat transfer between the two flow paths could be
investigated. After the multidomain calculation grid generation, some plausibility
check calculations on a simplified model were performed. The gained insights were
applied to the overall Gas Processing Unit model.

Energy balance calculations performed on the simplified model revealed a reason-
able heat transfer also of the interface of porous media and solid body despite
previous concerns, and some interesting effects could be observed. The results of
the overall gas processing unit suggest possibilities for a geometry improvement.
The high temperatures observed in measurements of the exhaust line indicate a
possible pre-combustion already before the oxidation catalyst. This effect could be
confirmed by the CFD results.






Kurzfassung

Brennstoffzellen stellen eine zukunftstrachtige Technologie zur Energiegewinnung
dar, ohne dass der maximal ereichbare Wirkungsgrad auf den Carnot-Prozess li-
mitiert ist. Mobile Bordstromaggregate (APUs) kdnnen unter anderem zur Reich-
weitenerhohung von Elektrofahrzeugen oder zur Stromgenerierung an Bord von
Lastkraftwagen dienen. Das SOFC-System kann auch mit konventionellen Brenn-
stoffen betrieben werden und ist deshalb ein wichtiger Beitrag zu einer Zukunft
mit erneuerbaren bzw. CO,-freien Energiequellen. Die fliissigen Kohlenwasserstof-
fe miissen, bevor sie in den Brennstoffzellenstack gelangen, in einer Gasaufberei-
tungseinheit in ein brennstoffzellenkompatibles Gasgemisch umgewandelt werden.
In dieser Arbeit wurde eine Gasaufbereitungseinheit eines SOFC Systems, beste-
hend aus einem Verdampfer und einem Reformer (Stromungspfad 1), sowie einem
Oxidationskatalysator zur Abgasnachbehandlung (Stromungspfad 2) mit Hilfe ei-
ner dreidimensionalen Stromungssimulation analysiert. Der Festkorper zwischen
den beiden betrachteten Stromungspfaden wurde mitmodelliert, um auch die Wér-
metibertragung zwischen beiden Pfaden zu ermitteln. Nach der Netzgittergenerie-
rung wurde eine Methodenevaluierung an einem vereinfachten Modell durchge-
fiihrt, wessen Erkenntnisse im Gesamtsystem Gasaufbereitungseinheit berticksich-
tigt wurden.

Die anfangliche Skepsis gegeniiber der Fiahigkeit, den Warmetibergang zwischen
pordsen Medien und einem Festkorper zu simulieren, hat sich nicht bestatigt. Ver-
schiedene Berechnungen und Energiebilanzen haben gezeigt, dass die Methode
stimmig ist. Am Gesamtmodell wurden dann Verbesserungspotenziale ermittelt.
Die in der Messung aufféllig hohen Temperaturen im Abgasnachbehandlungspfad,
bereits vor dem Oxidationskatalysator, weisen auf eine vorzeitige Verbrennung von
Restbrennstoff und Oxidationsmittel hin, die durch die CFD Simulation bestatigt
wurde.
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1 Introduction

1.1 Fuel Cell Technology

Fuel Cells are continuously operating batteries which are able to convert the chemi-
cal energy of a fuel directly into electrical energy without being limited to the lower
efficiency of the Carnot process which governs in case of combustion engines [21].
The generation of electrical energy results from a fuel, such as hydrogen, and an
oxidant, such as air [29].

The following Table 1.1 shows an overview of the different fuel cell types including
the Solide Oxide Fuel Cell (SOFC) investigated in this work.

Table 1.1: Types of fuel cells[10], [12]

Operating Charge Efficiency
Type Electrolyte Fuel )
Temperature Carrier cell/system
t h
PEM proton exchange 40-80°C H, H* 50-70/30-50%
membrane
AFC potassium hydroxide 65-220°C H, OH" 60-70/60%
PAFC phosphoric acid 205°C H, H* 55/40%
MCFC molten carbonate 650°C H,, CO,CH, COj5 55/40%

SOFC  solide oxide ceramics  750-1000°C  H,, CO, CH, O 60-65/55-60%

Each fuel cell type is used in different application fields. The Proton Exchange
Membrane (PEM) fuel cell is mainly used as power unit for transport applications
because of its low operating temperature and transient response behaviour. PEM
fuel cells require very pure hydrogen fuel due to the fact that even a small quantity
of CO can cause a cell poisoning [30].

SOFCs were developed for stationary and mobile applications and, at lower power



1 Introduction

levels, for portable generators. A big advantange of the SOFC is that it can be op-
erated by a wide range of fuels using internal reforming directly at the anode of
the fuel cell. The main reaction occuring at the anode is with hydrogen fuel, but
depending on the anode material, also other fuels can directly react, i.e. carbon
monoxide (CO) on Ni/YSZ materials and methane (CH,) on Ceria or others [30].

1.2 SOFC Auxiliary Power Unit

In the mobile sector, the SOFC Auxiliary Power Unit (APU) has been developed for
the purpose of producing electrical power on board of passenger cars and trucks.
The power results from electrochemical reactions which occur in the electrolyte of
the fuel cell under supply of fuel to the anode and of an oxidant to the cathode.
Especially on board of heavy duty trucks, a SOFC APU has many advantages.
Thereby it is possible to decouple the stationary mode from the driving mode in a
way that the SOFC APU is able to deliver the electrical power for all other purposes
besides driving. Simultaneously, the thermal capacity, which is set free from a high
temperature fuel cell like an SOFC, can be used for heating the driver cabin. Diesel
fuel can directly be diverted from the fuel tank and is therefully well suited as fuel
for the APU. Besides that, with regard to the current small hydrogen infrastructure
it seems also a good solution to extend the range of an electrical vehicle by adding
an APU to the electric drive train which is fuelled by, for instance, a bio fuel like
bio ethanol.

1.3 Gas processing

The more efficient the introduced liquid fuel from the fuel tank can be converted
into a SOFC compatible gas mixture, the lower are fuel consumption and CO, em-
misions. The goal is to increase this efficiency with regard to economic and envi-
ronmental reasons.

A widespread method to convert the hydrocarbon fuel into a hydrogen rich gas
mixture is to use a catalytic reformer which operates best in a certain temperature
range which depends on the catalytic material, mostly around a temperature of
500 to 800°C [10]. Reforming can take place in various forms, whether this can
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be via endothermic or exothermic reactions or a combination without mentionable
external heat exchange. In any case, the heat which is required to reach the opera-
tion temperature of the reformer can be taken from the hot exhaust gas which the
fuel cell emitts. Therefore, an efficient thermal management has to be ensured for
optimisation of the process.

1.4 AVL SOFC APU program

The company AVL (Anstalt fiir Verbrennungsmotoren List GmbH) is involved in
fuel cell development since 2002. The AVL Fuel Cell department is divided into
separate skill teams for PEM and SOFC. A part of the AVL SOFC team deals with
SOFC APUs and within this framework, already several generations of a power unit
which have an electrical power output from 3kW up to 5 kW, running on different
fuels like ethanol or diesel, were developed. At the test bench there were carried
out component tests as well as full APU system tests and research as well as cus-
tomer projects were performed successfully.

The GPU, which is part of the SOFC APU, developed by AVL, contains a fuel evapo-
rator, a catalytic reformer and an off-gas burner to burn the fuel cell exhaust gases.
The fuel cell stack module is fed with the gas mixture produced in the gas process-
ing unit and provides thermal energy which is guided back into the exhaust path
of the GPU.

1.5 Analysis Objective

This thesis deals with a flow and thermal analysis of the GPU from AVL. The ob-
jective was to analyze the existing design and to point out where there is potential
for improvement.

The simulation was performed with APU system test results of a typical 3kW oper-
ating point and by using three-dimensional (3D) CFD with the simulation program
FIRE™, a software developed by AVL based on the Finite Volume method. CFD
methods provide the possibility to visualize spatially resolved flow characterisics
by solving physical and chemical equations.
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The thesis includes
e an analysis of APU test results,
e calculation of required boundary conditions for the CFD simulation,
e the generation of a calculation grid and
e the evaluation of the analysis results.

The CFD method used to analyze the GPU was proved by a plausibility study which
was performed on a simplified model.



2 Basics of SOFC Fuel Cells and Gas
Processing

2.1 Solide Oxide Fuel Cells

2.1.1 Principle

A SOFC is a high temperature fuel cell whose operating temperature extends from
750°C to 1000°C [12]. A fuel cell consists of two electrodes, namely anode and
cathode, and an electrolyte being in between. In a SOFC the material used for the
electrolyte is usually made out of a solid ceramic like Yttrium stabilized zirconium
dioxide (YSZ). Due to its special material properties, YSZ is capable to conduct
oxide ions at temperatures above 750°C. At the same time it is impermeable to gas
and electrons [12].

The working principle of an SOFC is illustrated in Figure 2.1 and the occuring
chemical processes are listed in Table 2.1.

Table 2.1: Chemical reactions in fuel cells [10]

Type Chemical Equation Process

, Hy + 0%~ — HyO + 2e~ L
anode reaction ” B oxidation/ release of electrons
(CO+0"" - COy+2e7)

cathode reaction %Oz +2e" — O* reduction/ acceptance of electrons

H, + %Oz — H,O

1 redox reaction
(CO+ 502 — COy)

overall reaction

A SOFC can be operated with fuels like hydrogen (H,), CO but also CH,. The fuel
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is led to the anode for which a ceramic-metallic cermet material is used, consist-
ing of Nickel (Ni) in order to conduct electrons and YSZ to conduct oxide ions
[30]. The cathode side of the fuel cell is fed with an oxidant such as air which will
be reduced to oxygen ions. The cathode consists of Lanthanum Strontium Man-
ganite (LSM) which is electron and ion conducting and has the task to catalyze
the oxygen reaction [19]. The oxygen ions generated at the cathode then migrate
through the electrolyte to the anode side where the fuel will be oxidized and forms
water vapour (and CO, in case of carbon-containing fuel). The electrons, which are
released at the anode during this electrochemical reaction, move along an electric
circuit to the cathode, where the process starts from the beginning [33]. Fuel or
oxidant has to be applied to the whole electrode in order to prevent losses or cell
damages. Therefore, some unused fuel and oxidant remain in the exhaust gas of
the fuel cell, which will be removed together with the products of the chemical
reactions [21].

A

H2 1o
(CO,CHa) mo? —_ 02
unused fuel - unused air
+H20 (CO02) l l

Anode Electrolyte Cathode

Figure 2.1: Working Principle of a Solide Oxide Fuel Cell [10]
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2.1.2 Parameters
Cell voltage

To specify a fuel cell, some characteristic parameters like thermoneutral voltage
(Ug), electrical energy (We)) and efficiency (1) are used, describing electrochemical
conditions which depend on the molar free energy of reaction (ARGn) and the mo-
lar enthalpy of reaction (ARHm) [12].

The maximum electrical work W, delivered by a fuel cell is equivalent to the
change of the molar free energy of reaction (AR Gm) which correlates to the product
of the Faraday constant (F), the number of electrons (n) participating in the reaction
and the cell voltage (U.), as shown in equation 2.1 [12].

We = ARG (T, p) = —n - F- UL (2.1)

The theoretically maximum voltage of a fuel cell is Uy, described by following
formula 2.2 which contains the molar enthalpy of reaction AgHy, at standard con-

ditions.

ArHY (Ty, po)
0 F (2.2)

Values for standard conditions (Ty = 25°C, py = latm) of a fuel cell operated with

ug = —

fuel H, and product liquid H,O are listed in Table 2.2.

Table 2.2: Standard conditions for water production according to [12]

Po to ARHY, ARG, ARSY,

ibar 25°C 285840 J/mol 237144 J/mol 163,326 J/mol K

The same applies for U, by accessing ARG, (equation 2.3).

0O — ARG (To, po)
¢ n-F

The number of electrons involved at reaction H, + %Oz — H>O is 2, this leads to a

(2.3)

cell voltage of 1,23V. Because of such low cell voltages, fuel cells will be connected
serially and bundled to fuel cell stacks to gain an as high as possible voltage which
is related to a higher electrical power output [12].

Is the condition in which the cell is operating not a standard condition, the actual
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molar enthalpy of reaction at standard conditions has to be replaced by the molar
enthalpy of reaction with the consequence that the value of the cell voltage can
only achieve the cell voltage according Nernst equation (Uy). The Nernst equation
considers the temperature (T) and, under the assumption of ideal gas, the partial
pressure of component k (py) and the stochiometric coefficient of component k (vgy, )
of all components involved (see equation 2.4) [12].

 ARGm(T, p)
2-F

RnT
o 0 m pk S
- uC - n- F ' ln |k|(p0 )V k (24)

Un =
For a fuel cell fuelled with hydrogen it can be written (equation 2.5):

-in
n-F PH,+/ PO,

This cell voltage according Nernst equation Uy displays therefore the maximum

Uy = U —

(2.5)

achievable cell voltage at real conditions (not standard conditions) which is shown
in Figure 2.2 [12].

Actual performance

In addition, in order to determine the real U, that actually occurs in a fuel cell, there
have to be considered several irreversible losses caused by the operation mode of
the fuel cell. In sum, this total loss is decribed by the cell efficiency (7¢) in equation
2.6 [12].

U

= u—gl (2.6)

Nc

The losses happening in a fuel cell during operation are listed below. The influence
parameters of these losses are shown in the U-I curve in Figure2.2.

e activation related losses
e resistance losses (also: ohmic losses)

e gas transport losses
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[e)

g
| W |7-a8
z. F

Un
/— Activation voltage loss
/— Resistance Loss

Cell Voltage Uc

Gas Transport Loss —/

Cell Voltage U [V]

Current | [A]

Figure 2.2: U-I-curve of a fuel cell [12]

Activation voltage losses: The activation voltage losses which are seen in the
U-I characteristic curve at low current, are caused by the activation energy of the
electrochemical reactions at the electrode and electrolyte interface. In SOFCs, these
losses are negligible because of the high operation temperatures which are provid-
ing the necessary energy for activation [13].

Resistance losses: These losses show a linear behaviour in dependence of the
electric current. They are governed by an ionic resistance in electrodes and elec-
trolyte, by electronic resistances of electrodes and interconnectors and by contact
resistances [12].

Gas transport losses: These are determined by too slow supply of gas to the fuel
cell inlet and too slow removal of products at fuel fell outlet, which increasingly
occurs at high currents [12].

Fuel utilization

The fuel utilization (7¢,) is the ratio of the fuel flow at fuel cell outlet to the fuel flow
at fuel cell inlet. It shows how much of the supplied fuel 71,,04e in Will be converted
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during the electrochemical reaction into electrical current. Because of a relation
between 775, and gas composition, it has also influence on Uy and, therefore, the
efficiency of the fuel cell.

Mfyel anode,out

Mu =1 - (2.7)

Mfuel,anode,in

For the fuel utilization limit values are given by the stack supplier. At low 7¢,, UN
becomes higher but not 7c. This is because of the fact that then a higher fuel ratio
would leave the fuel cell unused and would not be converted into electrical energy.
Above 7, limits the fuel cell should not be operated because an oxidation at the
anode due to fuel empowerishment can happen . The empowerishment leads then
to an increase of the gas transport loss and to a high voltage drop. Common values
for 5g, are from 8o to 85% [33].

2.2 SOFC System

To increase the power output of a fuel cell, the cells were arranged sequentially
to a fuel cell stack along with so called interconnectors as the binding element.
Regarding SOFCs, the cell arrangement can be planar or tubular. In addition to that,
practical fuel cell systems require also a Balance of Plant (BoP) which contains com-
ponents for fuel preparation, air supply, thermal management, water management
and electric power conditioning, in order to allow the operation with conventional
tuels like hydrocarbons. Except when the system is fed with pure fuels like pure
hydrogen, some fuel preparation is required, involving the removal of fuel impuri-
ties like sulfur, thermal conditioning and fuel processing such as reforming to gain
a hydrogen rich anode feed gas [10]. The air supply includes components like air
tilters and air blowers.

2.2.1 Structure and Components

Figure 2.3 shows the components and their interactions of a typical APU system
with anode off-gas recirculation and CH, fuel.
The system consists of three main paths, namely

e the anode line,

10



2.2 SOFC System
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Figure 2.3: Schematic layout of a SOFC system [33]

e the cathode line and
o the exhaust line, where anode and cathode exhaust gases are merged.

The anode line contains the components for fuel processing like the reformer. Fuel
from the fuel tank is led to the fuel preparation reactor (removal of harmful species
for fuel cell and reformer) and afterwards led to a reformer reactor, typically a cat-
alyst where catalytic reforming reactions occur with the goal to get a hydrogen-rich
gas for the anode electrode of the fuel cell. Before reaching the reformer, a part of
recirculated anode off-gas from the fuel cell stack is added.

At the cathode line, an air blower provides ambient air from outside for the cathode
electrode of the fuel cell stack. To reach the cathode at process temperature level,
the air is heated up by a heat exchanger that is fed with hot exhaust gas from the
anode and cathode side of the fuel cell stack.

After the reduction and oxidation process in the fuel cell stack, the exhaust gases
of the fuel cell were led to the off-gas burner where the exhaust gas aftertreatment
occurs to ensure an as clean as possible exhaust gas. It is common to use the heat
released by the off-gas burner in order to heat up other components like the re-
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2 Basics of SOFC Fuel Cells and Gas Processing

former.

A part of the anode off-gas will be extracted prior to the burner and will be re-
circulated which has the effect to support the heatup of the fuel and to reduce
soot formation. Unused fuel components like CO and H, in the anode off-gas can
increase the electrical efficiency and introduced water vapour supports steam re-
forming. The anode off-gas recirculation is technically solved by a recirculation
blower.

2.2.2 Performance Characteristics of SOFC Systems
Electrical efficiency

At the expense of the introduced fuel energy, the fuel cell stack is able to produce

electrical power (Pg) (2.8).
I

S — 2.8
M fyel - Hy (25)

Hel =

System efficiency

In a fuel cell system the required blower for air supply and off-gas recirculation
as well as voltage inverter need power which results in an efficiency decrease.
For comparing fuel cell systems to each other, the system efficiency #system can be
written as in equation 2.9 [33]. Fuel cells can reach a cell efficiency around 60%,
efficiencies for a cell stack can be values up to 50% and system efficiencies around
40% [12].

Per — Py — Pino

Hsystem = mfuel “H, (2-9)

Thermal efficiency

The heat produced out of of the introduced fuel energy leads to the thermal effi-
ciency (77y,), shown in equation 2.10 [33].
Q

— (2.10)
mfuel ’ Hu

Nith =
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2.2 SOFC System

Steam to carbon ratio

The prescription of a minimum steam to carbon ratio (S/C) in the process gas leads
to an inhibitation of carbon deposition on catalytic surfaces and the anode of the
fuel cell. The higher the S/C, the more H, can be gained out of the steam reformer

[19]. ,
S _ "o

C e (2.11)

Oxygen to carbon ratio

The minimum oxygen to carbon ratio (O/C) allowed for the Catalytic Partial Oxi-
dation (CPOX) reforming process is 1 to avoid carbon deposition. This leads to a
high heat release resulting in high temperatures. The steam reformer allows lower
O/C [10]. As a result of the transport of oxygen ions from cathode to anode, the
O/C at the anode increases. Therefore, the critical component for carbon deposi-
tion is the reformer catalyst. It can cause an increase of the pressure drop due to
blocking the pores as well as catalyst deactivation [33]. The relations for O/C can
be seen in equation 2.12.
O np

c= e (2.12)

Air utilization

In analogy to the fuel utilization for the fuel there exists an air utilization regarding
the air supply at the cathode (equation 2.13). In the cell of a SOFC consumption of
oxygen occurs during the electrochemical reaction.

Mair,cathode,out
u— 11— ————

a (2.13)

Mayir cathode,in

The bigger the value of air utilization (77,y) is, the less cooling performance of the
stack takes place. A low value of 77,y results in a high cooling performance of the
stack and therefore in a lower electrical efficiency [33].

Recirculation rate

In a SOFC system, water is needed for the steam reforming process and for the pre-
vention of soot, especially in the reformer catalyst and in the anode line of the fuel
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2 Basics of SOFC Fuel Cells and Gas Processing

cell stack. By recirculation of H,O rich anode exhaust gas, a water management
system can be avoided. Therefore, in many SOFC systems containing steam reform-
ers and/or running on hydrocarbon fuels, there are recirculation blowers to bring
in again a part of the anode exhaust gas. The recirculation rate (rrec) represents the
ratio of reintroduced anode gas into the reformer line and overall anode off-gas as
shown in equation 2.14 [33].
n
Free = —————— (2.14)
Nfuel anode,out

A high value of . implies a higher fuel utilization but also a higher dilution of
the fuel.

Uniformity Index

The uniformity index () is an indicator in order to evaluate the flow field of a
porous medium like a catalyst and it is directly linked to its efficiency. The more
uniform the distribution at the inlet is, the better is the species conversion and
the heatup and the lower the pressure losses and temperature gradients. The
uniformity index can be written as in equation 2.15 which contains an arbitrary
quantity (¢) like mass flow or velocity, the cross section area (A) wherein indizes 1
represents the cell index and A the overall cross section area.

Allpr— ¢l
y=1-2y Alhdl (2.15)
23 ¢-A
In other words, < is the deviation from the mean value and ranges from o to 1
wherein 1 stands for the ideal case of complete homogenuous flow. AVLs recom-
mendation for 7 in the field of catalytic converters is of at least 0.95 for optimised
flow [17].

Centricity Index

In addition to the uniformity index, the centricity index (®) of a flow is a value
for indicating the offset of a flow’s barycenter from the center of gravity of, for
instance, the catalyst cross section. The value of ® ranges from o to 1 and should
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2.3 Gas Processing

be above 0.85 according to AVL guidelines to grant reasonable flow conditions
without remarkable deficits. Equation 2.16 shows the relations containing the cell
(index I) and total massflow ri1, the cell and total cross section area and the location
vector (7) of a specific cell 1. A value of 1 for ® indicates a completely centered flow

[171.
| T
\ a (2.16)

@=1-|Y A2 -Y'F
m
I=1 I=1

l

| 2

Tangential pressure gradient

Due to shear forces resulting out of a tangential flow towards the catalyst inlet, the
catalyst channel walls can be overstressed and the walls could collapse. To char-
acterize the risk for the catalyst, there is another value introduced for evaluating
the flow into the catalytic converter. The tangential pressure gradient grad(p) is
defined as in equation 2.17.

op_ Odp_ Ip,
grad(p) = £x+ £y+ E)_ZZ (2.17)

X, ij and Z represent the unit vectors along the respective coordinate axes. Maxi-
mum acceptable tangential pressure gradients are 25 bar/m for ceramic substrates
and 15 bar/m for metal substrates [17].

2.3 Gas Processing

To ensure that the APU can run with commonly available fuels like diesel or
ethanol, a fuel processor is needed which converts the liquid fuel into gas, con-
taining mainly the compounds required for the fuel cell to produce electricity. The
fuel which is led into the SOFC stack should be a hydrogen rich gas stream. The
major challenge of the GPU is to ensure a complete evaporation of the liquid hy-
drocarbons, providing a homogenuous gas mixture of evaporated fuel, air and, in
most applications, recirculated gas at reformer inlet to make sure a stable operation
within the reformer [29].
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2.3.1 Fuel Evaporation and Mixing

The fuel evaporation should be completed before reaching the reformer catalyst.
Liquid fuel drops on the catalytic surface can lead immediately to undesired coke
formation as well as fluctuating S/C and O/C ratios, which can lead to an unsta-
ble reformer operation and therefore an unstable hydrogen output. The fuel should
be atomized very finely and desired temperatures have to be provided for the en-
dothermic evaporation process. The homogenity of the gas mixture upstream the
reformer has to be ensured also in regard to avoid zones with high O/C ratios that
could cause an autoignition. The evaporation of longer chained hydrocarbons like
gasoline or diesel needs high temperatures, for example, diesel requires vaporiza-
tion temperatures from 350°C to 400°C [10]. In case of Steam Reforming (SR) and
Oxidative Steam Reforming (OSR), it has to be ensured that the introduced water
is evaporated, too [29].

2.3.2 Catalytic Reforming

Depending on the reforming type, the fuel and catalyst characteristics, catalytic
system temperatures from 500 to 800°C are common. Without catalytic compo-
nents, higher temperatures and/or pressures would be required for the reforming
process which could lead to a formation of unwanted oxides of nitrogen [29] [10].
There are three main methods of catalytic reforming which are

e Steam Reforming (SR),
e Catalytic Partial Oxidation (CPOX) and
e Oxidative Steam Reforming (OSR).

Steam Reforming produces the highest concentration of hydrogen, Catalytic Par-
tial Oxidation has a fast response and Oxidative Steam Reforming represents a
combination.

Steam Reforming (SR)

Steam Reforming is the reaction of hydrocarbons with steam to form a mixture
of hydrogen and CO which is reversible for methane and irreversible for higher
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hydrocarbons. In 2.18 the chemical reaction is shown.

CyHyy + nH,O = (11 + %)H2 +nCO;  ARHC > 0 (2.18)

The SR reaction is endothermic which means that the reformer requires a heat in-
put from outside to operate efficiently [29]. Besides that, the reaction is slow and
this means, a larger catalyst volume is needed. Benefits of the endothermic SR are a
high hydrogen yield and a higher efficiency. In contrast to this, a complex thermal
management is required to gain the necessary heat for the endothermic reaction.
Typically, steam to carbon ratios from 2 to 3 are used in steam reformers, depend-
ing on the operating conditions [21]. Typical S/C ratios for diesel are between 3.6
and 4.0 at temperatures around 973 K to obtain good conversions [29].

SR conditions favor the fast and close to equilibrium water gas shift as an important
side reaction. Other side reactions like methanation and carbon dioxide reforming
are possible. SR of hydrocarbons, especially methane, is well etablished in industry.
SR can occur with or without a catalyst, in most applications a catalyst is imple-
mented to enhance reaction rates at lower temperatures. When reforming higher
chains of hydrocarbons like gasoline or diesel, it is common to use Rhodium (Rh) as
noble material for SR processes because Rh has, different to Ni, good characteristics
regarding coking resistance and conversion [29].

Catalytic Partial Oxidation (CPOX)

The Catalytic Partial Oxidation (CPOX) represents an alternative to the SR in order
to produce hydrogen rich gas out of hydrocarbons. Here, hydrocarbons are react-
ing with O, which is added substochiometric to avoid a total oxidation (equation

2.19).

m
2
During the strongly exothermic reaction, a gas mixture is produced, containing H,

CoHy + goz — ("H, + nCO; ARH, < 0 (2.19)

and CO. Similar to SR, partial oxidation can be carried out without or with catalyst.
Without catalyst, a much higher temperature (about 1400°C) is required because of
the higher activation energy. If using a catalyst, it is possible to raise the selectivity
of reaction [29] [10].

CPOX has the advantage of rapid reforming kinetics (faster than SR reaction) and
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2 Basics of SOFC Fuel Cells and Gas Processing

quick light-off characteristics followed by a quick response to transients. There is
no need to feed water as in SR or OSR reactors, they are smaller and can be easier
applied to on-board reforming systems. Because of the exothermic nature of the
CPOX, there is no need of external heat supply. However, CPOX has to challenge
with problems regarding catalyst deactivation caused by high temperature sinter-
ing, coke formation, poisoning from sulfur and other contaminants. The reactions
which occur in a CPOX reformer are complex, the overall reaction is shown in
equation 2.19, but there can take place several side reactions, where the most sig-
nificant one is the water gas shift. Typical operating conditions are temperatures
from 700 to 1000°C and a O/C about 1.2 [29]. Temperature-dependent and O/C
dependent conversions for CPOX of n-tetradecane can be seen in Figure 2.4.

16
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Figure 2.4: Equilibrium product distribution for CPOX of n-tetradecane (TD, similar to
diesel) depending on temperature (left) and O/C ratio (right)[29]

Oxidative Steam Reforming (OSR)

A third reforming option is Oxidative Steam Reforming (OSR) in which both steam
and oxygen are fed together and were led to the reformer catalyst. This feeding
utilizes the heat generated from exothermic oxidation reactions for endothermic
reactions like Steam Reforming. Autothermal Reforming (ATR) is a special case of
OSR in which the ratio of oxygen and steam is such that the overall heat of reaction
is zero at the reformer temperature [29]. The SR reaction absorbs part of the heat
released by the CPOX. The net result can be a slightly endothermic process [10].
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2.3 Gas Processing

However, the realization of an autothermal reforming operation in which the re-
former is independent of external heat supply and thermally balanced, is difficult
to achieve. Gas concentrations in dependency of the S/C in the case of autothermal
diesel reforming can be seen in Figure 2.5.
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Figure 2.5: Measured and calculated gas composition at ATR with diesel fuel [15]

By increasing S/C the hydrogen yield is increasing, too. In contrast, the CO output
decreases which results in a CO, increase according to the Water Gas Shift. Pic-
ture 2.6 shows the equilibrium amount of the gas components by variation of the
temperature for the OSR of surrogate diesel. The maximum hydrogen output is at
temperatures around 700°C.

Optimal operating conditions for OSR have been determined at an O/C between
o.7and 1.0, a S/C between 1.5 and 2.0 and temperatures from 700 to 800°C. With-
out a catalyst, the reaction kinetics for OSR would be too slow for an equilibrium in
the gas phase, therefore it must be catalyzed over noble metals like Rh, Pt, Ru and
also Ni [29]. Literature like [1] refer to the practical advantage of OSR for transport
applications due to the fast kinetics of CPOX but at a higher H,/CO ratio because
of the prescence of steam.

The reactions occuring during an OSR are not that simple as shown in equation
2.20. The intermediate reactions can be partial, complete and incomplete oxida-
tion, steam and dry reforming and water gas shift.

— 1
! ka = (k+ -m)Hy +nCO; ARH ~0 (2.20)
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Figure 2.6: Effect of operating temperature on gas composition for OSR of surrogate diesel
at O/C=o0.7 and S/C=1.5 [29]

According to [22], Catalytic Partial Oxidation and Water Gas Shift mainly occurs
on the noble material Pt, Steam Reforming mainly on Rh materials.

Water gas shift

Depending on the temperatures in the system and the gas composition, Water Gas
Shift (WGS) can occur as a side reaction of prior named reforming methods when
the reactants are present in the gas mixture. Equation 2.21 shows the chemical
reaction and the molar enthalpy of reaction.

CO +H,O = CO, +Hy;  ARHY = —41.2k] /mol (2.21)

2.3.3 Combustion of Exhaust Gases

The purpose of exhaust gas aftertreatment is the conversion of remaining fuel com-
ponents in the gas mixture in order to minimize emissions of pollutants. The ex-
haust gas of a SOFC system fuelled with conventional hydrocarbons, consists of the
exhaust gas of the fuel cell and the gas processing unit which can be depleted fuel
H, and CO, depleted oxidant O,, products like CO, and H,O but also not fully
converted hydrocarbons. The prescence of inert components CO,, H,O, N, leads
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to a reduction of the heating value and therefore to a lower temperature rise com-
pared to a combustion of CH, or hydrocarbons which have higher heating values
[27].

The exhaust gas aftertreatment is generally performed in an off-gas burner which
can be catalytic converters, flame burners or combinations.

Gas phase and catalytic combustion

It can be distinguished between combustion in the gas phase which results in a
diffusion flame shown in 2.7 and the combustion in porous media. The main diffe-
rence lies in the different heat transfer within the combustion zone.

In laminar flames, the heat transfer in the reaction zone is dependent on the heat
conduction, radiation and diffusion and the reaction zone is relatively small. Tur-
bulent flames contain vortices which are affecting the heat transfer which results in
an increase of the flame front and the burning speed [27].

diffusion flame

Partially = P
premixed flame

Air lifting height

l T I Brennstoff- OH- Temperatur
Fuel Konzentration Konzentration

Figure 2.7: Topology of laminar partially premixed (left) and turbulent (right) diffusion
flame [23]

In contrast to the laminar combustion in the gas phase, the heat and mass transfer

is increased when the combustion is happening in a porous medium which comes
from the vortex formation and flow deflection in the inside of the catalyst channels
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and lead to a thickening of the reaction zone and an increase of the burning veloci-
ty. Additionally, heat will be transported within the solid component of the porous
medium through conduction and radiation. Solid bodies have a much higher emis-
sivity and thermal conductivity than gases and so the temperature distribution is
much more uniform compared to a combustion in the gas phase.

Combustion processes occur via chain reactions and the reaction scheme is very
complex. At low temperatures the reactions in the gas phase are very slow, espe-
cially when the chain termination processes outweigh chain formation [23]. When
exceeding the fuel ignition temperature, the ignition and flame propagation in-
cluding several oxidation and decomposition reactions will take place which is
recognizable in the released heat. In this chain reaction phase, the chain branching
outweighs the chain termination.

Ignition conditions

As soon as the ignition conditions are fulfilled, an autoignition can start, consider-
ing that the gas mixture is on the ignition temperature level and the concentrations
of the components involved in the ignition process are within certain limits. Table
2.3 shows necessary conditions for ignition of species hydrogen, carbon monoxide
and CH, [33]. Especially H, ignites at a lower temperature and at already very

Table 2.3: Ignition Conditions for fuels H,, CO and CH, in air

Component k Ignition Temperature [°C] vy [mol/mol]

H, 560 0.04-0.75
CcO 605 0.125-0.742
CH, 610 0.05-0.15

low concentrations. The ignition temperature of CO is slightly higher at 605°C and
starts to ignite at an ignition limit of 12.5%. [28] for instance, refers to a temperature
dependency of the concentration ignition limits of H,. By increased temperature,
an enlargement of the limits can be seen acording to Figure 2.8.

At higher temperatures there is, in comparison to lower temperature levels, less fuel
or oxidant necessary to heat up the gas mixture to flame temperature. Therefore,
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Figure 2.8: Temperature dependency of the ignition limits of H, in air at athospheric pres-
sure [28]

at temperatures near the ignition temperature limits, it is not reasonable anymore
to use concentration limits for ignition.

Oxidation of hydrogen

Most important intermediate reactions regarding the oxidation of H, with oxy-
gen (O,) are listed in the following chemical formulas, containing arbitrary neutral
molecules M and radicals.

The chain initiation 2.22 occurs with the stable molecules H, and O, forming two
radicals of hydroxyl (OH) which proceeds slowly because of the stable initial prod-
ucts. As a result, an autoignition can take place only at high temperatures like
858K [12]. Other literature such as [26] tells about a potential energy surface cal-
culation leading to the conclusion that reaction 2.22 is highly unlikely and leaving
2.23 for initiation, and, in addition, [14] tells about higher importance of 2.23 after
performed flow reactor studies for a range of temperatures and pressures.

Hy; + 0, = OH + OH (2.22)
Hy, + 0O, = HO, + H (2.23)

The chain initiation follows chain branching as well as chain propagation. The
chain reaction shown in 2.24 represents the most important reaction of the hydro-
gen-oxygen-system. Out of a stable oxygen molecule and a hydrogen as a radical,
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two radicals are formed, namely H and OH. Also in equation 2.25 two radicals
are built by one radical and a molecule, which is characteristic for chain branching
reactions. Further possible chain branching reactions are shown in equations 2.26
and 2.27 [23].

H+0,=0+0H (2.24)
O+ H, = H+OH (2.25)
OH + H, = H + H,0O (2.26)
OH + OH = O+ H,O (2.27)

At the point where all radicals were used up, or more specifically have stabilized,
the chain termination occurs. Primarily, reaction 2.28 occurs in prescence of oxygen.
Also other chain termination reactions can occur, for example reactions 2.29 and

2.30.
H+0O0,+M — HO,+ M (2.28)

H+H+M— H,+M (2.29)

H+OH+M — H,O+M (2.30)

On the other hand the produced radical hydroperoxyl (HO,) out of 2.28 can sup-
port chemical reactions that are able to maintain a chain propagation as shown in
equation 2.31. The radicals built here can participate in other chain reactions shown
above. However, in parallel other reactions happen like 2.32 and 2.33, which coun-
teract and lead to a chain termination.

H+ HO, — OH + OH (2.31)
H+ HOy; — Hy + Oy (2.32)
OH + HOy; — H,O + Oy (2.33)

Oxidation of carbon monoxide

According to [23] there is just one important chemical reaction with which carbon
monoxide will be oxidized to carbon dioxide in technical systems, this reaction is
shown in 2.34. This means that clean CO can only combust in the prescence of the
radical H.

CO+0OH =CO,+H (2.34)
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In the absence of hydrogen, reactions 2.35 and 2.36 occur which produce CO, out
of CO with a slow reaction speed, where as 2.34 occurs much faster and assumes
control of the oxidation already at very low hydrogen concentrations [20].

CO + 02 = CO, + 0O (2.35)

CO+0+M—=CO+M (2.36)

Reaction mechanisms for the gas phase

From these chemical equations an equation system can be set up, consisting of
the fact that the sum of all mole fractions are equal to one. Then, out of the fact
that each type of atom must be conserved several balance equations result. Such
an equation system is very difficult to solve, especially when the number of com-
ponents in the gas mixture is high. It is common that for the calculation of such
extended reaction mechanisms special computer software will be used. For in-
stance, GRI30 is such a reaction mechanism which is used for the combustion of
H, or CH, consisting of 325 reactions with 53 species [12]. [26] worked out a small
detailed chemical-kinetic mechanism for the combustion of hydrogen and carbon
monoxide which has been tested for autoignition because of limitations on com-
puter capabilities.

Catalytic conversion

The mechanism of the catalysis is based on the circumvention of chemical reactions
of a high activation energy through the implementation of chemically active group
metals which enable other reaction pathways [23].

A heterogenuous catalytic converter consists of a gas phase and a solid phase. The
catalytic reactions occur on a solid catalyst like Pt which is mostly applied on a
washcoat. Therefore the reactants which are located in the gas phase of a flow,
have to be transported to the catalyst to react.

This process is divided into several steps including mass transport and chemical
kinetic steps. First, the reactant will be transported to the gas/solid interface and
diffuses into the porous catalyst, where it will be adsorbed onto the surface. Then
the catalytic reactions occur. Afterwards, the products of the reaction are desorbed
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again and diffuse back to the gas/solid interface, where the products will be trans-
ported into the gas phase back again.

For modelling of such a heterogenuous catalyst a lot of chemical reaction equations
have to be solved. A common approach to combine the chemical kinetic steps to a
single step is called Langmuir-Hinshelwood approach shown in Figure 2.9 which
is commonly accepted for oxidation catalysts as well as three-way catalysts [3].

co L0

Figure 2.9: Schematic representation of the Langmuir-Hinshelwood mechanism for the cat-
alytic oxication of CO [7]

According to Langmuir-Hinshelwood, two particles which were adsorbed onto the
catalytic surface are reacting with each other right at the catalytic surface.

Also [7] tells about a good correlation of measured CO oxidation on Pt and Pd
catalysts and the Langmuir-Hinshelwood approach.
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3 AVL SOFC APU and Test Results

This chapter describes the AVL APU system, which contains the GPU, the object to
be analyzed in this thesis. Furthermore, an APU sytem test at a typical APU oper-
ating point was used to establish the boundary conditions for the CFD simulation.

3.1 AVL SOFC APU

The SOFC APU system from AVL can be divided in three main modules which are
shown in Figure 3.1, namely the stack module, the Gas Processing Unit (GPU) and
the media supply for fuel and air.

Recirculation
Blower

Stack Module

Startup Burner

Air Heat

. Exchanger
Air Blower

Figure 3.1: system overview of the AVL SOFC APU

The stack module is the module where the electrical power is generated, shown
on the right side of Figure 3.1. To deliver the targeted output power, two stacks,
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containing planar cells, are arranged in boxer design. The stacks are connected to
the GPU by the stack manifold.
The second module is the GPU, wherein the

e reformer for fuel processing
o the off-gas burner for aftertreatment
o the fuel evaporator and

e the startup burner for heat up

are arranged.

The third part of the APU consists of the media supply to provide fuel and oxidant
for the stack module via the GPU. The air blower provides the air for the cathode,
which will be heated up before entering the stack through the cathode HEX that is
also part of the GPU. The recirculation blower provides anode off-gas to the anode
line to support fuel processing.

In Figure 3.2 a schematic layout of the APU system is shown. The components

contained are described below.
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Recirculation . ﬁ Pel
Reformer
Blower Evaporator Offgas

Air Burner
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STACK T ]
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Figure 3.2: Schematic layout of the AVL SOFC APU system
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Fuel and Evaporation

The APU is fuelled by sulfur-free diesel fuel what makes a fuel preparation module
in form of a desulfurizer unnecessary. The fuel is pumped from the fuel tank into
the evaporator. Technically, the evaporator is made of a fleece manufactured out of
a high temperature material. The fuel reaches the fuel fleece due to four bores in
the gas processing unit housing. The fuel which is pumped continuously during
the operation mode, gets evaporated with the heat from hot recirculated fuel cell
anode off-gas which is mixed with fresh air.

Reformer Pipe

After the evaporation, the gas mixture flows along the reformer pipe which is used
as mixing chamber as well as for gas overheating. The reformer pipe should be
long enough to enable uniform flow distribution at reformer inlet but also short
enough to meet packaging restrictions. Due to the tangential alignement of the
anode recirculation pipe a strong swirl flow is etablished in the reformer pipe.

Reformer

In the reformer catalyst, chemical reactions happen and deliver a hydrogen rich gas
at fuel cell inlet. The reformer in the established system is a catalytically coated
monolith and should enable OSR because of the prescence of H,O as well as of O,
in the gas mixture of the anode line.

The reformer catalyst used in the APU test consists of a square cell monolith made
out of Cordierite (Mg2Al14Si5018) and has a cell density (cpsi) of 400. The applied
coating partly consists of Rh. For more detailed properties of the reformer catalyst
see Table B.2 in the appendix chapter 7.3.

Stack Inlet Heat Exchanger

Upstream to the stack module a HEX is positioned, called HEX in picture 3.2. The
purpose of this Heat Exchanger (HEX) is to adjust the temperatures of anode and
cathode inlet and it is designed as an assembly of curved pipes.
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3 AVL SOFC APU and Test Results

Startup Burner

The startup burner is active in the startup mode only, to heat up the system to
nominal temperature level. The stacks and the catalysts should be at operation
temperature before the operation mode can start. Therefore, a combustion of fuel
is done, the produced heat is led to the off-gas burner and to the other components.
In the SOFC operation mode, the startup burner is not active which means that no
fuel and no oxidant is added there.

Off-gas Burner

A part of the fuel cell anode exhaust gas will be recirculated, the other part and the
whole cathode off-gas are merged in the mixing chamber before the off-gas burner.
In the anode exhaust gas there is some depleted fuel like H, and CO and in the
cathode off-gas depleted oxidant. This leads to an oxidation of H, and CO with
O, in the off-gas burner. The off-gas burner is designed as an oxidation catalyst,
which performs a complete combustion of carbon monoxide and hydrogen. The
heat which results from the exothermic catalytic combustion in the off-gas burner
will be used to support the fuel evaporation and gas reforming.

The oxidation catalyst has a s-shaped metallic carrier with a cpsi of 400. The pre-
cious metal applied on the carrier is a mixture of Platinum (Pt) and Palladium (Pd).
Detailed properties and material properties of the metallic carrier, material 1.4767,
are shown in Table B.2 in the appendix chapter 7.3.

Cathode Heat Exchanger

The cathode HEX has the purpose to utilize the heat coming from the off-gas burner
for heating up the cathode line air before entering the cathode side of the stack
module. The cathode HEX is designed as a plate heat exchanger and its proper-
ties can be seen in the appendix A.6. The channel shape is rectangular and the
hydraulic channel diameter is 0.95 mm.
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3.2 APU Test Bed and Configuration

3.2 APU Test Bed and Configuration

Figure 3.3 gives an impression of the SOFC APU at the test bed. A system test was
carried out at a total stack output power of 3 kW and a system efficiency of 32 %,
which was analyzed in order to determine the boundary conditions for the CFD
simulation. Test results were evaluated at a stationary SOFC operation point.
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Figure 3.3: AVL SOFC APU on the test bed and test overview

Temperatures and pressures were measured at specified measurement points. A
gas analysis was performed, the extraction point therefore was at reformer catalyst
outlet. General test conditions can be read out from Table 3.1. Diesel was applied
to the evaporator fleece with a fuel rate of 650 g/h. The cathode line was charged
with air at 35500 NI1/h. Also to the anode line air was added with a volume flow
of 2550 N1/h. The recirculation rate was about 35% and the startup burner was not
active in the operation mode.

3.3 Test Results

Test measurement points which affect the simulation of the gas processing unit
are collected in Figure 3.4, containing temperature and pressure probes at specific

points, volume flows of each line and a gas analysis was performed in the anode
line.

In Figure 3.4

e the anode line is colored in blue,
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3 AVL SOFC APU and Test Results

Table 3.1: Main Test Conditions of APU test

Property Unit  Value
Electrical Stack Total Power kW 3
Stack Current A 24.6
Fuel Type - Diesel
Fuel Rate g/h 650
Fuel Utilization (77,) - 0.7
Recirculation Rate (7yec) Y% 35
Reformer Air Supply NI/h 2550
Recirculation Gas NI/h 2800
Cathode Air Supply NI/h 35500
Startup Burner Air Supply  Nl/h 0

e the cathode line in grey and

o the exhaust line in green.

Stack Module: The stack module consists of 2 stacks containing 75 fuel cells
each. The total power output was 3000 W and the stack current was 24.6 V. The
tuel utilization was about 70%. According to the measured temperatures, the anode
line of the stack produced heat which caused a temperature rise of about 100°C and
a pressure loss of 12mbar. At the stack cathode line the temperature increased by
about 120°C and the pressure loss is 37mbar which results from the much higher
massflow in the cathode line. The temperatures of anode and cathode line at stack
outlet seem to be well adjusted.

Evaporator: The measurement indicates that in the evaporator a heat adsorption
of 12 K occurs from point (3) to (5) due to the endothermic enthalpy of evaporation
of diesel fuel (4) coming from the tank. The numbers (1) to (12) represent measure-
ment points shown in Figure 3.4. The measured temperature after the evaporation
area (5) is located right next to the surface of the evaporation fleece. Due to the high
temperature level at evaporator outlet above 400°C, it is assumed that the liquid
fuel was completely evaporated before reaching the reformer pipe.
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Gas analysis
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Figure 3.4: Extracted test results of APU Test

Reformer: The reformer catalyst shows a high heat release. The temperature
measured in the mid center of the reformer is about 770°C, more outwards towards
the outer wall the temperature measured is about 20 °C higher. This temperatures
can be explained through a mostly exothermic reforming reaction happening in the
reformer catalyst and heat conducted from radially surrounding oxidation catalyst.
Due to the fact that in the examined SOFC APU system, a mixture of fuel (4), air (2)
and recirculated anode off-gas (1) containing water vapour will reach the reformer
(5), the reforming process can be described as Oxidative Steam Reforming (OSR).
The oxygen to carbon ratio (O/C) of the reformer gas determined is 1.6 and the
steam to carbon ratio (S/C) is 0.35. The higher O/C and lower S/C ratio than usual
for OSR are an indicator of a predominance of a Catalytic Partial Oxidation (CPOX),
which may be the reason of a strongly exothermic reaction in the reformer catalyst.
The outer temperature measured in the reformer catalyst was about 20°C higher
than the center temperature. This can be explained by heat transfer from the hotter
exhaust line which is arranged in a counterflow to the anode line and connected
via a solid wall.
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3 AVL SOFC APU and Test Results

Stack Inlet Heat Exchanger: The HEX is able to increase the temperature of the
cathode line from cathode HEX outlet until stack cathode inlet by about 85°C by
transferring heat from the anode line before stack inlet. Therefore, the temperatures
of anode and cathode line seem to be well adjusted at SOFC stack inlet which
can be traced back to the HEX located at stack inlet. It can be concluded that the
implementation as well as the design of the stack inlet HEX is reasonable and serves
its purpose.

Mixing chamber: H, and CO containing anode and O, containing cathode ex-
haust gas coming from the stack module, are mixed within the ring shaped mixing
chamber (11) located before the off-gas burner. The high temperatures of around
850°C which were measured near the mixing point allow the assumption that there
is an exothermic combustion already directly at the mixing location.

Off-gas Burner: At the off-gas burner inlet as well as at the outlet cross section,
two temperature probes were arranged. Regarding the burner inlet, a temperature
difference of 40°C between the probes indicates an unevenly distributed flow and
temperature field. This effect can also result from an early combustion in the mix-
ing chamber. The temperatures at the off-gas burner outlet are around 8oo °C with
a temperature difference between the two probes of 15°C. Comparing the tempera-
tures at oxidation catalyst inlet to the temperatures measured at oxidation catalyst
outlet, there is only a small difference. This can be explained by a nearly completed
combustion already in the mixing chamber but also by heat transfer from the off-
gas burner to the reformer which are coupled directly in order to exchange heat.
The temperature decrease of about 80°C from off-gas burner outlet to cathode Heat
Exchanger inlet is probably caused by the heat transfer from the exhaust line to the
anode line in this section.

Cathode Heat Exchanger: The mixed and processed exhaust gas (12) then flows
through the cathode HEX in order to heat up the cathode air for the SOFC stack then
leaves to the environment. The performance of the HEX regarding the cathode line
is satisfying due to the high temperature at stack inlet. Due to the fact that there is
still a relatively high temperature of 360°C at cathode HEX outlet, the heat transfer
in the exhaust line upstream the cathode HEX should be improved. The exhaust gas
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pressure after the HEX was estimated based on a bended exhaust gas pipe, located
downstream to the environement. Therefore, a pressure drop of 4mbar was taken

into account.

3.4 Calculation of Boundary Conditions

The boundary conditions and other input data needed for the CFD simulation were
extracted from different pre-calculations and 1D simulations. The transition be-
tween APU test results and boundary conditions for the 3D CFD investigation is
described in this section.

As shown in the test results in Figure 3.4, the gas analysator was connected to the
line after the reformer (6) and measured species like CO, CO,, H,, O, and CH,.
During the measurement, the H,O is evaporated by the gas-phase chromatograph,
so that it is just possible to get measurement results of dry gas composition. In real-
ity, because of a water production which occurs in the anode line of the SOFC stack
and a recirculation of anode off-gas, the prescence of H,O can not be neglected.
In order to obtain the wet gas composition at measuring point reformer outlet (6),
a balance calculation was implemented. Also the mole fraction of N, had to be
introduced in the calculation.

Balance Calculation: The system anode line happened and that the gas mixture
consists of no other species than H,, CO, H,O, O,, N, and CH,. In Figure 3.5 the
calculation system anode line including the defined system boundary is illustrated.

Constraints for the calculation were that N,, an inert gas, should be conserved. The
volume flow (V) is measured in NI1/h what can be converted into mole flow (71) us-
ing the mole volume (Vi) which is constant for gases with ideal gas characteristics.
For the balance calculation, the mole flows of introduced air (2) and fuel (4) were
split into its atomic components. Each atomic component has to fulfill the mass
conservation in each point of the system (equation 3.1).

Zmin - Zmout =0 (31)
Besides that, the balance of the mole flows for the regarded system can be written as
follows (equation 3.2) in which k is an arbitrary variable for an atomic component
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Figure 3.5: Schematic layout of anode line for calculation of boundary conditions

like C, H, O, N.

flk,air + flk,fuel + flk,stack - nk,anode,out =0 (3-2)

N2 + M a + My stack — Mkg = 0 (3-3)

As explained in section 2.1, in the SOFC stack during operation there is a flow of
oxygen ions from cathode to anode. This increase of oxygen has to be considered
in the calculation. Regarding to Faraday’s law, the mole flow of these oxygen ions
can be calculated from the overall stack current and the Faraday constant according
to equation 3.4.

. I+ 1) - ngep
Ny stack = ( P? e (3-4)

By using the recirculation rate (equation 2.14), the recirculation path composition
(1) can be determined which will be introduced again before the recirculation
blower, where the flow will be mixed with fresh air.

The balance calculations then resulted in a comparison of the atomic components
measured during the APU test at reformer outlet. The mole fraction of H,O was
adjusted in such a way, that finally the deviation of (atomic component) mole frac-
tions between measurement and calculation was kept to a minimum of 2.9%. An
extract of the Microsoft Excel sheet used can be seen in the appendix A.5.

1D simulation: For the stack, which was treated as a blackbox in the CFD simu-
lation, a 1D matlab simulation in order to obtain stack anode and cathode outlet
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composition, was performed by AVL. The input data was

the electrical stack power,

the number of cells,

the stack current,

stack pressure loss coefficients for anode and cathode,

the temperatures and pressure levels taken from the measurement,

the gas composition of anode inlet gas, determined with balance calculations
from measurement data as explained above, and

cathode inlet gas composition (composition of air).

The input parameters and results of the matlab stack simulation can be found in

A.1 and A.2 and an overview of the matlab stack model is shown in Figure 3.6.

Figure 3.6: Overview of matlab stack model and general input data

In addition, an evaporator and a reformer module was added to the matlab layout
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3 AVL SOFC APU and Test Results

to consider the heat of reaction of the evaporation and the reforming process. The
chemical reactions (SR, CPOX and WGS) happening in the reformer and the phase
transition in the evaporator were calculated with the minimization of the free Gibbs
energy. The complete matlab model can be seen in the appendix Figure A.3 and
the outcome is illustrated in A.4. Right at the bottom of Figure A.4, the heat of
reaction of evaporation and reforming process can be seen. The reforming process
is, as expected from measurement, an exothermic process because of a heat release
of 1009 W.

3.5 Boundary Conditions for CFD Simulation

Finally, in Figure 3.7 the results of measurement data extraction, boundary con-
dition calculations and 1D simulations are summarized. These are the boundary
conditions and the input data used for the CFD simulation.

Gas composition T=785.0 °C
v_CO 0.15 m=2.1g/s m=0.75 g/s
v_C02 0.12 Gas composition
v_H20 0.10 v_CO 0.02
m=1.84g/s _ - v_H2 0.16 v_CO02 0.26
T=421°C Q=85W @ =+1009W v_02 0.01 v_H20 0.22
v_N2 0.47 v_H2 0.03
\ 7 v_N2 0.47
Reformer /
\ Evaporator \ Offgas
@. @ i ’ Burner
I G)_. —>c—>m-?- Anode —

]_' o
[ STACK -
p=1.07 bar | MODULE @
——

Cathode 0 @
Exhaust gas [ Startup
)
¢ i Burner
Cathode T=780.3 °C
Heat m=12.4 g/s
/ Exchanger Gas composition
p=1.017 bar v_02 0.19
(assumption) v_N2 0.81

Figure 3.7: Boundary conditions of the analysis model of the GPU
The inlet of the anode line has a temperature of 421°C and a massflow of 1.84

g/s. The gas composition which was calculated from a dry gas measurement, was
prescribed constant in the whole anode line. At the outlet of the anode line the
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3.5 Boundary Conditions for CFD Simulation

measured pressure of 1.07 bar is imposed.

The exhaust line contains a mixing chamber where anode and cathode outlet gases
from the stack are mixed. The gas compositions of the inlet flows before the mixing
chamber are shown in the Figure 3.7. At the outlet of the exhaust line a pressure
of 1.017 bar was prescribed in order to take into account the pressure loss of the
exhaust line which exits to ambient.
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4 Basics of CFD and Modelling in
FIRE

4.1 Conservation Laws

In solid domains (structure material) the transport of the energy is only taken into
account by heat conduction. In the gas phase, the intensity of the flow is effecting
the energy transport, too. To get the information about the temporal and spatial
distribution of the physical quantities in a specific geometry, conservation laws for
mass, momentum, energy and species distribution have to be solved. All these
equations are in a similar form and show the conservation of a quantity. A gen-
eral differential form of such a transport equation in the gas phase is shown in
equation 4.1 where ¢ stands for an arbitrary quantity like the 1 for the equation of
continuity, velocity for the equation of motion (Newton’s second law), the specific
enthalpy (1) for the energy equation, the mass fraction of component k (py) or a
turbulence parameter. Some possible values for ¢ are illustrated in Figure 4.1. i
describes a control variable in the coordinate directions x, y and z.

9 dpug _ D . 39

ot T an, ~oam 0gy) TS0 (41)

Term 1 on the left in equation 4.1 is the transient term, which represents the tem-

poral change of a quantity. Term 2 from the left to the right shows the convection
term, which represents the convective transport caused by the flow, containing the
flow velocity.

At the right side of the equal sign there is the diffusion term, which contains molec-
ular material transport through the surface of a control volume, like heat conduc-
tion and momentum exchange through molecular viscosity. The very right term is
a source term to represent, for example, a heat source or a gravity force [2].
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Table 4.1: Values for ¢ and their equations [16]

Equation

Continuity Equation
Navier-Stokes Momentum Equation in x-direction
Navier-Stokes Momentum Equation in y-direction
Navier-Stokes Momentum Equation in z-direction

> S 4 2 RS

Energy Equation

4.2 Boundary Layer Theory

A fluid stream developes a boundary layer in the contact area between fluid and
wall, which consists of a laminar boundary sub-layer near the wall and a turbulent
boundary layer with increasing distance to the wall. Directly at the wall, the no slip
condition u,v,w = Om/s is valid. Figure 4.1 shows the structure of the boundary
layer. The boundary layer can be divided into laminar sublayer, buffer layer and
fully turbulent region. Between laminar and turbulent regions there is a transition
region, which is at a certain distance from the begin of the boundary layer (at
x = 0 in Figure 4.1) normal to the wall. The transition from laminar to turbulent
flow happens at the critical Reynolds number (Re).
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Figure 4.1: Structure of boundary layer containing laminar, turbulent and transition region
[34]

Responsible for this effect is the dynamic viscosity () which is a temperature and
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4.3 Heat Transfer

pressure dependent fluid property. The viscosity is related to shear stress (7) and
the velocity gradient.

T=p-= (4.2)

The boundary layer theory deals with a division of the flow into two regions,
namely the core flow and the boundary layer where the friction, and therefore
the shear stress, has to be taken into account.

To distinguish the boundary layer areas, the dimensionless near wall variables di-
mensionless near wall velocity (1') and dimensionless wall distance (y*) were
introduced. They are listed in equation 4.4 and 4.5 by use of friction velocity u-

(equation 4.3).
Ur = %" (4.3)
yr="t = y-wj‘/’—/p (4-4)
u+=%=u- % (4-5)

yT is also an important measure of the distance between the wall and the first
grid line which is next to the wall [25]. Therefore, the y* value of the first grid
line is an indicator of the mesh resolution at the wall and is influencable by mesh
modifications.

Figure 4.2 shows the relation between y* and u™ for the different regions of the
boundary layer.

According to the dimensionless wall distance, the flow is in the viscous sublayer
when y* < 5. The transition zone means a value of y* between 5 and 60 and
above, fully turbulent flow governs.

4.3 Heat Transfer

Heat Q is a thermal energy which is transferred between a system and its environ-
ment due to a temperature difference. The direction of the heat transport is always
from higher to lower temperature level. The heat transferred within a specific time
frame is called heat flux (Q) (4.6) and the heat flux density (4) is the heat flux which
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Figure 4.2: Subdivisions of near wall region [25]

is conducted through an area unit of an arbitrary surface (equation 4.7) [18].

. dQ
Q= ar (4.6)
. dQ
9= (4-7)
A distinction of the heat transfer is made between heat conduction, convection and
radiation.
Conduction

Heat conduction represents a transport of energy between adjacent molecules in
a material which is driven by a temperature difference. Conduction can occur in
all materials whether they are in solid, liquid or gaseous state. 4§ is dependent
on thermal conductivity (A) when a certain tempature gradient dT/dx is given.
Equation 4.8 is also called the Fourier’s Law. The negative sign before A results in
a positive heat flux when a negative temperature gradient is observed. In general,
thermal conductivity is high for solid materials, low for gases and for liquids it is

in between [18].

AT
g=—A (4-8)
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Convection

Heat convection is the transport of energy within a fluid flow because of the trans-
port of enthalpy and kinetic energy by the flow why it is also dependent on flow
characterisitcs like flow velocity or turbulence. For the analysis of heat transfer for
example in a heat exchanger, it is of special importance to analyze the convective
heat transfer between wall and fully developed core flow. Picture 4.3 shows the
behaviour of temperature and velocity in wall-normal direction in the boundary
layer where high gradients can be seen.
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Figure 4.3: Temperature (below) ande velocity (above) profile in the boundary layer of a

stream [34]

The convective heat flux density through which heat will be transferred from the
wall with Ty, to the core flow T« can be expressed by equation 4.9 using the heat
transfer coefficient (x). The heat transfer coefficient depends on many factors like
temperature dependent flow properties, velocity and process parameters [18]

g =a(Tw — Tw) (49)

Radiation

Radiation is the energy which is generated out of electromagnetic waves which an
object emitts. The heat transport increases with increasing surface temperature of
the object and smaller distance to neighbouring parts receiving the energy [18].
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Energy balance in an open system

Due to the fact that this thesis deals with a Gas Processing Unit containing several
gas streams, a definition of the energy balance is helpful.
According to the first law of thermodynamics for open systems, equation 4.10 is
valid. The adoption of a stationary flow leads to the neglection of the change of in-
ner energy (U) and outer energy (E,) and without a generated or consumed power
we can write equation 4.11 containing enthalpy flows through system boundaries
[11].

dQ-i—dW—l—dei - (hi +e,;) =dU +dE, (4.10)

dQ + rit; - (hout - hin) =0 (4.11)

The specific heat capacity at p = const. (cp) describes the amount of energy which
is necessary to increase the temperature of a species and is usually dependent on

temperature (4.12) [11].

oh

Cp = 3T (4.12)

4.4 Modelling in FIRE

4.4.1 Species Transport

The AVL CFD Simulation program (FIRE™) module Species Transport offers the
possibility to calculate gas mixtures. Because of different gas compositions in the
tflow of the analysis model (GPU), the Species Transport Module is used for all CFD
calculations investigated in this work.

The user can choose between two different options for Species Transport, namely

e General Species Transport and
e Standard Species Transport.

In the ‘Standard” Species Transport module the system of chemical species is prede-
tined and is used for combustion, spray and wall film applications. The polynomial
evaluation directly delivers the integral values of c,[24].
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In the ‘General” Species Transport module can treat gaseous but also liquid sub-
stances and an arbitrary number of chemical species with an arbitrary set of prop-
erties can be defined. It is used for multi-component mixing and catalyst applica-
tions. Therefore for the present investigations General Species Transport is used.
In the Species Transport module additional transport equations for each component
k of the gas mixture are solved. This can be expressed in the form of equation 4.13
which is related to equation 4.1. uy represents the mass fraction of an individual
chemical species k [6].

dppk | Opuipy _ 9 Oty
o oy, _axi(r”kaxiHsﬂk (4.13)

The diffusion coefficient (I') is calculated via the diffusion coefficient (D) of species
k in the mixture, the turbulent viscosity (yt) (which is not a material property but
a measure of turbulence) and the turbulent (t) Schmidt number (S.).

Ut
Ty = (pDy + S_Ct) (4.14)

The source term in case of Species Transport consists of the reaction rate () and
the molecular weight (M) of species k.

Sup = Tk - M (4.15)

Thermochemical quantities

In FIRE™ General Species Transport, the molar enthalpy (Hp), molar entropy (Sm),
molar heat capacity at p = const. (Cnp) are calculated using polynomial approaches
according to the National Aeronautics and Space Administration (NASA). Follo-
wing formulas show the polynomials of Cnp (equation 4.16) and Hp, (equation
4.17) containing the fitting coefficients a;,. For the CFD calculation, the access to
the database for the a; polynomials has to be ensured [6].

C
Ir{np = aye+age- T+ age- T +age- T° +age - T* (4.16)
Hy Ak 3k 2 | %4k 3 95k 4, Aok
Pk Dok py Bk q2 04k g8 05 .
R ayx + > + 3 + 1 + 5 + T (4.17)

47



4 Basics of CFD and Modelling in FIRE

Specific heat and enthalpy

On basis of the definition of the specific heat capacity at p = const. made in section
4.3, the difference of the specific enthalpy (k) within a certain temperature range
can be written as in equation 4.18.

T I
W = /T “epdT (4.18)

In the FIRE™ code the lower temperature limit is defined at oK and the upper
limit is the actual temperature Tp. Because of the fact that at lower temperatures a
gas changes to a liquid aggregate state and that c, is not defined until the oK point,
the equation will be split into two parts, shown in 4.19. The reference temperature
Tref therein can be chosen arbitrarily, it just determines the relative enthalpy level.

T, T T, T,
B = [ TedT= [ “epdT+ [ T epdT =g+ [ T cpdT  (419)
0 0 Tref Tref

In CFD a transport equation for the total enthalpy 5 (equation 4.20) is solved but
not for temperature. The temperature results out of equation 4.21 where the “inte-
gral’ cp is included directly [24].

Tp ik
htot = href + / CPdT + - (4.20)
Tref 2
T_htot—uTF_href_i_T = 1 /Tpch (4.21)
p q ref F Tp - Tref Tref 8 4

For FIRE™ Standard Species Transport, the reference temperature is often o K,
otherwise it might be 298.15 K or the initilization-temperature in FIRE.

When using General Species Transport in the simulation, it is important to take
into account the reference temperature for the enthalpy equation. The reference
temperature is then derived from an arbitrary initial temperature. In the case of
including the aftertreatment module, this initial temperature is taken from the af-
tertreatment porosity.

The face-averaged heat flux based on the total enthalpy evaluated for an arbitrary
flow cross section can be written as in formula C in the appendix.
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4.4.2 Wall freatment

For modelling the near wall region, two approaches are common which are illus-
trated and described in Figure 4.4. First, at the right side, the calculation cells in
the near wall area are very fine, in order to describe the high velocity and temper-
ature gradients near the wall. The many computational cells lead to an increasing
demand of computing power. In the other approach, the laminar sublayer and
the buffer layer of the boundary layer are not resolved. As an alternative, semi-
empirical wall functions enable a bridging between the wall and the fully turbu-
lent region. This method with the purpose of reducing computing time enables an
approximation of velocity and temperature distribution near the wall.

FIRE™ provides several wall treatment models, the most commonly used are

e hybrid wall treatment for the velocity and
e standard wall function for the temperature.

Therein, there are implemented special adjustments for the transition zone between
the wall boundary layer and the sublayer.

’ turbulent core

buffer &
sublayer

Sealil okl RS B e e o

Wall Function Approach ] [ Near-Wall Model Approach J
@ The viscosity-affected region is not ® The near-wall region is resolved
resolved. instead is bridged by the all the way down to the wail.

wall functions.

@ High-Re turbulence models can be @ The twrbulence models ought to be valid
used. throughout the near-wall region.

Figure 4.4: Two types of near wall treatments [25]
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Hybrid wall treatment

The hybrid wall treatment model allows to find u™ as function of y*. Hybrid
wall treatment ensures a gradual change between the turbulent and the laminar
boundary layer near the wall using a switching function. Equations 4.22 and 4.23
show the relations between y™, u™ and the switching function I' for hybrid wall
treatment, wherein « is the Von Karman constant.

If y* is very small (near the wall), I' also becomes very small which results in a
higher relevance of the left term of equation 4.22. On the other hand, the left term
of equation 4.5 can be neglected if y* becomes higher. T’ (equation 4.23) regulates
the transition, depending also on the Prandtl number (Pr) [4].

ut =yte T+ Eln(Ey*)} et (4.22)
0.01(Pry*)*
= 14 5Py (423)

Standard wall function

As well as the velocity boundary layer also the temperature boundary layer fol-
lows a dimensionless temperature profile. Standard wall function is a set of semi-
empirical functions regulating the heat transfer at walls. Similar expressions as
explained before are used. For the dimensionless temperature difference T the
following formula 4.24 applies with the use of an empirical constant Cy,:

ocp(Te — Ty)
Guw

N J/
-

T*

where Ty, is the wall temperature and T; the center temperature of the wall nearest
cell. g, is the wall heat flux density and k. the turbulent kinetic energy of the
wall nearest cell. The dimensionless temperature difference T* is equivalent to the
reciprocal of the heat transfer coefficient («). The P-function which models the
resistance of the laminar thermal sub-layer is explained in equation 4.25 [4].

3
Pr\+* Pr
P =924 { (P_rt> — 1] [1 + O.ZSexp( — 0'007P_rf)] (4.25)
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4.4.3 Aftertreatment porosity

The AVL FIRE™ Module Aftertreatment offers simulation capabilities related to
flow, heat transfer and catalytic surface reactions for various exhaust gas aftertreat-
ment applications, for instance, regarding engines [3]. A porous material like a
catalytic converter has fine-scale geometrical structures which require a lot of com-
putational cells and, therefore, an immense demand of computing time. To over-
come this issue, the material is modelled by a porosity (¢) containing gas phase and
solid substrate at the same time. The ¢ is the ratio of gaseous volume (Vg;s) to an
overall volume V' as shown in equation 4.26, which is identical to the open frontal

area (OFA) of a monolith.

v,
= (4.26)

In CFD, the porosity block has to be composed of a block-structured grid and the

3

distance between the porosity zone and other arbitrary interfaces in flow direction
have to be at least two cell layers [5].

Pressure drop modelling

The porosity module simulates flow through a porous material by considering a
pressure loss. For instance, this can be a pressure drop model

e according to Forchheimer or

e a Tube Friction model.

Forchheimer: Regarding the Forchheimer pressure drop model, equation 4.27
shows the pressure gradient within a porous material % calculated by the viscous
loss term which contains viscous loss coefficient («;), dynamic viscosity (y), local
velocity in porous medium (w;) and the inertia loss term containing an inertial loss
coefficient ({;) and the density (p) of the gas phase [5].

d

a—ﬁz—ﬂéi'ﬂ'wi—@'g'!wl‘wi (4-27)

1

Using the Forchheimer pressure drop model requires measurement data of the
porous material. By extracting a pressure drop curve (dependent on the flow ve-
locity) it is possible to gain the porosity parameters ; and «; needed as input
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parameters for the CFD calculation.

Tube Friction: The Tube friction pressure drop model is especially applicable for

flow through a directed porosity in case that no measurements are available. The

pressure gradient within the porosity is based on the wall friction occuring in a

porosity channel. The tube friction equation 4.28 contains A which is the laminar

tube friction coefficient (A;) for laminar flows and the turbulent tube friction coeffi-

cient (A¢) for turbulent flows divided by the hydraulic diameter (dy,) of a channel [5].
op __Ap

1

In equation 4.29 the tube friction coefficients are listed.

e 0316
Z_q)Red i’_Re}i/4

(4-29)
The shape factor (¢) for laminar tube friction is considered to be

e 1 for circular channel shape,

e 0.89 for quadratic and

e 0.83 for equilateral triangle channel shape

of the cross section area [5] [3].

Anisotropic conduction factor

The anisotropic conduction factor corrects the diffusion coefficients of the heat
transfer equation of the porosity normal to axial direction in the way that the radial
thermal conductivity is linearly linked to the axial solid thermal conductivity. The
FIRE™ aftertreatment manual suggests an anisotropic conduction factor of 0.5 for
monoliths [3].
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Turbulence in porous media

In directed porosities like catalytic converters the turbulence inside of the porosity
is calculated differently from the rest of the flow area. The turbulence in a directed
porous medium has to be "fixed".

The turbulence model that governs in porosities is based on the k — ¢ model which
is a popular two equation turbulence model.

In the case of fixed turbulence, only the variable k is derived from the Navier
Stokes equations under the neglection of a damping influence of solid walls and the
turbulent dissipation rate (¢t) is calculated by equation 4.30. This is also described
as a one equation turbulence model.

(4.30)

Cporo is a turbulent length scale which estimates the turbulence characteristics in-
side the porous medium. It is an indicator of the size of the turbulent vortices and
is constant [5]. Cporo has to be supplied by the user (similar size as boundary layer
thickness ¢ [2]). Goal of turbulence modelling is the description of the turbulent
viscosity pt (equation 4.31), which only depends on k and the constant Cporo In the
case of porous media.

k2
pr=Cy-p- " = C;ll/4 K2 0 - Cporo (4.31)

In all other flow regions besides the porosities, the k — ¢ — f turbulence model is
applied. It is based on the two equation k — ¢ model but takes into account the
damping behaviour in the near wall regions. Furthermore, the turbulence is not
treated isotropic as in the k — e model [4].

4.4.4 General Gas Phase Reactions

This model enables the calculation of chemical reaction in the gas phase of a fluid.
Using this module requires the Species Transport module, too.

The heat produced or extracted during a chemical reaction represents a change of
the source term in the Species Transport equations 4.13 and 4.15 and in the gas
phase energy equation, depending on reaction rates, calculated by species concen-
trations and temperature. In FIRE™ at the beginning of each timestep (At) a oD
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reactor model for each computational cell is solved, based on which the source
terms for the Species Transport and enthalpy equation will be calculated.

For forward (f) reactions the reaction rate constant (k) is calculated by the Arrhenius
equation 4.32 with the pre-exponential factor (A), temperature exponent (b) and the

activation energy (E) (of reaction j) which are the input parameters in FIRE™.
bj —E
ki = ATV -exp(—) (4.32)

For reversible reactions the backwards reaction rate constant is applied as the
ratio of the forward reaction rate to the equilibrium constant in concentration units
(K¢) which is obtained from the Gibbs free energy of formation at standard state
(equation 4.33)

k fj
ki = Ky (4-33)
The source terms which are used in the conservation equations are listed in equa-
tion 4.34 for Species Transport and in 4.35 for energy equation.

pn—l-len-i-l o pann

Sk = A7 Vel (4.34)

il Sk - ABHm(Tref)

S, —
hk_Zl M,

(4.35)

4.4.5 Coupling of Domains

The FIRE™ AVL Code Coupling Interface (ACCI) model enables the possibility of
coupling two or more calculation regions, for example a fluid and a solid domain
along a coupling interface. Each calculation case that participates in the coupling
is named a client. The coupling interface is the geometric location where a set of
values is exchanged between the clients. If the topology of the interface meshes of
the two clients is not identical, an area weighted interpolation is performed auto-
matically which is called "Mapping’. A specific coupling model specifies the type of
interface and the set of exchanged values. In the simulations of this work the wall
heat transfer model is used (illustrated in 4.5) in which the heat transfer at contact
surface is based on convection. This heat transfer model requires a convective heat
transfer boundary condition on first client (fluid domain) coupling interface and
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a temperature boundary condition on the second client (solid domain). The data
exchange, namely of boundary condition values at the coupling interface, is done
at definable timesteps or iterations [4].

Client 1 (e.g. solid) i
| | —| Selection 1.
4 convective BC at
| ! /] coupling
heat| / interface

< =] \
—| Selection 1:

i [temperature-BC
| | at coupling

Client 2 (e.qg. fluid) interface

Figure 4.5: ACCI Coupling model wall heat transfer
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5.1 Geometry

A cross section of the analyzed gas processing unit is illustrated in Figure 5.1.

Mixing of
Recirculated Reformer Offgas anodl:e 3nd
anode offgas Burner cathode Cathode Anode
+ air offgas

Evaporator
Fleece

|

LI °

STACK
MODULE

Cathode Heat|| =+
Exchanger |

Stack inlet
Cathode Heat Anode @
inlet Exchanger inlet

Figure 5.1: System setup of analysis model

The geometry includes the anode line containing the reformer and the evaporator
and the exhaust line containing the mixing chamber where anode and cathode off-
gas are merged, and the off-gas burner.

The evaporator fleece is located in the rear area of the geometry in the anode line.
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Downstream the evaporator fleece, the introduced fuel gets in contact with recir-
culated anode off-gas, premixed with air (3), which enters the GPU through an
eccentric inlet pipe. At point (5), which is the end of the evaporation area, the
swirling gas mixture is heated by the exhaust line through the reformer pipe. A
hydrogen-rich gas leaves the reformer catalyst at point (6) and enters the anode
inlet of the stack module (6a) through the stack inlet HEX.

A part of the anode off-gas is recirculated (1) and the rest (8) is led into the mix-
ing chamber (11) where the anode off-gas gets in contact with cathode off-gas (10).
After the mixture, the exhaust gas enters the off-gas burner where it is purified by
the oxidation catalyst (outlet point (12)). The heat from the hot exhaust gas is used
for the air in the cathode line through the cathode HEX and to support evaporation
and reforming in the anode line.

The starter burner pipe, which is connected to the mixing chamber, was also mod-
elled to enable the possibility of simulating a startup operation which was not done
in this thesis. The model was extended with the stack outlet pipes shown in Figure
5.1 at the right side in bright grey. This was done because the complex geometry
of the 4 off-gas pipes (2 pipes lead to recirculation blower and 2 pipes into mixing
chamber) may cause an uneven flowfield which may have an impact on the flow
entering the the off-gas burner.

The cathode HEX was also modelled to describe the pressure drop in the exhaust
path which has a major impact on flow uniformity. The solid housing was mod-
elled to enable a heat transfer between hot exhaust line and cold anode line via
ACCI coupling.

5.1.1 Preparatory Work

In order to facilitate the meshing process and to improve the convergence behaviour
of the following calculations, the GPU assembly was cleaned from small edges and
not needed contours. Transitions between different components were rounded with
small radii. The reformer catalyst and the evaporator fleece in the anode line as well
as the oxidation catalyst in the exhaust line were removed from the CAD model.
After the polyhedron volume mesh was created, the cell topology in the areas of
the catalysts and the cathode HEX was extruded in order to generate a structured
mesh required for porous media. This extrusion is further described in 5.2.3.
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5.2 Meshing

For flow and thermal calculation, the geometry has to be divided into a high num-
ber of control volumes which form a calculation grid (also: mesh). A 3D calculation
grid can contain three main cell types: hexahedron, polyhedron and tetrahedron.
In contrast to hexahedron cells, polyhedrons do not have a fixed topology, they
have a more complex geometry consisting mostly of a higher number of corner
points of each cell face. However, polyhedrons can be generated automatically and
are flexible to use which is why they are applied especially to complex geometries.
The number of computational cells should be as low as possible in order to reduce
the calculation time and as high as necessary to get accurate results.

The mesh for the GPU was generated with AVL FAME™M polymesher (Version
20169). It is an automated grid generator and enables simultaneous meshing of
multiple domains like fluid and solid domain. In the present case, such a multido-
main calculation grid is needed.

The workflow for meshing with a FAME™M starts with a well triangulated surface
of the geometry in STL format which does not contain any identical nodes, inter-
sections or holes. Adjusted to the surface mesh, an edge mesh must be provided
to ensure that the resulting polyhedron mesh is following the contours which is
illustrated in 5.2.

. Anode Line v .
* Inlet Pipe Burner
F Pipe ﬁ

Figure 5.2: Surface and Edge Mesh of Analysis Model
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5.2.1 General Mesh Settings

The meshing process starts with the surface mesh which cells have, approximately,
the defined surface target cell size. Afterwards, the specified number of boundary
cell layers with a certain thickness, a tetra volume mesh and finally, by use of a
Delaunay triangulation, the polyhedron volume mesh is created. The general mesh
settings for the gas processing unit geometry are shown in Table 5.1. The growth

rate indicates the maximum size ratio of adjacent cells.

Table 5.1: General mesh settings

Property Unit Value
Surface Target Cell Size mm 2
Volume Target Cell Size mm 2
Auto Refinement - off
Surface Cell Growth Rate - 1.2
Volume Cell Growth Rate - 1.2
Number of Boundary Cells - 2
Boundary Cell Thickness mm 1
Boundary Cell Ratio mm 1
Smoothing Variant - allegro
Decouple Multi-material Selections -  unchecked

5.2.2 Refinements

Mesh refinements should be obtained in areas where high gradients are expected.
In our case, refinements were made in the area of fuel injection (cell size 0.3 mm),
the evaporator fleece (cell size 1 mm) and the stack inlet HEX (cell size 1.2mm).
Also the porosities (reformer, oxidation catalyst and cathode HEX) have a smaller
cell size of 1.5mm within.

5.2.3 Extrusion of Porosities and Boundaries

Because of the linear flow direction in the porosity channels, the mesh topology of
the porosities has to be structured, which requires hexahedron cells. Hexahedrons
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have the advantage of a low numerical diffusion in direction normal to the flow.
Therefore, the mesh was extruded in this areas, namely the fuel fleece, reformer
and off-gas burner catalysts and the cathode heat exchanger. The extrusion is
illustrated in 5.3.

1|2 3 4

Extrusion
direction

Figure 5.3: Extrusion of reformer and off-gas burner porosities (left) and cathode HEX
porosity

The first three extrusion layers of each porosity were kept thin (1) because in this
region a transition between channel flow in the porous medium and the adjacent
"free-flow” occurs. The following layers which represent the main porosity area,
were made larger to keep the number of computational cells in the mesh low (2,3).
The last three layer are, again, as thin as the first three extrusion layers to provide a
smooth transition to the adjacent cells. An extrusion was also implemented at inlet
and outlet boundary condition cross sections to ensure a well developed flowfield
and a stable calculation. The extrusion can be seen in the final mesh in Figure 5.4.

5.2.4 Mesh Quality

At the end of the meshing process and the extrusion of porosity and inlet/outlet
areas, a mesh check was made, which checks for cell quality, negative volumes,
not connected areas and so on. Passing the mesh check is very important in order
to have the best basis for a convergent calculation. As shown in Figure 5.4, the
mesh consists of approximately 2.5 million cells, there are no negative volumes
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or invalid connectivities and the geometrical requirements for computational cells
were within the limits. Furthermore, the final mesh consists of approximately

e 2.34 million polyhedron cells,
e 140.000 hexahedrons and
e and 6.000 tetrahedrons.

The hexahedron cells are localized in the extruded elements explained in section
5.2.3. It is probable that the tetrahedron elements were made in areas where polyhe-
dron elements could not be produced due to geometrical restrictions. It is known
that tetra elements, mostly when located on edges, can cause convergence prob-
lems. Also [8] noticed a negative influence on the calculation results using tetra-
hedron elements. In this case, the tetrahedrons account for 0.24% which is a good
result for an automatically generated mesh.

Volume mash checks
Check set: Famepoly w
= Parameters

Check name: Tolerance:

Identical vertices o

Extruded .

. Negative part tets v

in/oulets
Negative part tets alt L
Negative volume L4
Negative normal distance v
Invalid connectivity v
Skewness [0,1] 085 L
Cell orthogonality [0,1] 0.08 v

= Results
Identical vertices 0 0.000% s
Negative part tets 0 0000%
Negative part tets alt 0 0.000% s
Negative volume o 0000%
Negative normal distance 0 0.000%
Invalid connectivity 0 0.000% s
Skewness g1 0003%
y Cell orthogonality 0.000%
*  Extruded Cathode Heat 2
F inlet Exchanger Total number of cells 2514135

Figure 5.4: Final Mesh with Mesh Checks
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5.3 Simulation

The performed simulations can be divided in two activities:
e method and parameter studies on simplified geometry
e global thermal field and heat flux assessment on full model

General simulation settings for both investigations are shown in Table 5.2.

Table 5.2: General simulation settings

FIRE™ Version 2014.2
Module Activation Aftertreatment
Module Activation Species Transport
Turbulence Model k-C-f
Two Stage Pressure Correction SIMPLE PISO
Wall Treatment Hybrid Wall Treatment
Heat Transfer Wall Model Standard Wall Function
Underrelaxation Factor Energy 0.98
Boundary Condition Fluid Interface Convective
Boundary Condition Solid Interface Temperature

The simulations were carried out with the AVL CFD Simulation program (FIRE™)
Version 2014.2 using FIRE™ Aftertreatment Module to implement heat conduc-
tive porosities and Species Transport Module to take into account several different
components in the gas mixture. Fluid and solid domain were coupled by their
common interface. At this interface a defined set of heat transfer values using the
ACCI coupling method was exchanged, explained in section 4.4.5. Therefore, a
convective wall boundary condition was chosen on the fluid side of the interface
and a temperature wall boundary condition on the solid side.

5.3.1 Parameter study on Simplified Model

In the AVL GPU the catalysts (modelled by porosities) are concentrically arranged
and also axially aligned with each other, why the heat transfer normal to flow di-
rection is of major importance. This new type of application was not considered
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during initial software developement. Therefore, some parameter studies are per-
formed to investigate the sensitivity on the modelling approach.

For this purpose, the porosity cells including the solid domain in between and at
the outside of the exhaust line were extracted from the full model mesh. The inlet
boundaries and outlet boundaries were linearly extruded, hence symmetric and
uniform flow conditions can be established on both inlets. Afterwards, in order
to analyze the heat transfer for this special case of a circular porosity (reformer)
around a second porosity (off-gas burner), some test calculations were performed
preventing the correct physical properties of both catalysts and counterflow con-
cept.

In Figure 5.5 there is a geometry overview including the boundary conditions at
the inlets and outlets of the geometrical simplified model.

/

Section 5

Section 4

Section 3
Section 2

p=1.10 bar

m=12 g/s
T=800°C

Section 1 Exhaust

hm=2 g/s
T=300°C

Porosity

=1.0915 bar

Offogas
Porosity  Burner

Reformer

Figure 5.5: Simplified model - geometry and boundary conditions

On the simplified model the influence of two major aspects are to be investigated:
e The influence of a fluid gap between catalyst and pipe versus direct coupling
e The influence of the boundary cell mesh resolution

General settings of the calculations are listed in Table 5.2. Changing parameters
regarding the simplified model can seen in Table 5.3.
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Table 5.3: Changing parameters of simpified model investigation

Case Number | Boundary Cell Thickness Gap between Porosity and Solid

01 2 layers a 0.5 mm no
02 2 layers a 0.1 mm no
03 2 layers a 0.5 mm yes
04 2 layers a 0.1 mm yes

Within the framework of the simplified model investigation the energy balance was
evaluated along five sections illustrated in Figure 5.5.

Section 1: In section 1 there is no interaction between anode path and exhaust
path because there is no solid pipe wall in between. The outer walls of anode and
exhaust path in section 1 are separated and treated as adiabatic walls. Section 5 is
equally setup as section 1.

Section 2: In section 2 there is a solid pipe wall between the two paths which
leads to a heat exchange between hot and cold path through the solid material.
Section 4 follows the same principle as section 2.

Section 3: Section 3 represents the most interesting section containing two porous
media which exchange heat through the solid material which is in between.

The mass flows were chosen in relation to the full model of the gas processing
unit and uniformly distributed over the cross section. The temperature difference
between anode and exhaust line was made intentionally large to increase the heat
exchange.

Motivation for parameter study

The parameter study was performed because it is not clear if the interface between
porosity and solid transfers heat in a correct way. Until now, the main applica-
tions for CFD calculations containing heat conducting porosities were aftertreat-
ment studies from where the heat transfer in radial direction was not of interest
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but rather the species conversion and heat release of single or series-connected re-
actors. In these previous works, for instance, extremely low y* at porosity/wall
interfaces and also non-reliable heat transfer coefficients were observed. Also be-
cause another turbulence approach is governs in the porous medium, an inaccuracy
of the transferred heat is expected. In some cases, therefore, the porosity was de-
coupled from the wall by a fluid gap to circumvent these effects.

Therefore and, as already explained before, in these parameter study calculations,
the porosities were both coupled to the wall and decoupled from the wall to deter-
mine the insulation effects of such a gas gap.

Furthermore, different mesh resolutions were analyzed in order to evaluate the
mesh independence of the results.

5.3.2 Gas Processing Unit

The Gas Processing Unit investigation was performed as two different multi-do-
main ACCI coupling calculations on same simulation mesh which are

e a steady simulation to reach stationary conditions and
¢ a transient simulation in order of considering gas-phase reactions.

The transient simulation was applied, utilizing the converged results from the
steady simulation, due to the fact that the gas-phase reaction steps require a tempo-
ral resolution. The timestep therefore was chosen between 0.001 and 0.005 seconds.
The calculation was evaluated after an achieved time of 10 seconds which took
about go0h of calculation time with the use of 45 CPUs .

An overview of the gas processing unit mesh and the boundary conditions of the
calculation can be seen in Figure 5.6 where only the lower half of the solid domain
is shown. At the left side the anode line including the reformer porosity is illus-
trated. The gas composition in the anode line was held constant through the full
flow domain, which means that the respective species mole fractions at the anode
line inlet are the same as for the anode line outlet. At the inlet, massflow and tem-
perature was applied, and at the outlet a static pressure boundary condition. The
data was extracted from measurement results and therefore based on calculations
(see chapter 3).
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Anode Line Exhaust Line
Cathode Anode

Gas composition T=780.3 °C T=785.0 °C
v_CO 0.15 -1.07 bar m=12.4 g/s m=2.1g/s
v_C0o2 0.12 p=1. Gas composition Gas composition
v_H20 0.10 v_02 0.1° v_CO 0.02
v_H2 0.16 v_N2 0.81 v_Co2 0.26
v_02 0.01 v_H20 0.22
v_N2 0.47 v_H2 0.03

v_N2 0.47

Reformer

R )

1h=1.84g/s . / Solid
T=421°C

Cathode Heat
Exchanger

Figure 5.6: GPU - geometry and boundary conditions for anode line (left) and exhaust line
(right)

Evaporation

The endothermic phase transition which occurs during the evaporation process of
diesel fuel was not considered in this simulation. As an alternative a volumetric
heat sink between the anode line inlet pipe and the begin of the reformer pipe
was applied. The gaseous and reformed fuel was considered in the prescribed gas
composition at anode line inlet. Therefore, no massflow was applied to the fuel
injection inlet, located in the rear GPU housing prior to the evaporation fleece.
According to equation 4.6, a heat flux was calculated taking into account a AT of
12 °C (according to measurement results 3.3). Because of an introduced heat from
the solid domain via heat conduction in the simulation, the volumetric heat sink
was adapted in several calculation loops until the evaporation outlet temperature
of 409°C according to the measurement was reached. The value of this heat sink
was then 85W.

The evaporation fleece was treated as a porosity using the Forchheimer parameters
(i =222 1/m and «; = 5.1E+05 1/m?. The parameters were extracted from an AVL
internal database.
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Reformer

The reformer was treated as a heat conducting aftertreatment porosity as discussed
in section 4.4.3.

Because of no available measurement data of this component, the tube friction
model was chosen as pressure drop model. Because of the quadratic shape of the
monolith channels, a shape factor ¢ of 0.89 was chosen according to chapter 4.4.3.
For the turbulent length scale of porous media Cporo Was chosen 0.0001.

Specific catalyst and material data was provided by the supplier and by internal
data sources. The reformer used in the simulation as well as in the measurement is
made out of Cordierite, the specifications can be found in the appendix section B.2.
As anisotropic conduction factor the FIRE™ suggested value of 0.5 for monoliths
(see section 4.4.3) was used. To reconstruct the heat release observed in the re-
former in the measurement, a volumetric heat source formula was implemented to
the reformer porosity. The amount of heat of reaction was provided by a preceding
1D matlab simulation (section 3.4) which gave 1009W.

As already mentioned, the gas composition was conserved through the whole an-
ode line, thus also the gas composition between reformer inlet and reformer outlet
did not change. This simplification was made due to high complexity of catalytic
reaction and severe calibration efforts beyond of the scope of the focus of this thesis
on thermal aspects.

Off-gas burner

Similar to the reformer porosity, also the porosity of the off-gas burner was hand-
led as a heat conducting aftertreatment porosity which follows the tube friction
pressure drop model.

The off-gas burner has a metallic carrier material and its channels have a triangular
form. Therefore, a ¢ of 0.83 and a Cporo Of 0.0001 was applied. The specifications
are documented in the appendix B.2. For taking into account a reduced thermal
conductivity within the porosity in radial direction, a value of 0.5 was chosen as an
anisotropic conduction factor.

In contrast to the reformer porosity, a chemical reaction scheme based on the
Langmuir-Hinshelwood approach (section 2.3.3) was implemented. The reaction
parameters to solve the reaction rate located in the source term of the energy con-

68



5.3 Simulation

servation equation is shown in Figure 5.7 and were extracted from an internal
aftertreatment database. The reaction scheme considers an oxidation of H, as well
as an oxidation of CO.

H2 Oxidation CO Oxidation

Hsz + 1002 —— H2O CO + 120; — CO2
Frequency Factors Activation Temperatures Frequency Factors Activation Temperatures
K1 ﬁ 7037e+009 kmol Ki(m*2.s) E1[5726.85 degC K1[74074000 kmol K/(m*2 s) E1/5726.85 degC
K255 5 H E2F1234 15 degC K2|§5 5 H E2}1234.15 degC
KSEOSO H E3FG34-15 degC KaPDBD H Esl—_634 15 degC
K4|3 98 [ E4[-11884.15 degC K43.98 H E4[11884.15 degC
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Figure 5.7: Frequency factors and activation temperatures for H, and CO oxidation

Cathode Heat Exchanger

The cathode Heat Exchanger is located in the exhaust line downstream of the off-
gas burner and is modelled as a porosity without the ability of conducting heat,
because the cathode line was not given consideration within the scope of this thesis.
Special interest is therefore given to the pressure drop and effect on the flow distri-
bution upstream. The pressure drop was modelled by the Forchheimer approach.
The pressure drop parameters according Forchheimer were determined according
to the measured stack outlet pressure and the assumed exhaust line outlet pres-
sure. By several iteration loops, an inertial loss coefficient ({;) of 4200 1/m and a
viscous loss coefficient («;) of 10000 was applied to the cathode HEX volume.

Mixing Zone

The mixing chamber before the off-gas burner was modelled as flow domain in-
cluding a deposited reaction scheme. The reaction scheme contains chain start
reactions of the spezies H,, CO and O,. Regarding the chain propagation, the
chemical species OH, HO,, HCO, H,0O, and H,O were considered. The reaction
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5 Modelling of the System

scheme was derived from [26]. The, in comparison to other reaction schemes, rela-
tively small detailed chemical kinetic mechanism for the combustion of hydrogen
and carbon monoxide has been already tested for autoignition and extinction of
diffusion flames and of partially premixed flames. By keeping the number of reac-
tions steps low, it is possible to reduce the calculation time. In addition, to reduce
calculation time, the multi-zone model for chemistry clustering was switched on.
The complete chemical kinetic mechanism applied to the mixing chamber of the
exhaust line can be found in the appendix Figure A.6.

Housing

The solid domain in the simulation is the housing of the Gas Processing Unit as
well as the intermediate element between anode line and exhaust line in order to
transfer heat between hot exhaust line and cold anode line. The solid is made of
a non-corrosive material, which has a good resistance against oxidation at high
temperatures, namely the high temperature steel X15CrNiSi25-21 (1.4841). In addi-
tion, 1.4841 shows good strength behaviour at high temperatures and is chemically
stable until a temperature of 1100°C [9] [31]. Material properties of 1.4841 can be
found in the appendix A.1. In the simulation, constant material properties (A, ¢,
and p) at an expected average solid temperature of 700 °C were used.
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6 Discussion of the Results

6.1 Simplified Model

The results of the investigation with the simplified model are discussed in this
chapter. The four cases which were analyzed, are illustrated in 6.1.

COARSE
CASE 01 CASE 02

P

NO GAP

CASE 03 CASE 04

Figure 6.1: Topology details of cases of simplified model

GAP

To directly compare the four test calculations with each other, the results of each
case are shown in one picture. While in the left-hand column (case o1 and 03)
there are always illustrated the cases with the coarse mesh in the boundary region,
in the right-hand column (case 02 and o4), the mesh in boundary layer region is
finer. The two pictures in the first line (o1 and 02) represent the cases where the
porosity is aligning with the solid wall at the fluid/solid interface. In the second
line (03 and o04) there are the cases where a gap between porosity and solid wall
was implemented.
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6 Discussion of the Results

6.1.1 Convergence Check

The convergence of the simulation is evaluated with the normalized residuals. If

the residual, in other words, the numerical error becomes smaller than the conver-

gence criteria during the calculation, the solution is defined as converged. In Figure

6.2 the residuals of the four cases of the simplified model investigation are plotted.

U, V and W represent the residuals for the momentum equation in the respective

directions x, y and z. The variable K stands for the turbulent kinetic energy, D for

the turbulent dissipation, M for the continuity equation and H is the residual for

the energy equation.
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Figure 6.2: Convergence plot of simplified model calculations

All the residuals are below a value of 10~° which is sufficient low and indicates a

very good convergence.
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6.1 Simplified Model

6.1.2 Flow Results
Velocity Field

In Figure 6.3 the velocity distribution of the four calculation cases described in 5.3
is illustrated in a range of o m/s to 8 m/s. A general similarity between case o1 and
case 02 can be seen. These velocity fields give an indication of the independence
of the grid resolution in the near wall area. Therefore, no further refinement of the
boundary layer mesh is necessary. Remarkable is the velocity field of case 03 in the

Figure 6.3: Velocity field of simplified model calculations

bottom left corner. An extremely high velocity was observed in the gap between
porosity and solid wall. This is because the fluid takes the path of least resistance
in the big gap and avoids the path through the porosity. This effect can be seen
at both sides, the reformer porosity as well as the off-gas burner porosity. The
big gap causing such an unrealistic high velocity gradient in the boundary layer
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6 Discussion of the Results

does actually not exist in reality. Therefore this case can be excluded from a more
detailed analysis.

The case with a gap between porosity and solid wall but with finer cells in the
near-wall area (04) shows a similar velocity field to the reference case o1 without
gap. It seems that the gap size is small enough to avoid a high velocity gap flow as
seen in case 03. However, there is a by-pass to the porosity and the overall velocity
in the porosities is lower than in the reference case.

Temperature Field

The temperature field of the four cases is showed in Figure 6.4.

Temperature in °C

[ | [T
500 600 700 800

300 400

Figure 6.4: Temperature field of simplified model calculations

In general, in all cases, the highest temperature gradients were observed in the
porosity itself. This effect can be explained by the increased thermal conductivity
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6.1 Simplified Model

because of the heat conducting characteristics of the aftertreament porosity.
Comparing the cases o1 and o2 without gap between porosity and solid wall first,
it is detected that the temperature fields are, as already seen in the velocity fields
above, very similar to each other. This indicates an unindependency of the grid
resolution in the near wall region.

Compared to that, the temperatures in the cases with a gap between porosity and
solid wall (case 03 and o04) are lower as in the cases without gap. The inferface
seems to conduct much less heat. This may arise due to an insulating effect of the
gas stream in the channel between porosity and solid. The thermal conductivity in
radial direction of the porosity solid part is about 10W/mK in the off-gas burner
(because of an anisotropic conduction factor of 0.5) and about 2W/mK in the ce-
ramic reformer. The A of the gas mixture does not exceed 0.21W/mK. Therefore,
the gas gap, acts like an insulating layer.

The temperatures in case 03 are generally lower than in case o4 (with thinner gas
gap) which can also come from the higher insulation effect of the faster and thicker
gap flow.

6.1.3 Near-wall results

The flow and heat transfer conditions were analyzed in the near wall zone to get
information about the interaction of the different domains fluid, porous medium
and solid wall.

Temperature and velocity

In Figure 6.5 the radial distribution of velocity and temperature are plotted on the
center cross section surface of the reformer porosity.

The length scale on the x-axis gives the distance from the wall. The scale of this
distance indicates a higher value (above 60 mm) in the cases with the finer mesh,
which can be explained by a different location of the evaluated cell center.
However, the respective wall temperatures of case o1 (730.09 °C) and 02 (730.4 °C)
fit well to each other and also the temperatures of the core flow. The velocity in the
center of the reformer porosity is 3.58 m/s in case o1 and 3.59 m/s in case 02.

The results of the cases without gap between porosity and solid wall (in the first
line) agree well. The difference lies in a smoother transition from boundary area
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Figure 6.5: Temperature and velocity distribution along reformer middle plane

towards core flow in the case of the finer mesh. This is because each data point for
the graphs was obtained at the computational cell center, so there were less data
points in the case with coarser mesh and therefore an unsmooth curve results.
The velocity curve close to the wall of case 03 is again different from the other
cases because of the relatively big gap size between porosity and wall. This has
a large impact on the velocity distribution along the whole porosity cross section.
The velocity in porosity center is only 2.07 m/s compared to about 3.6 m/s in the
cases without gap. Also the wall temperature is about 95 °C lower than in the cases
discussed before.

Case 04 represents a similar flow and temperature field along the reformer cross
section. The transition between wall and core flow is again smoother because of
the higher cell resolution in the wall area. What is remarkable is that the velocity
in the core flow is about 12 % lower than in the cases without gap. Also the wall
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6.1 Simplified Model

temperature is significantly smaller and with a temperature difference of 9o°C to
the cases without gap comparable to the temperature field of case 03. Even though
the high velocity effect which was observed in case 03 in the wall area is not existing
here, the insulating effect of the gap is dominant.

Dimensionless distance to the wall

In Figure 6.6 the dimensionless wall distance (y*) is shown on the interface be-
tween fluid and solid. This interface consists of Section 2 (interface Fluid/solid),
Section 3 (interface porosity/solid) and Section 4 (interface fluid /solid) which can
bee seen in 5.5.

CASE 01

Y plus wall in -

B

0 0.5

Figure 6.6: Y* applied onto the fluid/solid interface

A difference in the y* values for each case can be seen. It is observed that the y*
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6 Discussion of the Results

is extremely low at the interface porosity/solid when the porosity is touching the
solid wall. Values for y* on the interface reformer porosity/solid for case o1 are
0.02 and for case 02 with finer mesh 0.003.

Of course, dimensionless wall distances are lower in case of finer mesh near the
wall. With the implementation of a gap between porosity and solid, the y™ in-
creases (in case 03: 3.66 and in case 04: 0.51). The highest values for y* can be seen
in case 03, where the velocity is high in the near wall region because of the large
gap between porosity and wall. Therefore, the y* of, for instance, 4.95 between off-
gas burner porosity and wall, indicates a flow, which is between viscious sublayer
and buffer layer according to Figure 4.2.

Comparing the cases of finer boundary layer resolution with each other shows
that in section 2 and 4 (interface fluid/solid) no difference is detected as in sec-
tion 3 (porosity/solid). In the anode line in the area of the reformer porosity, a
face-averaged y s of 0.51 for case 04 and 0.003 for case 02 can be identified. This
phenomenon can be attributed to the different turbulence models in the porosity
and the rest of the flow domain as explained in 4.4.3.

The implementation of a gap between porosity and wall allows the usage of the
k — ¢ — f turbulence model in the gap flow which is more accurate. By an aligne-
ment between porosity and wall, the turbulence is governed by the turbulent length
scale. As it is to see on the small y*, in the case of the one equation turbulence
model (governing in the porosity) the flow turns into strongly laminar.

The Reynolds number for a channel of the reformer catalyst is, for instance, shown
in equation 6.1 which represents a laminar flow. Therefore, the turbulence ap-
proach in the porosity is approved for this application.

u-dp-p _ 3.58m/s-1.1-10"3m - 0.3kg/m3
B 3.5-10-%kg /ms

= 39 (6.1)

Convection Heat Transfer Coefficient

Analyzing the near wall results of convection heat transfer coefficient (x) in section
3 (porosity/solid), a direct connection to the dimensionless wall distance can be
observed. Very high heat transfer coefficients arise only in the cases o1 and o2, as
shown in Figure 6.7.

Due to consideration of metal (off-gas burner) and ceramic (reformer) conduction
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6.1 Simplified Model

Convection Heat Transfer Coefficient in W/m?K

600.13 89446 17289 25634 33978 42323

CASE 01

Convection Heat Transfer Coefficient in W/m*K

30655 44891 86317 1.2798e+05 16957e+05 2.1119e+05

CASE 02

Convection Heat Transfer Coefficient in W/m2K Convection Heat Transfer Coefficient in W/m2K

61047 673.94 787 41 80088 864.36 927.83 8074.5 88117 3548.8 8786 4028.1 4260.2

CASE 03 CASE 04

Figure 6.7: Convective heat transfer coefficient applied onto the fluid/solid interface

effect in the heat transfer of porous media cells, the derived "convective heat trans-
fer coefficient (x)" in porous regions show very high values which seems of, but
actually can not be directly compared to pure fluid cell layers without additional
conduction.

The cases without gap between porosity and solid show an extremely high heat
transfer coefficient, especially at the case with the finer boundary layer mesh. In
general, the lower the y is, the higher the a becomes. The magnitude of « is more
credible when the porosity is decoupled from the wall (case 03 and 04) because the
cell center is on a closer distance to the wall and deeper within the boundary sub-
layer. Differences between finer and coarser boundary mesh can be seen, because
the temperature difference from cell to cell is smaller when the cells are smaller, so
the « increases.

The Standard Wall Function (section 4.4.2) is used in these CFD calculations. As
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6 Discussion of the Results

shown in equation 4.24, the heat transfer coefficient is directly related to the di-
mensionless wall distance. It is obvious that the 3D result heat transfer coefficient
can not be used in following calculations, also due to an uncertainty concerning
how the & is calculated in the FIRE™ porosity. Therefore, it is recommended to
calculate the a according to equation 4.9.

Convective Wall Heatflux

The results of wall heat flux density 4, are given in Figure 6.8.

Convection Wall Heatflux in W/m?

-12e+05 72000 -24000 24000 72000 12e+05
CASE 04

»

Figure 6.8: Convection wall heat flux applied onto the fluid/solid interface

There is an obvious connection between the cases without decoupled porosity from
the wall (01 and 02) and the cases with gap in between (03 and 04). The heat flux
density at the walls before and after porosity is more or less the same in all cases,
so that these walls were not examined further.
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6.1 Simplified Model

As already noticed at the temperature distribution in section 6.1.2, the cases with-
out gap between porosity and solid fit well to each other, also regarding the heat
flux density distribution. There is a difference of about 5 W which was detected
at the interface reformer porosity/solid which means a maximum deviation of 0.7
%. The heat flux (Q) which is transferred from the solid to the reformer porosity in
case 01 is about 646 W.

In contrast, the cases where porous medium and solid are decoupled from each
other by a gas gap, the heat flux density is much lower in section 3(porosity/solid).
Values for Q from the solid to the reformer porosity are 277 W for case 03 and 337
W for case o4 with finer mesh. This reduction of the wall heat flux by nearly a half
in comparison to the cases without gap, is caused by the insulating effect of the
gap and thus the reduced thermal conductivity between porosity and solid.

6.1.4 Energy Balance

Furthermore, at the end of the investigation of the simplified model, an analysis
of the energy balance was performed. Therefore the geometry of the simplified
model was divided into several sections within which information about heat flux,
temperature, specific heat capacity at p = const. and specific enthalpy were col-
lected. The sections 1 to 5 which are explained in Figure 5.5 are evaluated in more
detail regarding heat transfer through the walls and convective heat transfer of the
fluid. The area specific values were derived after the calculation was finished using
formulas as attached in the appendix (C).

Regarding energy balance, the case with coarser boundary layer and aligned poros-
ity /solid interface (case o1) and the case with finer mesh and gap between porosity
and wall (case 04) receive special attention, because of unrealistic results of case 03
and because of the similarity between case o1 and case 02.

Case 01

The energy balance result for case o1 is shown in Figure 6.9, more precisely, a tem-
perature plot where values for both, convective heat flux and wall heat flux are
given.

At first sight, energy is well balanced. The overall gain of heat in the cold path
correlates with the overall introduced wall heat flux into the cold path. The same
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Figure 6.9: Temperature distribution with energy balance of Case o1

applies for the hot path which releases the same amout of heat which is trans-
ported to the cold path. The maximum deviation of heat flux found in the cold
path where 1.13W were introduced more into the fluid than transferred through
the solid which means a very satisfying deviation of 0.1%.

The adiabatic wall boundary condition of section 1 and section 5 should disable any
heat transfer. It can be seen in the results of section 1 and 5 that oW is transferred
either from the hot path to the solid or from the solid to the cold path. However,
in these regions from inlet/outlet cross section to the cross section, where the cou-
pling with the solid begins, a small change in convective heat flux was observed.
This may result from the heat transfer which can be seen at the edge of the solid
geometry towards the flow domain right at the begin of section 2. The same applies
for the other side, examining section 5.

From the point where fluid path and solid domain are coupled, heat transfer is not-
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6.1 Simplified Model

icable. In section 2, an enthalpy increase of about goW takes place in the cold flow
domain. In comparison to the porosity section 3, the heat input is much higher at
666 W. This can be explained by to the thermal conductivity of the porosity being
about 10 times higher than the thermal conductivity of the gas mixture in radial
direction.

After section 3 which includes the porosity, there is again a section where hot and
cold path are connected via a heat conductive solid section (section 4). Here, a
similar heat conductivity as in section 2 can be observed, although the heat input
to the cold path and the heat release in the hot path is lower than in section 2. This
is due to a lower temperature difference between hot and cold path in this area.
Comparing each section independently, one can see that heat release, heat conduc-
tion and heat input do not always correlate. For instance, in section 1, a heat flux
of 84 W was conducted from the hot fluid path to the wall but almost 111 W were
conducted from the wall again into the cold path. The enthalpy flux in the cold
path was increased by the amount of goW and in the hot path decreased by 76 W.
These differences in heat flux are caused by an axial heat flux in the wall. This can
be determined based on the white inclined heat flux arrows in Picture 6.9. Espe-
cially at the transition zone from section 2 to section 3 a big heat input to the cold
path can be observed, caused by the largest temperature difference here. However,
the overall energy balance is consistent.

Case 04

For calculation case o4, the temperature distribution and the energy balance are
illustrated in Figure 6.10.

Similar behaviour as in the previous case can be seen, although much less heat is
transferred within the porosity section. Compared to 666 W in the previous case,
the introduced heat into the cold path is 305 W which is less than the half.
Comparing section 2 of both cases, no big difference can be seen. In section 4
about 30 W are transferred more which is explainable by the bigger temperature
difference between hot and cold path in this section.

In sum, about 461 W of heat was exchanged between hot and cold path whereby it
was 787 W in the previous case without gap between porosity and solid.

The energy is also in this case balanced. All the heat flux removed from the hot
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Figure 6.10: Temperature distribution with energy balance of Case 04

path was transferred through the solid domain into the cold anode path.

6.1.5 Summary and Further Procedure

The investigation of the mesh resolution showed that the calculation results are
independent of the mesh size in the near-wall region. As a consequence of this
tinding, the calculations on the full Gas Processing Unit model were performed
with a mesh with a larger cell size in the boudary layer. This reduces the overall
cell number and the calculation time.

The implemented gas gap between porosity and solid wall in order to decouple the
porous medium from the wall showed a big influence on the heat transfer. Even a

small gas gap of 0.2 mm acts as an insulation and reduces the heat transfer nearly
by the half.

84



6.2 Gas Processing Unit

Due to the fact, that in this application the flow within the porous medium is lami-
nar, the turbulence treatment which is done in the porous media, represents a good
approximation. Although the automatic 3d! output of heat transfer coefficient has
no significance as simulation output when the porosity is coupled directly with the
wall, the energy balance shows coherent results. If the heat transfer coefficient is
of interest, it can be calculated from the local heat flux density (4) and the temper-
ature difference between the wall and the core flow.

Therefore, for the assessement of heat transfer on full model, the coarser mesh and
the approach with an aligned connection between the porosity and the solid wall
were used. It has to be considered that this approach is very optimistic because
perfect contact between porpous media and metal parts is assumed, which might
be compromised especially at elevated temperatures due to different thermal ex-
pansion coeffcient of different materials.

6.2 Gas Processing Unit

For a better orientation, in Figure 6.2 an overview of the domains anode line, ex-
haust line and solid housing is illustrated in which the main components which
are investigated in the following chapter are named. The evaporation area extends
from anode line inlet to the begin of the reformer pipe.

Anode Line

Distributor
chamber

Solid Housing Exhaust Line

Mixing
Offgas chamber
Burner

Stack inlet

Feed- HEX

through
Reformer

Evaporator
Fleece

>’ : =
S
J Soiing) M Rear
Reformer Pipe Area
. Stack inlet .
Evaporation HEX

Area cathode HEX

Startup
Burner Pipe

Figure 6.11: Overview of the components of the three calculation domains
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6 Discussion of the Results

In the evaporation area a heat sink was implemented corresponding to the cooling
by the phase transition from liquid to gaseous state. In the reformer pipe an over-
heating of the anode gas mixture occurs via heat transfer from the hot exhaust line
through the solid housing. The stack inlet HEX consists of five bended pipes. The
mixing chamber of anode and cathode off-gas is located upstream of the off-gas
burner. The startup burner pipe is part of the CAD geometry and hence considered
also in the CFD mesh. It is located in the exhaust line and can be identified by a
bent pipe opposite to the main flow direction from mixing chamber inlet to off-gas
burner.

6.2.1 Convergence Check

In Figure 6.12 a plot of residuals from numeric solver iterations of the transient
calculation can be seen. The time range lasts from 9.0 to 10.0 seconds.
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Figure 6.12: Convergence plot of Gas Processing Unit transient calculation

The convergence criterion was kept at 10~* for the kinetic energy which showed
the highest residuals. To fulfill this criterion, there were performed approximately

15 iterations per timestep.
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6.2 Gas Processing Unit

6.2.2 Flow Results
Pressure Field

Calculation results for total pressure can be seen in Figure 6.13. The total pressure
tield of the anode line is illustrated in the left image and the exhaust line in the
right image, based on a section normal to the z- and x-axis.

Total Pressure in Pa Total Pressure in Pa

[ Tham [ [Tl

1.07e+05 1.071e+05  1.072e+05 1.073e+05  1.074e+05  1.075e+05 1.054e+05 1.0548e+05 1.0556e+05 1.0564e+05 1.0572e+05 1.058e+05

Figure 6.13: Pressure field of anode line (left) and exhaust line (right)

In general, the pressure reduces in the direction of flow from inlet towards outlet.
The only exception is the reformer pipe which shows a swirling flow and therfore
a radial pressure gradient.

Regarding the anode line, the inlet pressure is about 107500 Pa and the outlet pres-
sure follows the boundary condition of 107000 Pa. This results in a global pressure
drop of 5.1 mbar from inlet to outlet (at a massflow of 1.84 g/s), from which 1 mbar
can be assigned to the reformer catalyst and 1.1 mbar to the inlet pipe including
reformer pipe to the catalyst inlet, and the highest pressure loss, namely 3 mbar,
occurs in the stack inlet HEX. The inlet pressure differs from the measured pressure
at this point by 3mbar. This relatively big difference could be dedicated a possible
measurement inaccuracy or an inaccuracy of the tube friction pressure drop model
used for the catalytic converters. For future investigations, a Forchheimer pressure
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6 Discussion of the Results

drop model based on measurements is recommended for calibration. Also the po-
sition of the sensor could have a big influence on the measuring results due to a
possible measurement of stagnation point pressure.

The pressure field of the exhaust line (at the right image) is governed by the high
pressure drop in the cathode Heat Exchanger of 38.4mbar, which generates uni-
form inflow into the HEX and benefits the flow activity in the rear area of exhaust
line. The global pressure drop from inlet to outlet is 41.9gmbar at a massflow of
14.53g/s. The pressure drop of the oxidation catalyst is 1.3mbar and the rest is
very small. The remaining losses can be assigned to the mixing chamber before the
oxidation catalyst. An uncertainty can again be assigned to the oxidation catalyst
which is based on the tube friction pressure drop model. It is probable that the
pressure drop of the oxidation catalyst is bigger than calculated and the pressure
drop of the cathode HEX should be lower by accordingly this amount.

The anode line of the stack module features a pressure drop of 12 mbar from stack
inlet to stack outlet flange.

Velocity Field

In Figure 6.14, the streamlines of the anode line and the exhaust line are illustrated
in an isometric view. The colour of the streamlines corresponds to the local flow
velocity.

Regarding the anode line, an intense swirl is to identify in the reformer pipe before
the reformer catalyst, caused by the inlet pipe, which is positioned eccentrically
(tangential to reformer pipe). The swirl flow homogenizes along the reformer pipe
and then continues in the reformer catalyst where it is straight through the mono-
lith channels. After the reformer outlet, the flow is accelerated in a feedthrough
and passes through a distributor chamber into the five stack inlet HEX pipes which
show an uniform velocity field.

Compared to the anode line, the exhaust line represents a more undistributed flow
field. It can be seen that the velocity reaches its maximum in the mixing cham-
ber before the oxidation catalyst, where anode and cathode outlet of the stack are
mixed. The flow in the mixing chamber seems to be more irregluar than in other ar-
eas. In addition, a backflow before the porosity is identified, which will be further
discussed. In the rear section of the flow area downstream of the off-gas burner (at
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Figure 6.14: Streamlines of anode line (bottom) and exhaust line (top)

the left of the exhaust line picture), there can be seen a relatively large low-velocity
area. The flow turns towards the exhaust outlet already before reaching the rear
area of the exhaust line. In this area of low velocity, a lower heat transfer can be
expected and therefore, it could be improved by rerouting the flow or, seen from
another perspective, saving space by reducing this inactive region.

The pictures in the top left and the bottom right of Figure 6.14 show the same re-
sults but from a different view. It is to recognize in the anode line, that the velocity
of the fuel inlet (at the left of the right picture) is zero, as specified in the bound-
ary conditions. In addition, a low-velocity field can be found in the center of the
reformer pipe, which is a consequence of the intense swirling flow.

In the exhaust line plot at the right of Figure 6.14, the low-velocity area in the rear
is shown again. A backflow area is located before the oxidation catalyst at the right
and before the cathode HEX. In general, there is to see a preference of the flow to
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choose the shortest route.

Figure 6.15: A more detailed view gives Figure 6.15 which is a velocity magni-
tude plot in the xy-plane.
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Figure 6.15: Velocity field of the GPU (plot in the xy-plane)

At the left side in the anode line is to recognize the eccentric inlet pipe with a
velocity of about 17 m/s which causes a swirl flow containing a low velocity core
flow. This swirl flow should ensure a good mixing of fuel and recirculated anode
off-gas and air mixture and thus an uniform flow within the reformer catalyst. The
flow in the reformer catalyst looks well distributed, which indicates a good design
of the anode line inlet and the reformer pipe length.

In contrast, the velocity field of the exhaust line looks more irregular than the
velocity field of the anode line. The velocity decreases in the rear section of the
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6.2 Gas Processing Unit

exhaust line and the design of the mixing chamber results in a backflow before the
oxidation catalyst and in a flow unevenness within the oxidation catalyst.

In Figure 6.16 another velocity plot in the xy-plane through the lower anode
outlet pipe of the stack is shown.
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Figure 6.16: Velocity field of the GPU (plot in the xy-plane)

Because of an eccentrical arrangement of the anode pipes, an asymmetric flow
separation occurs caused by the starter burner cone. This constitutes an uneven
flow distribution in the oxidation catalyst which can be seen better in this picture.

Figure 6.17: Another view to represent more explicitly the effects of the two an-
ode pipes on the velocity field of the exhaust line is shown in Figure 6.17.

The backflow at the top area in the mixing chamber before the catalyst is caused
by the geometry of the anode pipes and the step in the solid interface right after
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Figure 6.17: Velocity field of the GPU (plot in the xz-plane)

the anode pipes. This backflow can be reduced by implementing a softer transition

between anode pipes and oxidation catalyst. Despite that, the high velocity stream

towards the anode line caused by the upper anode pipe, is generating an efficient

heat transfer in this area.

The starter burner pipe, which is located at the bottom of the mixing chamber,

is not used in the continuous operating condition. It shows a low-velocity area

because there is no flow within (also according to measurement).

Figure 6.18: In order to illustrate the velocity conditions within the gas processing

unit, Figure 6.18 shows velocity plots of the assembly in planes normal to the main

flow direction.
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Figure 6.18: Velocity field of the GPU (plots in the yz-plane)

Cut A shows the velocity at the rear of the GPU, more precisely at the plane of
the evaporator fleece. Right at this plane, the diesel fuel is applied by four bores
inside of the metal housing. These bore holes can also be seen in Figure 6.14 at the
left of the anode line picture. The opening angle of the fuel lines is so small that
the fuel is introduced at a low-velocity area. By bringing the inlet pipe closer to the
fleece, a higher velocity could be achieved at the fuel inlet area, therefore the heat
transfer and thus the evaporation could be improved.

CUTB: In Cut B the inlet pipe of the anode line is illustrated. The swirl flow with
the low-velocity core is clearly evident as well as the moderate flow of the exhaust

line rear area.
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6 Discussion of the Results

Cut C pictures the velocity field of the gas processing unit downstream of the
oxidation catalyst in the exhaust line and upstream of the reformer catalyst in the
anode line. The reformer catalyst demonstrates a more or less even flow field at
inlet, which is still swirling intensively, except of a small zone near the core which
shows flow close to stagnation.

Cut D: In Cut D the same as in Cut C is illustrated but upstream of the oxidation
catalyst and downstream of the reformer catalyst. The flow out of the reformer is
not swirling any more, and hence features significantly lower flow velocity.

Cut E once more illustrates the velocity distribution within the mixing chamber
before the oxidation catalyst. The high velocity area above the center results from
the anode pipes from stack (primarily the upper pipe) and the constriction of the
flowfield by the anode line feedthrough. The velocity maximum in the lower right
corner of the exhaust line is most probably caused by the lower anode pipe. In
general, the reason of the uneven flowfield in this section is shown in the previous
Figure 6.17 within the mixing chamber. However, high velocity zones near an
adjacent component such as in this case the anode line, deliver a good heat transfer.
Therefore, the heat transfer should be considerably better in this areas and should
be improved at the left side of the center. The horizontal passage in the center is
the feedthrough passage from anode downstream the reformer towards the stack.

CUTF: In order to complete the velocity field disrtibution of the gas processing
unit, Cut F shows a cut through the stack manifold/GPU interface. It consists
of 4 sections. At the left, there is the recirculated flow path which is led to the
recirculation blower. The second flow field from the left shows the inlet into the
mixing chamber, including the two velocity maxima of the anode pipes, which are
a reason for the continued flow irregularity towards the oxidation catalyst. The
third flow field shows the anode line which leads to the stack inlet and the section
at the right is the cathode inlet of the stacks, which was not modelled.

94



6.2 Gas Processing Unit

Uniformity & Centricity Index

The velocity distribution in the third cell layer evaluated within the third cross sec-
tion cell layer of each porosity is illustrated in Figure 6.19.
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Figure 6.19: Velocity field in 3rd cell layer of reformer catalyst (left), oxidation catalyst (top
right) and cathode HEX (bottom right)

The velocity distribution of the reformer catalyst (top left picture) shows the con-
sequences of the swirled flow in the reformer pipe which was to be expected from
the preceding velocity plots. The velocity scale in Figure 6.19 ranges just from 1.92
m/s to 2.68 m/s which is a deviation from the average velocity (2.3 m/s) of -/+
17% which is an acceptable difference.

In the velocity field of the oxidation catalyst (at the top right in the picture) there
are to see once again the effects of the stack anode outlet pipes and the anode line
feedthrough expressed by the velocity maxima. The low-velocity area at the top
results from a backflow in this field and at the bottom it is caused by the starter
burner cone which deflects the flow towards at the oxidation catalyst. The more
inhomogenuous velocity field at oxidation catalyst can also be the effect of the
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premature combustion. The scale of the oxidation catalyst velocity plot shows an
average value of 4.9 m/s and a deviation between the average velocity and the
minimum /maximum of -/+ 27%.

Regarding the cathode HEX, the velocity scale ranges from 7.8 m/s (-7%) to 8.9 m/s
(+7%), at an average of 8.4 m/s, even though a low velocity area at the left of the
plot can be recognized due to the low-flow areas in the rear of the GPU. The result
can be a better heat transfer from exhaust line to cathode line within the cathode
HEX in the areas with higher velocities.

Good criterions for the quality of a flow are the uniformity and the centricity index
and a criterion for the porosity durability is the tangential pressure gradient which
are explained in section 2.2.2.

Results for uniformity, centricity index and tangential pressure gradient can be
seen in Table 6.1. Also included are the company internal guidelines.

Table 6.1: Evaluated uniformity, centricity indices & tangential pressure gradient in com-
parison to AVL guidelines

Porosity ‘ Uniformity Index Centricity Index Tangential Pressure Gradient
‘ - - bar/m
AVL Guideline | > 0.95 > 0.85 <15
Reformer 0.96 0.97 0.03
Oxidation Catalyst 0.94 0.92 0.24
Cathode HEX 0.99 0.98 18.7

The uniformity index and the centricity index of the reformer catalyst achieve good
values and also the tangential pressure gradient is negligibly small, which is ex-
plainable by the well distributed flowfield and the reformer pipe, which is long
enough. In contrast, the uniformity index for the oxidation catalyst lies below the
limit with a value of 0.94. The centricity index and tangential pressure gradient
are again within the permitted range. The velocity indices for the cathode HEX
are within the limits but the value of the cathode HEX is above the limit for metal
substrates. Channel damaging due to material erosion could therefore be the con-
sequence. However, it is to consider that the cathode HEX is not a substrate but a
plate HEX and therefore has a larger wall thickness (around 1mm) which are more
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6.2 Gas Processing Unit

robust than the walls of a metal catalyst.

6.2.3 Temperature Distribution

In Figure 6.20 the temperature in a xy-plane cut can be seen which corresponds to
the velocity contours in Figure 6.15.
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Figure 6.20: Temperature field of the GPU (plot in the xy-plane)

Regarding the anode line, at the left side the heat sink can be seen, which was
implemented in the CFD calculation to the inlet area in order to represent an en-
dothermic evaporation reaction.

The anode line, which starts at a temperature of about 410°C, is heated up along
the reformer pipe about 100 °C due to the heat transfer from the hot exhaust line
through the solid.

The refomer catalyst can be easily recognized through the strong rise in temper-
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ature from 534 to 743 °C (cross section averaged) due to the additional heat con-
duction of the ceramic monolith and due to the added heat source that was imple-
mented to consider an exothermic catalytic reforming reaction, which was deter-
mined by the measurement and the following matlab calculations.

The anode line gas mixture is further heated up slightly by the slightly hotter ex-
haust line until it reaches the stack manifold /GPU interface with a temperature of
750°C. The temperature in the stack inlet HEX pipes does not change anymore due
to a lack of temperature difference.

In the operation mode under real conditions, the anode line within the stack inlet
HEX pipes is cooled by the air supply for the cathode which is not considered in
the simulation.

Regarding the exhaust line a temperature hot spot in direction of the cathode HEX
can be seen. Likely, this is the outcome of the exothermic catalytic combustion
happening in the oxidation catalyst (off-gas burner). At this point and towards the
anode line, an increased heat conduction can be expected because of the higher
temperature difference.

A temperature increase is also determined in the exhaust line towards the recircu-
lation pipe. This can result from the backflow determined in the velocity view in
Figure 6.15. In general, the heat transfer in the rear GPU area from exhaust line
to the solid is just moderate due to low velocities. A higher velocity would lead
to a higher local exhaust gas temperature and hence a higher solid housing tem-
perature. Therefore a higher heat input into the anode line evaporation area could
be achieved. Although, the evaporator fleece on the rear end is also heated from
exhaust gas via the solid housing.

In Figure 6.21 the temperature field in a xy-plane cut through the lower anode
pipe will be analyzed.

Due to the increased heat release in the mixing chamber, it is obvious that a pre-
mature combustion located right after the mixing of stack anode off-gas and stack
cathode off-gas happens. The dark red area in the picture indicates a tempera-
ture above the range of 400-850°C. In this case, the maximum flame temperature is
about 903°C.

Another heat release, although the temperature increase is smaller than in the gas
phase combustion, occurs in the oxidation catalyst. It seems that the gas mixture is

98



6.2 Gas Processing Unit
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Figure 6.21: Temperature field of the GPU (plot in the xy-plane)

not fully burnt yet, so that the residues can be burnt in the downstream oxidation
catalyst. An uneven heat transfer happens to the reformer, because of the un-
even combustion in the exhaust line, mainly in regions closer to the cathode HEX.
However, the temperature within the reformer should be as uniform as possible to
ensure a homogenuous fuel conversion.

The low-velocity field and thus the low heat transfer in the rear of the GPU exhaust
line has the negative effect of a visible gas temperature decrease in this area. In
contrast to the temperatures in the upstream exhaust line, the temperatures are
about 200°C lower and match with the slow flow in Figure 6.16. That means that
stagnated exhaust gases are cooled down. The heat input into the anode line could
be improved with a, for instance, continuous constriction of the cross section in the
rear or by rerouting the flow towards this area.
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Figure 6.22

illustrates the temperature results in a plot in the xz- plane in order

to illustrate the effect of the stack anode outlet pipes.
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Figure 6.22: Temperature field of the GPU (plot in the xz-plane)

According to the considerable temperature increase, a combustion of H, and CO

already happens at the interface between stack manifold and GPU. Again, the dark

red areas point out a temperature above 850°c.

In relation to the velocity field of Figure 6.17, a heat release can also be determined

in the area of backflow in the upper wall area. This effect is investigated later on.

A noticable heat release occurs also in the oxidation catalyst (off-gas burner) which

will be further transferred into the reformer and the reformer pipe.

Figure 6.23:

The temperature plots corresponding to the velocity plots shown in

6.18 can be seen in Figure 6.23.

The continuous heat loss in the exhaust line is visible in the reducing temperature
from Cut F till Cut B.
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Figure 6.23: Temperature field of the GPU (plots in the yz-plane)

In the anode line, there is to see a continuous temperature increase from Cut B to
Cut E. Cut A is closer to the heated fleece, which is not intensively touched by the
inflow from inlet pipe, and therefore hotter because heated from the fleece.

In Cut A the temperature of the anode line at the evaporator fleece area can be
seen as well as the solid temperature of the housing. As mentioned above, the solid
temperature could be increased by a flow improvement in the rear GPU section.

Cut B points out the heat transfer from the exhaust line through the solid hous-
ing into the anode line in the rear GPU area. The temperature in this section has
its maximum at 760°C which is located in the upper area. The temperature dis-
tribution could be improved by a geometry adjustment to current flow conditions.
Furthermore, the implemented heat sink in order to model an evaporation process

101



6 Discussion of the Results

can be seen.

Cut C shows a temperature cut in the yz-plane located downstream the reformer
towards feedthrough and upstream the oxidation catalyst (off-gas burner). In the
exhaust line, an uneven temperature distribution can be noticed which is influenced
by the premature combustion located near the fuel cell stack anode outlet pipes in
Cut E

In Cut D a slightly uneven temperature distribution can be seen in the anode line
because of the premature combustion near the two anode pipes which are arranged
eccentrically so that higher temperatures can be reached towards the cathode HEX.
Furthermore, there can be seen that the temperature hot spots moved to the outside
at the zones of highest velocity shown in Cut D of Figure 6.18.

6.2.4 Conversions

To illustrate the chemical conversion due to the exothermic reactions occuring in
the exhaust line, concentration plots in the xz-plane are shown in Figure 6.24, which
confirm the expectations based on measurements.

According to section 2.3.3, an indication of a combustion of H, in the gas phase can
be the production of interrim product hydroxyl (OH). In the upper right corner of
Figure 6.24, the concentration of OH is shown. It is obvious, that the gas mixture
within the anode pipes out from the stack does not contain any OH. The mole
fraction of OH increases as soon as oxidant is added to the anode line. A topology
as shown in Figure 2.7 can be determined in the CFD results in in the form of an
elevated diffusion flame which results from lateral addition of oxidant to the fuel.
The formation of the diffusion flame, more precisely, the area where the OH mole
fraction reaches its maximum, is located after a certain distance from the mixing
point which can be seen as lifting height.

Another spot of high OH concentration, even if the amount is lower, can be deter-
mined along the upper housing of the exhaust line. In this region a backflow was
already detected in the velocity CFD results of the same view (Figure 6.17) and also
a remarkable temperature increase according to Figure 6.22. This effects are most
probably closely connected to each other. It can be said that the chemical chain
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Figure 6.24: Concentrations of hydrogen (top left), carbon monoxide (bottom left) and hy-
droxyl (top right) of exhaust line (plot in xz-plane))

reactions, which were producing the radical OH, are following an exothermic reac-
tion and result therefore in a heat release.

Another backflow area is clearly evident in the corner between oxidation catalyst
and starter burner pipe, which results in an increase of OH and therefore in an
increase of temperature.

At the left upper corner of Figure 6.24 a plot in the xz-plane of the H, concentration
is shown. The H, mole fraction of the stack anode outlet gas mixture counts about
3.03% which will firstly be diluted with oxidant and secondly converted to H,O
by oxidation of H,. Comparing the mole fractions of OH and H, shows that they
behave strictly opposite because of a combustion.

As soon as the gas mixture reaches the oxidation catalyst, a sudden conversion of
the remaining H, occurs, most of it already in the first cell layer. In the temper-
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ature field in Figure 6.22 it can be seen that the temperature remains unchanged
downstream along the oxidation catalyst which can be the result of the additional
heat conduction happening in the metallic catalyst.

At the bottom of Picture 6.24 the concentration of CO is plotted. In contrast to H,,
CO seems to be converted even faster and is already nearly totally converted when
the gas reaches the oxidation catalyst.

6.2.5 Heat Transfer

The focus of heat transfer assessement is on the anode line in order to have a better
overview of the results. The resulting heat transfer at the counterparty, which is
the exhaust line, was already confirmed as identical during the test calculations on
the simplified model. Therefore, for now just the anode line will be examined.

In Figure 6.25 CFD results for evaluating the heat transfer are shown.

As already noticed at the simplified model in sections 6.1.3 and 6.1.3, at the Gas
Processing Unit, the y™ is, again, very small at the interface porosity/solid and
therefore, this heat transfer coefficient is again drastically higher in the reformer
due to conductivity effects compared to the pure fluid wetted surfaces. Neverthe-
less, the temperature field reaches acceptable values.

In the figure the wall heat flux density, the temperature, the dimensionless wall
distance (y) and the heat transfer coefficient () of the anode line are illustrated.
Starting with the heat flux density (4), a hot spot of heat input can be located at
the anode inlet pipe in the evaporation area. The heat flux has, most probably, a
peak in this area because of the highest temperature difference between anode and
exhaust line in the rear. The anode reformer gas mixture starts at 421°C and will be
warmed up continuously by the about 150°C warmer solid domain, shown in Fig-
ure 6.20. Right at the top of the evaporation area in the 4 plot, there is a maximum
which can be explained by a velocity maximum due to the swirled inlet flow. The
heat input there could be homogenized by variation of the inlet pipe inclination.
However, it has to be pointed out that the heat flux, which is transfered through
the wall into the anode line for gas conditioning, is well distributed along the re-
former pipe on the way to the reformer catalyst which should result in an even
temperature increase during the mixing length.

The heat input in the near of the reformer catalyst is about twice as high as in the
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Figure 6.25: Convection wall heat flux (top left), temperature (top right), dimensionless
wall distance (bottom left) and heat transfer coefficient (bottom right) of anode

line

reformer pipe. This can again result from the increased temperature difference as
well as from the increased heat conduction due to a solid component within the
porosity channels. Also the temperature field at the right shows the largest tem-
perature increase within the reformer catalyst. This is because of both, the heat
release of the exothermic reforming reaction, and the heat conduction happening
in the ceramic monolith. In the temperature plot the heat sink of the evaporation
is visible in the front at the inlet section.

Right after the reformer catalyst in downstream direction the temperatures are sim-
ilar with the solid and exhaust line so that there is no noticable heat flux density
between anode and exhaust line. In this area there is also no remarkable velocity
close to the wall to support the convective heat flux.
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The cooling effect of the heat transfer of the cathode line towards the stack inlet
HEX was not modelled in this investigation, so this local heat flux density provides
no desirable information. In reality, there may happen a heat transfer to the colder
cathode line and the temperature field within the stack inlet HEX may be lower as
shown in the results.

Face averaged values for wall heat flux and « are listed in 6.2.

Table 6.2: Evaluated wall heat flux and heat transfer coefficient in anode line

Heat Flux Density Wall Heat Flux Heat Transfer Coefficient

W /m? W W /m*K
Evaporation Area 8337.9 135.1 450.6
Reformer Pipe 9184.1 214.0 377.8
Reformer 32779.5 223.3 183.4
Feedthrough -351.6 -9.1 477.7

The highest 4 is determined at the interface solid/reformer because of the addi-
tional heat conduction of the catalyst ceramic sustrate. The heat input to the re-
former is therefore 223.3 W.

The face averaged 4 from the reformer pipe to the anode line gas stream achieves
a good value, too. The heat flux is very uniform along the whole reformer pipe
which is generated by the swirled flow due to the eccentric inlet pipe.

The evaporation area shows a lower average 4§ value because of lower heat flux
through inlet pipe and fleece.

Through the feedthrough there is no remarkable § anymore, because a slow con-
vection without a big temperature difference.

The face averaged heat transfer coefficient at the reformer is evaluated according
to formula 6.2. The gas core temperature T, was extracted from the temperature
tield in 6.26, the face averaged wall temperature T, as well as the face averaged
wall heat flux density § were derived from 3D result output formulas (Appendix

Q).
g 32779.5W /m? ,
- = = 1834 K )
%= Ty —Tw) (7325 _5832)°C _ oo4W/m (6.2)

In comparison to the temperature and velocity distribution along the reformer mid-

dle plane of the simplified model (6.5) the velocity of the core in the reformer of
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the GPU shows lower values due to the swirled flow in the reformer pipe. Also
the temperature is not symmetrically to the reformer axis because of an uneven
temperature distribution in the exhaust line.
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Figure 6.26: Temperature and Velocity distribution along reformer middle plane
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7 Conclusions

7.1 Summary

In this thesis, two different investigations were performed. Before the full Gas
Processing Unit was analyzed, a parameter study was performed on a simplified
model.

Simplified Model: The simplified model, consisting of two flow domains includ-
ing porous media and a solid body in between, was investigated in order to check
the plausibility of a coupled simulation, using the FIRE™ aftertreatment module.
For the simplified model, the velocity and temperature distribution were analyzed,
as well as wall results like the dimensionless wall distance (y "), the heat transfer
coefficient («) and the heat flux density.

Gas Processing Unit: The second part deals with the full model of the GPU de-
veloped by AVL, applying the selected modelling approach from simplified model
and containing the same porous media within a more complex geometry. Accord-
ing to Auxiliary Power Unit (APU) system test data, the boundary conditions for
the CFD simulation were determined with help of certain pre-calculations and 1D
simulations. In the full model, catalytic combustion reactions were implemented
in the off-gas burner and gas-phase reactions in the mixing chamber before the
off-gas burner to determine an efficient exhaust gas aftertreatment. The focus of
the GPU analysis was placed on pressure, velocity and temperature distributions.
In addition, the species conversions in the exhaust line were discussed.
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7.2 Conclusions

The simplified model predicted extremely low dimensionless wall distances and
extremely high heat transfer coefficients at the interface porosity/solid wall. If
is of interest, it is recommended to calculate the heat transfer coefficient from the
heat flux and the temperature difference between wall and core.

An implemented gas gap between porosity and solid wall prevented these ef-
fects, but caused an interruption of the thermal conductivity in the outer layer of
the porosity towards the wall and therefore acts as an insulation. This becomes
evident by the observerd higher wall heat flux in the case of no gas gap between
porosity and wall. Therefore, this modelling approach can be seen as a possibility
to calibrate the simulation result towards reduced heat transfer of measurement
results.

Concerning the energy balance, all the heat leaving the hot path is recovered in the
cold path. All the analyzed sections show a good correlation of enthalpy flux and
wall heat flux.

The analysis results of the Gas Processing Unit reflect the assumptions of the
measurement regarding premature combustion of stack exhaust gas already in the
mixing chamber before the off-gas burner. This mixing chamber flow is controlled
by an inhomogenuous velocity distribution caused by the design of the stack anode
outlet pipes.

A relatively large area in the rear of the exhaust path shows low velocity because
the flow chooses shorter pathways which is adversely affecting the convective heat
transfer in the region of evaporation and gas preparation before the reformer.

The swirl flow in the reformer pipe causes an uniform flow distribution along the
reformer pipe wall, which homogenizes the heat transfer. By bringing the inlet
pipe closer to the evaporation fleece, a higher gas velocity could be achieved at the
fuel inlet area.

Porosity specific evaluation criteria show good results for the reformer catalyst,
borderline results for the oxidation catalyst. A high tangential pressure gradient
was observed in the cathode HEX. Here, it is recommended to improve the incident
tflow, i.e. by guiding ribs, in order to avoid damages.

Altogether, the heat transfer betweeen exhaust line and anode line is good, though
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7.3 Outlook

the local premature combustion of stack anode and cathode off-gas with its rela-
tively small combustion zone causes an inhomogenuous temperature field in the
mixing chamber. By avoiding a combustion already in the mixing chamber or by
moving the anode outlet pipes to the center of the flow field, the oxidation catalyst
could be operated more consistent.

The species conversion results demonstrate an almost completed combustion of
exhaust gases before the oxidation catalyst which could therefore be dimensioned
smaller in case of premature combustion.

7.3 Outlook

This thesis represents a step towards a multi-material CFD flow simulation with
Species Transport and chemical reactions in the gas-phase or in a catalyst includ-
ing heat transfer. This was demonstrated for the GPU of a mobile fuel cell system.
In order to improve the quality of the prediction, a phase transition from intro-
duced fuel to gas could be implemented and catalytic reforming reactions to the
reformer. The fuel evaporation was modelled very simplified in this CFD model.
A further improvement step is to investigate the fuel mixture with the recirculated
anode gas.

The gas composition was conserved through the whole anode line. A detailled cal-
ibration based on systematic measurements would enable a modelling in greater
detail.

The CFD model is prepared also for investigations of start operation or other
operating points, therefore it is suggested also to use the opportunity to derive im-
provement suggestions.

In general, for further invesigations, more concrete measurements, especially gas
species measurements, more detailled temperature measurements and a higher
number of pressure measurements are necessary, at least before and after the cata-
lysts. This would enable a better calibration of the models applied.
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Appendix

A Calculations

A.1 Matlab Calculation

Stack Simulation

) -
" Temperature. Temperature [K]

© Pressure [bar] Pressure [Pa]
1
- ——
L—

be Volumeflow [NI/h]
Kgls NI Mass% Mol%

g
=

Subsystem

CH40
C12H28
C8H18

Figure A.1: Input data for stack simulation

C12H28
C8H18

: anode (left) and cathode (right)
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o — -2
" Temperature [C] Temperature [K]

S Pressure [bar] Fressure [Fa]

L p—— ... )

Massflow [kg's]

q Volumeflow [NI/h]

Kois Hih Mass% Mol%

Figure A.2: Output data from stack simulation: anode (left) and cathode (right)

Reformer and Evaporator

Figure A.3: Overview of stack model with evaporator and reformer module
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A Calculations

e O
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Gas Fractions

<> HoR_evap = -20W-162.42W
=-182.42W

>
e ll- Gas IN

.,

Massflow [kg/s]

S Pressure [bar] Pressure [Pa)

Volumeflow [NI/h]
Niih Mass% Mol%

Gas Fractions

- HoR_ref = +659.4+350W
= +1009.4W

Figure A.4: Output data from evaporator and reformer simulation to use in CFD simulation
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Appendix

Balance calculation for gas composition
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B Materials and Properties

B Materials and Properties

B.1 Solid Domain

Table A.1: Physical Properties of High Temperature Steel 1.4841 [31]

temperature thermal conductivity specific heat capacity at p = const. density
t A Cp 1Y
°C W/(mK) J/ (kg K) kg/m3
20 11.53 493.31 7520.8
100 13.83 500.10 7483.0
200 17.10 508.73 7442.7
300 18.46 517.50 7405.6
400 19.79 526.43 7367.2
500 21.14 535.51 7318.7
600 22.53 544.74 7274.0
700 23.97 554.14 7227.9
800 25.48 563.69 7180.3
900 27.05 573.42 7131.1
1000 28.70 583.31 7080.2
1100 30.43 593.37 7027.8
1200 32.26 603.60 6973.6
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B.2 Catalysts

Reformer Catalyst

Table A.2: Physical Properties of Ceramic Reformer Catalyst used in CFD Investigation

Catalyst Support Ceramic
material Mg2Al45i5018
channel shape quadratic
diameter d mm 60
length | mm 35
density P kg/m3 420
porosity € % 35
cell density cpsi 1/inch? 400
wall thickness fo mil 6.5
specific heat capacity at p = const. ¢, J/(kgK) 1050
thermal conductivity A W/(mK) 4.19
open frontal area OFA % 66.4
geometric surface area per catalyst volume GSA m?*/m3 2566.6
hydraulic diameter dn mm 1.1
Washcoat

material Al,O4
washcoat thickness Swe mm 30-40

Active Component

precious metal Rh
catalyst loading Mcar  g/cm3 0.122
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B Materials and Properties

Table A.3: Physical Properties of Mg2Al4Si5018

temperature thermal conductivity specific heat capacity at p = const. density

t A Cp 1Y
°C W/(mK) J/ (kg K) kg/m3
- 4.19 1050 420.0

Oxidation Catalyst

Table A.4: Physical Properties of Oxidation Catalyst used in CFD Investigation

Catalyst Support Metallit-S
material Nr. - 1.4767
channel shape triangular
outer diameter da mm 127
inner diameter d; mm 64
length 1 mm 35
density Y kg/m3 4160
cell density cpsi  1/inch? 400
wall thickness tw mm 0.05
specific heat capacity at p = const. ¢, J/(kgK) table A.5
thermal conductivity A W/(mK) table A.5
open frontal area OFA % 90.33
geometric surface area per catalyst volume GSA  m?/m3 3025.61
hydraulic diameter dn mm 1.22

Active Component

precious metal Pt/Pd [1/1]
catalyst loading M(Cat g/cm3 0.016
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Table A.5: Physical Properties of High Temperature Steel 1.4767 [32]

temperature thermal conductivity specific heat capacity at p = const. density

t A Cp 1Y
°C W/(mK) J/ (kg K) kg/m3
30 9.80 490.00

100 10.90

200 12.40

300 13.90

400 15.50 640.00

500 16.90 7160
600 18.20

700 19.70

800 21.10

900 22.50

1000 670.00

B.3 Heat Exchanger

Table A.6: Physical Properties of Cathode Heat Exchanger used in CFD Investigation

Cathode Heat Exchanger

material - high temperature steel
channel shape rectangular
area A mm? 71 X 167
length 1 mm 71
porosity e %o 50
hydraulic diameter d, mm 0.95
pressure drop Ap mbar 23 @44.28kg/h
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C FIRE Formulas

C FIRE Formulas

Enthalpy heat flux

double tref = 994.15;

double cpref = 2338.18;

double den, vel[3], temp, cp;

$$init
Bind(”ElementData :
Bind(”ElementData
Bind(”ElementData :
Bind(”ElementData
Bind(”ElementData :
Bind(”ElementData :
$$formulas

return -den * (vel . n) * (0.5 * (vel . vel) + (temp - tref) * cp);

Wall heat flux

double heatflux;
$$init

Flow : Temperature : K”,temp);

: Flow : Density : kg/m>”,den);

Props : Specific_Heat : ]/ kgK”,cp);

: Flow : Velocity.U : m/s”,vel|0]);

Flow : Velocity.V : m/s”,vel[1]);
Flow : Velocity.W : m/s”,vel[2]);

Bind(”ElementData : Flow : Convection_Wall_Heat flux : W/m2”, heat flux);

$$formula
return | n|* heatflux;

Temperature

double temp;
double den;

$$init
Bind(”ElementData :
Bind(”ElementData :
$$formula

divisor += den*Inl;

Flow : Temperature : K”,temp);
Flow : Density : kg/m3”,den);

return den* I n|*temp;
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Appendix

General Gas Phase Reaction

new 1 Samstag, 24. Marz 2018 22:17
ELEMENTS
N AR HE H O C
END
SPECIES
N2 AR HE H 02
OH o} H2 H20 HO2
H202 co co2 HCO CH3
CH4 CH20 T-CH2 S-CH2 C2H4
CH30 C2H5 C2H6 CH C2H2
C2H400H OC2H300H C2H3 CH2CHO C2H40
HCCO CH2CO C2H CH20H CH30H
CH3CHO CH3CO C2H50H CH2CH20H CH3CHOH
CH3CH20 C3H4 C3H3 C3HS5 C3H6
C3H8 I-C3H7 N-C3H7 C3H600H OC3H500H
C4H10 PC4H9 SC4H9 C4H8 SC4H902
C4H8OOH1-3 NC4KET13
END
!
REACTIONS
!
H+02<=>0H+0 3.520e+16  -0.700 17069.79
H2+0<=>OH+H 5.060e+04 2.670  6290.63
H2+OH<=>H20+H 1.170e+09 1.300  3635.28
H20+0<=>2 OH 7.000e+05 2.330 14548.28
2 HM<=>H2+M 1.300e+18 -1.000 0.00
AR/0.50/ H2/2.50/ H20/12.00/ CO/1.90/ C02/3.80/
H+OH+M<=>H20+M 4.000e+22  -2.000 0.00
AR/0.38/ H2/2.50/ H20/12.00/ CO/1.90/ C02/3.80/
2 0+M<=>02+M 6.170e+15 -0.500 0.00
AR/0.20/ H2/2.50/ H20/12.00/ CO/1.90/ C02/3.80/
H+0+M<=>0H+M 4.710e+18  -1.000 0.00
AR/0.75/ H2/2.50/ H20/12.00/ CO/1.90/ C02/3.80/
H+02 (+M) <=>HO2 (+M) 4.650e+12 0.440 0.00
AR/0.70/ H2/2.50/ H20/16.00/ CO/1.20/ CO2/2.40/

LOW / 5.750e+19  -1.400 0.00 /

TROE/ 0.5 le-30 le+30 /
HO2+H<=>2 OH 7.080e+13 0.000 294.93
HO2+H<=>H2+02 1.660e+13 0.000 822.90
HO2+H<=>H20+0 3.100e+13 0.000 1720.84
HO2+0<=>0H+02 2.000e+13 0.000 0.00
HO2+0H<=>H20+02 2.890e+13 0.000  -497.00
2 OH (+M) <=>H202 (+M) 7.400e+13  -0.400 0.00
AR/0.40/ H2/2.00/ H20/6.00/ H202/6.00/ CO/1.50/ C02/2.00/

LOW / 2.300e+18 -0.900 -1697 /

TROE/ 0.57 le+30 le-30 /
2 HO2<=>H202+02 3.020e+12 0.000 1386.00
H202+H<=>HO2+H2 4.790e+13 0.000  7958.90
H202+H<=>H20+0H 1.000e+13 0.000  3585.09
H202+0H<=>H20+H02 7.080e+12 0.000 1434.03
H202+0<=>HO2+0H 9.630e+06 2.000  3991.40
CO+0 (+M) <=>CO2 (+M) 1.800e+11 0.000 2384.08
AR/0.70/ H2/2.50/ H20/12.00/ CO/2.00/ CO2/4.00/

LOW / 1.550e+24  -2.790  4190.97 /

TROE/ 1 1 le+07 le+07 /
CO+0H<=>CO2+H 4.400e+06 1.500 -740.92
CO+HO2<=>C02+0H 6.000e+13 0.000 22944.55
CO+02<=>C02+0 1.000e+12 0.000 47700.05
HCO+M<=>CO+H+M 1.860e+17 -1.000 17000.48
H2/1.90/ H20/12.00/ CO/2.50/ C02/2.50/
HCO+H<=>CO+H2 1.000e+14 0.000 0.00
HCO+0<=>CO+0H 3.000e+13 0.000 0.00
HCO+0<=>CO2+H 3.000e+13 0.000 0.00
HCO+OH<=>CO+H20 5.020e+13 0.000 0.00
HCO+02<=>CO+H02 3.000e+12 0.000 0.00

END

Figure A.6: Reaction mechanism in the gas phase for oxidation of H, and CO
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