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Abstract

The Alkali Metal Thermal-to-Electric Converter (AMTEC) is an electrochemical cell that
requires a high temperature heat source to generate electricity with a theoretical effi-
ciency close to that of the Carnot cycle (~45% at > 800 °C [1]). An essential interest
arises when coupled to a concentrating solar power (CSP) plant by connecting AMTEC
to a solar receiver on its hot side and to a thermal energy storage tank on its cold side.
The present work deals with the research of an AMTEC cell, which is tested in the
AMTEC Test Facility (ATEFA). The work validates the developed ATEFA and AMTEC
test cell designs and demonstrates that the test cell is able to generate electric power.
The cell behavior has been analyzed attending to the AMTEC system: temperature,
pressure, electrode and current collector.

For the AMTEC converter, the main issues are identified and summarized. Here,
a conventional cell design is taken based on [2] and characterized by a sodium liquid
anode and a single 3”-alumina solid electrolyte (BASE) tube. Considerations regard-
ing the material selection, thermal stresses, heat losses, instrumentation and electrical
insulation of the cell have been incorporated into the design and optimization phases
of the ATEFA facility. Moreover, to fulfill actual safety requirements, dedicated safety
measures are included for the handling of sodium, the operation-phase and the con-
trol system. Design optimizations are supported by numerical (e.g. thermo-mechanical
analysis of the cell structure) and experimental analysis (e.g. current collector struc-
ture).

Two main technological developments have been addressed: the development of a
stable electrode coating layer on the BASE surface utilizing the magnetron sputtering
technique and the development of a high-temperature ceramic to metal brazing (up to
700 °C). Mo, TiN and TiC have been considered for the coating of the BASE elements.
A microstructural and elemental analysis of several sputtered samples have been per-
formed using the Scanning Electron Microscopy (SEM) and the Energy-Dispersive X-
ray Spectroscopy (EDX). The morphology of the Mo and TiC sputtered layers show a
homogeneous grain distribution and the presence of porous channels between grains.
A partial detachment of the TiC coating is also observed. The analysis of the detach-
ment process suggests to be caused by the vaporization of gases (e.g. water or CO,)
from the ceramic surface, driven by high local temperatures (> 200 °C) provided during
the magnetron sputtering process.

ATEFA and the AMTEC test cell have been operated in a temperature range of 400
- 700 °C and up to 0.05 MPa. To exclude the influence of the electrode magnetron sput-
tering on the BASE properties (e.g. increased brittleness), the current collector has
been mechanically pressed directly to the BASE. The current production of the cell (up



to 52mA at 700 °C) agrees with the small effective contact surface of the current col-
lector to BASE. The maximum measured power of the cell without electrode sputtered
layer rises to ~7mW at 700 °C. An open circuit voltage (OCV) of 1037 mV at 700 °C
has been measured. The agreement between theoretical and measured OCV varied
strongly with the wettability of the ceramic. A wetted BASE tube showed a deviation of
the OCV to the theory of less than 3.5%. The exposure time to liquid sodium required
in the tests to obtain a good wetting of the ceramic is in reasonable agreement with the
literature (~5h at ~ 300 °C) and can be accelerated by i) increasing the temperature
beyond 300 °C and ii) driving a current (electrowetting) by closing the electric circuit of
the cell.

The structure of the current collector (CC) and its assembly on top of the cylindrical
BASE surface have a great influence on the cell power (up to >70% power differ-
ence). During the assembly of the CC an inefficient pressing force of the CC-corset
towards the BASE outer surface can reduce significantly the cell power. Moreover, the
electric contact between the BASE-cathode-CC is also influenced by the different ther-
mal expansion coefficients, leading to changes in the cell performance. This issue is
emphasized by the cylindrical form of the BASE, used historically in AMTEC cells. A
planar configuration of the BASE can minimize this effect, since a planar surface favors
an improved electric contact. As result, the cell losses can be significantly reduced.



Kurzfassung

Der Alkali-Metall thermoelektrischer Konverter (AMTEC) ist eine elektrochemische Zelle,
die eine Hochtemperatur-Warmequelle bendtigt, um Strom mit einem theoretischen
Wirkungsgrad (~ 45 % bei > 800 °C [1]) nahe dem Carnot Zyklus zu erzeugen. Seine
Flexibilitat in Bezug auf die Warmequelle macht diesen Energiewandler vielversprechend.
Eine Option ist die Kopplung mit einer konzentrierenden thermischen Solaranlage (CSP).
Die heiBBe Seite der Zelle wird daher mit dem Solarempfanger verbunden und die kalte
Seite mit dem Warmespeicher der Solaranlage. Die vorliegende Arbeit beschéaftigt
sich mit der Entwicklung eines AMTEC-Konverters, der zunachst in der AMTEC Tes-
tanlage (ATEFA) getestet wird. In dieser Arbeit konnten die Designs der ATEFA und
AMTEC Testzelle validiert- und der Beweis einer funktionierenden AMTEC Zelle er-
bracht werden. Das Verhalten der Zelle wird unter Berlicksichtigung des AMTEC-
Systems analysiert: Temperatur, Druck, Elektrode und Stromsammler.

Die Arbeit fasst die wichtigsten technologischen Fragenstellungen der AMTEC Tech-
nologie zusammen, die Gegenstand der Untersuchung sind. Ein neues Zellendesign
wurde entwickelt, dass auf dem getesteten Prototyps von [2] basiert. Dieses Design ze-
ichnet sich durch eine flissige Anode aus Natrium und ein einzelnes 3”-Aluminiumoxid
Festelektrolyt (BASE) -Rohr aus.

Uberlegungen zur Materialauswahl, thermischen Belastung, Warmeverlusten, In-
strumentierung und elektrische Isolierung der Zelle sind wahrend der Betriebsphase
der ATEFA Anlage einbezogen worden. Um die Sicherheitsanforderungen zu erflllen,
sind spezielle Sicherheitsmal3nahmen fir einen sicheren Umgang mit Natrium entwick-
elt worden. Diese sind in die Betriebsphase und das Kontrollsystem integriert wor-
den. Die entsprechenden Designoptimierungen werden durch numerische (z.B. ther-
momechanische Analyse der Zellstruktur) und experimentelle Analysen (z.B. Strom-
sammlerstruktur) erganzt.

Zwei wesentliche technologische Entwicklungen sind vor dem Zusammenbau der
Zelle untersucht worden: i) die Entwicklung einer Elektrodenbeschichtung auf der BASE-
Oberflache unter Verwendung der Magnetron-Sputtertechnik und ii) die Entwicklung
einer Keramik-Metall Létung flr hohe Temperaturen (bis zu 700 °C). Hierbei sind Mo,
TiN und TiC fir die Elektrodenbeschichtung der BASE-Elemente berlcksichtigt wor-
den. Eine mikrostrukturelle und Elementanalyse mehrerer gesputterter Proben wur-
den mithilfe der Rasterelekironenmikroskopie (SEM) und der energiedispersiven Rént-
genspektroskopie (EDX) durchgefiihrt. Die Ergebnisse zeigen eine homogene Korn-
verteilung in den Mo- und TiC-Sputterschichten sowie die Anwesenheit von pordsen
Kanalen zwischen den Kérnern. Es wurde zudem eine unvollstandige Ablésung der
TiC-Beschichtung festgestellt. Die Analyse des Ablésungsprozesses deutet darauf hin,



dass die TiC-Beschichtung durch die Verdampfung von Gasen an der keramischen
Oberflache (z.B. Wasserdampf oder CO,) abgeldst wurde. Ein Grund flr die Verdamp-
fung von Gasen kdnnen die hohen lokalen Temperaturen (>200 °C) im Sputterver-
fahren sein.

Die AMTEC Testanlage (ATEFA) und die AMTEC Testzelle sind in Betrieb genom-
men worden. Die ATEFA istim Temperaturbereich von 400 - 700 °C und bis zu 0.05 MPa
betrieben- und die Leistung der AMTEC Zelle bei verschiedenen Betriebsbedingun-
gen analysiert worden. Um die Auswirkung des Elektrode-Sputterverfahrens auf die
BASE-Eigenschaften auszuschlieBen (z.B. erhdhte Sprodigkeit), wird der Stromsamme-
ler direkt auf die Oberflache der BASE gedriickt. Die Stromerzeugung der Zelle (bis zu
52 mA bei 700 °C) stimmt mit der kleinen effektiven Kontaktflache des Stromsammlers
zur BASE Uberein. Die gemessene maximale Leistung der Zelle (ohne Elektrodensput-
terschicht) lag bei ~7 mW, bezogen auf einer Temperatur von 700 °C. Eine Leerlaufs-
pannung (OCV) von 1037 mV bei 700 °C wurde gemessen. Der Vergleich der theoretis-
chen und der gemessenen Leerlaufspannung (OCV) zeigt, dass die Benetzbarkeit der
Keramik entscheidend ist. Eine benetzte BASE zeigt lediglich eine Abweichung des
OCV von der Theorie von weniger als 3.5 %. Die wahrend des Experiments ermittelte
Zeit zur Benetzung der Keramik (~ 5 h bei ~ 300 °C) ist in einer guten Ubereinstimmung
mit der Literatur. Der Benetzungsprozess kann durch i) das Erhdhen der Temperatur
tber 300 °C und ii) durch einen elektrischen Stromfluss (Elektrobenetzung) beschleu-
nigt werden.

Die Struktur des Stromsammlers und sein Zusammenbau auf der zylindrischen
BASE haben einen gro3en Einfluss auf die Leistung der Zelle (bis zu 70 % Leistungsun-
terschied). Bei dem Zusammenbau des Stromsammlers kann eine nicht ausreichende
Presskraft vom Korsett die Ursache fir die Leistungsreduzierung sein. Der elektrische
Kontakt zwischen BASE und Kathode wird ebenfalls durch die unterschiedlichen Warme-
ausdehnungskoeffizienten negativ beeinflusst. Dieser Zustand wird durch die zylin-
drische Form der BASE verstarkt, welche historisch in den AMTEC Zellen verwendet
wird. Dieses kann durch eine flache Konfiguration der BASE verbessert werden, da
der elektrische Kontakt zu einer flachen Oberflache vorteilhafter ist. Aus diesem Grund
reduzieren sich die gesamten Verluste der Zelle.
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NOMENCLATURE

Nomenclature

Roman Symbols

m

mg

hp

mass flow rate [kg/s]

mass flux [kg/m?s]

surface [m?]

activity coefficient [—]

accommodation coefficient [—]

magnetic field [17]

temperature-independent charge-exchange coefficient [AK'/2/ Pam?]
concentration at the electrode surface [kg/m]

flow coefficient value [—]

specific heat capacity [J/mol K]

thermal expansion coefficient [K 1]

diffusion coefficient [m?/s]

molecular diameter [m]

outer diameter [m]

cell potential. Potential difference between the electrodes. [V]
measurement error [°/,]

Faraday constant: 96485.33 [As/mol]

force [IV]

Gibb’s free energy [J]

electrode pressure loss factor [—]

total geometry factor of cathode and current collector [—]
specific enthalpy [J/kg]

Planck constant 6.62x1073 [Js]



NOMENCLATURE

Dj

b

fill level of sodium [m]

electric current [A]

electric current density [A/m?]

exchange current density at equilibrim conditions [A/m?]
flux of species [mol/m?s]

thermal conductivity [W/mK]

rate constant of an electrochemical reaction [cm/s]
coefficient of pressure loss at the cathode - current collector [Pa cm? /A]
coefficient of pressure drop through the electrode [—]
Tafel slope [—]

temperature-dependent equilibrium constant [—]

Knudsen diffusion coefficient [—]

heat of vaporization [J/mol]

molecular weight [kg/mol]

number of electrons transferred in a chemical reaction [—]
power [W/cm?]

pressure [Pa]

vapor pressure of sodium at electrode surface due to evaporation at
the condenser [Pa]

pressure due to sodium leaving the electrode surface [Pa]

sodium pressure drop from the interface to the surface of the electrode
through a long cylindrical pore [Pa]

heat [J]
electric charge [C]
electrical resistance [(]

radius [m]



NOMENCLATURE

R, universal gas constant, 8.3144598 [.J/mol K]

S entropy [J/K]

s specific entropy [J/ K kg]

Se Seebeck coefficient [V/ K]

T temperature [K]

t thickness [m]

U inner energy [J]

u uncertainty [units of the variable]

% cell voltage, equivalent to cell potential £

v velocity [m/s]

Vol volume [m?]

w work [J]

Wee pressure factor of vapor transport through the current collector [—]
Z geometric factor of the Stefan-Boltzmann equation [—]
zZT figure of merit [—]

Abbreviations

ABB Asea Brown Bovery

AFC Alkaline Fuel Cell

AMPS Advanced Modular Power Systems
AMTEC Alkali Metal Thermal to Electric Converter
ARPS Advanced Radioisotope Power System
ATEFA AMTEC Test Facility

BASE 3”-Alumina Solid Electrolyte

CC Current Collector

CSP Concentrating Solar Power



NOMENCLATURE

EDX

HEMCP

IAM-AWP

IHM

INR

JPL

KASOLA

KIT

LCOE

LIMTECH

LSM

MC

MCFC

MHD

MIEC

NaS

NRC

OCV

OHP

OSC

PAFC

PandID

PCVD

PEFC

iv

Energy-Dispersive X-ray Spectroscopy

Helmholtz Energy Material Characterization Platform
Institute for Applied Materials — Applied Materials Physics
Institute for Pulsed Power and Microwave Technology
Institute for Neutron physics and Reactor technology
Jet Propulsion Laboratory

Karlsruhe Sodium Laboratory

Karlsruhe Institute of Technology

Levelized Cost of Energy

Liquid Metal Technology

Strontium-doped Lanthanum Manganite
Measurement Campaign

Molten Carbonate Fuel Cell

Magnetohydrodynamics

Mixed lonic and Electronic Conductor

Sodium Sulfur Battery

Nichols Research Corporation

Open Circuit Voltage

Outer Helmholz Plane

Orbital Sciences Corporation
Phosphoric-Acid Fuel Cell

Piping and Instrumentation Diagram
Photolytic Chemical Vapor Deposition

Polymer Electrolyte Fuel Cell



NOMENCLATURE

PETE Photon-Enhanced Thermionic Emission
PID Proportional-Integral-Derivative controller
PV Photovoltaic

PVD Physical Vapor Deposition

PX Pluto Express mission

SEM Scanning Electron Microscopy

SOFC Solid Oxide Fuel Cell

SS Stainless Steel

TE Thermoelectric

TEC Termionic Energy Converter

TES Thermal Energy Storage

TPB Triple Phase Boundary

VTM Very Thin Molybdenum electrode

XRD X-Ray Diffraction analysis

YSZ Yttrium-Doped Zirconia

ZEBRA Zero Emission Battery Research Activities
Greek Symbols

o electrochemical transfer coefficient [—]

i electrochemical potential [.J/mol]

) diffusion layer thickness [m]

n process efficiency [-]

K Boltzmann constant, 1.38x10723 [J/K]
1 chemical potential [.J/mol]

Oe volume porosity of the cathode electrode [—]



NOMENCLATURE

p electrical resistivity [2 m]

o electrical conductivity [S/m]

o Stefan-Boltzmann constant, 5.670373x 1078 [W/m?2K*]

€ thermal emissivity [—]

¢ inner electric potential of the phase (electrode) referred to as the Gal-

vani potential [V]
0 specific density [kg/m?]
£ charge-exchange polarization overpotential [V]

Superscripts/Subscripts

a anode

B BASE

b backward reaction (oxidation)
c cathode

cc closed electrical circuit

cd condenser

con electrical contact

cond heat conduction

e electrode or BASE/electrode interface
el electrical

eq equilibrium conditions

ev evaporation

f forward reaction (reduction)
hyd hydrostatic pressure

ic current collector

m input

vi



NOMENCLATURE

won

max

oc

rad

sat

st

th

V1S

ionic

Knudsen flow regime
lead

maximum value
oxidation reaction
open electrical circuit
pore

reduction reaction
electrical resistance
heat radiation
standard conditions
saturated conditions
structure

thermal

viscous flow regime

vii
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1 Introduction

In this chapter the motivation of the work is presented, which focuses on the combina-
tion of two technologies: concentrating solar power (CSP) and the Alkali Metal Thermal
to Electric Converter (AMTEC). Furthermore, the state-of-the-art concerning the appli-
cation of concentrating solar power as heat source of AMTEC is addressed. Third, a
review on direct energy conversion technologies is given and finally the aim of the work
is presented.

1.1 Motivation: AMTEC & Concentrating Solar Power 2.0

Concentrating solar power (CSP) is a promising technology that can provide dispatch-
able electricity generation if integrated with a thermal storage device that allows the
plant a continuous operation 24h/7d. However, efforts need to be focused on reducing
the levelized cost of energy (LCOE) to increase its competitiveness. One favorable de-
velopment consists of increasing the overall efficiency of the power plant by combining
a CSP tower plant with a solar driven thermal to electrochemical electricity genera-
tion, the Alkali Metal Thermal to Electric Converter. AMTEC is a clean technology that
transforms heat directly to electricity avoiding any emission of exhaust gases and oper-
ates with sodium at temperatures between 600 - 1000 °C . A second consideration to
increase the overall efficiency of the plant deals with expanding the operational temper-
ature range. Liquid metals, in particular liquid sodium, have excellent properties as heat
transfer fluid: low melting point, high heat conductivity and a good chemical stability at
high temperatures. Thus, they are excellent candidates as heat transfer fluid in CSP
plants. The proposed concept of Concentrating Solar Power 2.0 Plant at the Institute
for Neutron Physics and Reactor Technology (INR) combines the advantages of the
AMTEC converter with those of liquid metal technology in a CSP plant [3]. A schematic
representation of the system is summarized in figure 1.1.

The CSP 2.0 concept consists of advanced AMTEC cells acting as topping system
of a sodium-cooled solar tower plant. The hot side of AMTEC is connected to a solar
receiver and the colder side to a thermal storage tank. The peaks of solar energy
that appear for instance at mid-day are directly transformed by AMTEC in electricity
for the grid (peak load). A thermal storage tank allows a continuous operation of the
facility during night and compensates short term heat fluctuations occurring during daily
operation (base load). This solution can be considered as a complementary system of
existing solar tower power plants to enhance their applicability and efficiency.

As first step towards the present concept, a Demonstrator of the system will be
integrated in the KArlsruhe SOdium LAboratory (KASOLA). KASOLA is a medium-sized
sodium loop constructed at the Institute for Neutron physics and Reactor technology

1



1 INTRODUCTION

(INR) for research activities on thermal-hydraulics in sodium operated systems. A small
scale solar collector system has been designed by M. Strotjohann [4] and will be built
on the top of the KASOLA as depicted in figure 1.2. Moreover, the effect of the non-
uniform distribution of the solar irradiation on the thermal stresses appearing on the
receiver tube of a parabolic through CSP plant has been analyzed [5].

oc ’
A AC
Receiver Vertor
o’ Peak load section
| -
|_
3 «— Condenser
||
Rev. MHD
Pump @
MHD ! -
Pump
X Base load section
Power Conversion System:
Brayton /Rankine
Heliostats Movable ) e | 7\a
Isolator C ~
N Turbine | Compressor
Na-vessel 3 o

—

\\¥//
Thermal shield / Safety vessel ( ?
Main HTF pump

JabBueyoxs jeaH

Figure 1.1: Sketch of a Concentrating Solar Power 2.0 Plant integrating AMTEC as
topping system of the thermal utilization (modified according to [3]).

The present work deals with the research on an AMTEC converter, which is first
tested in the AMTEC Test Facility (ATEFA), developed in this work and represented in
figure 1.3. ATEFA has been designed for short term experiments on AMTEC, focusing
the research on cell characteristics, performance evaluation and process optimization.
A future mature and optimized design of the cell will be integrated in KASOLA in order
to test the viability of the Demonstrator for CSP 2.0.
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/
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Expansion tank
Na-Air Heat Exchanger
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Figure 1.2: Scheme of the KASOLA with integrated solar collector system for the real-
ization of the CSP 2.0 Demonstrator (modified according to [4, 6]).
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1.2 State-of-the-art direct energy conversion technologies

Direct energy conversion can be defined as the transformation of energy in one form
(thermal, kinetic, chemical...) into another form (such as electrical) without passing
through an intermediate stage. One can identify the most common direct energy con-
version processes as i) thermionics, ii) thermoelectricity, iii) electrochemistry, iv) photo-
voltaics, and v) magnetohydrodynamics. A review on state-of-the-art of various direct
energy conversion technologies is given in this chapter.

Thermionic energy converters (TEC) contain a hot conductive anode, whose elec-
trons located on the surface stripe away due to the high thermal energy and jump to
another metallic surface with a lower temperature and energy. In this process, elec-
trons pass through a potential difference, which produces electric current when anode
and cathode are connected. The energy required to remove an electron away from its
nucleus is known as the work-function and the Fermi-level is the energy level at which
the valence electrons of an atom vibrate about the nucleus; both parameters are mate-
rial properties of the anode/cathode [8]. A good thermionic converter needs a cathode
with a low Fermi-level and a high work function and in contrast an anode with a high
Fermi-level and a low work function [8]. The main challenges are to optimize the space
charge barrier in the inter-electrode gap and to develop an anode with a low work func-
tion that withstands high operating temperatures >1000 °C [9]. Typical TEC conversion
efficiencies are 10 - 15% [10].

Yuan et al. [9] (2017) demonstrated that using a back-gated graphene anode, bar-
ium dispenser cathode and a inter-electrode gap reduced to 17 um the overall efficiency
is 6.7 times higher compared with that of a TEC with a tungsten anode and same inter-
electrode gap. The TEC prototype was tested in an ultra-high vacuum system in the lab-
oratory. Further optimizations need to be performed to decrease heat radiation losses,
which amounts to 70 % of the total losses.

Schwede et al. [11] (2010) presented a new concept of thermionic conversion: the
photon-enhanced thermionic emission (PETE). This technology combines photovoltaic
and thermionic effects in a single process, thus taking advantage of the energy of pho-
tons and the available thermal energy simultaneously. It is a promising technology
that can provide high efficiency solar thermionic converters in temperature ranges out
of reach for solar cells. PETE could reach theoretically conversion efficiencies above
50 % [11].

Thermoelectric generators (TE) work based on Seebeck, Peltier and Thomson ef-
fects. A quantitative measure of the performance ability is defined by the maximum
value of the figure of merit 27T [8, 12]:
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ZT:SiUT , (1.1)
where S, denotes Seebeck coefficient, o represents the specific electrical conductivity,
T is the temperature and k the thermal conductivity. Attending to equation (1.1), a good
thermoelectric converter requires thermoelectric materials with a low thermal conductiv-
ity and high electrical conductivity. To find a material that accomplishes both conditions
at high temperature is one of the main issues of TE. Progress in the research field has
led to significant ZT increased values of > 7, however typical values of commercial TEs

remain as low as Z7 =1 -2[13].

TEs have a rather low conversion efficiency <10% [13]. The maximum efficiency
and power of a thermoelectric cell is strongly dependent on the temperature of the
hot junction; for higher temperatures the efficiency and the power increase rapidly [8].
Performance improvements have been mainly contributed by improved TE material re-
search, geometrical optimizations and the development of advanced TE mathematical
models [13]. The key issues remain in finding an optimum balance between ZT and
power factor of TEs as well as finding an optimum assembly of TE generator devices
[13]. The nanoscale tailoring technique has been considered to enhance the TE per-
formance of the materials [14].

Solid Oxide Fuel cells (SOFC) transform chemical energy directly to electricity by
means of converting hydrogen and oxygen to water, electricity and heat. The overall
reaction is:

2Hs + Oy — 2H50 + energy : (1.2)

The family of fuel cells can be divided into low temperature cells: AFC (Alkaline Fuel
Cell), PEFC (Polymer Electrolyte Fuel Cell), PAFC (Phosphoric-Acid Fuel Cell); and
high temperature cells: SOFC and MCFC (Molten Carbonate Fuel Cell).

Typical efficiencies of SOFC systems are: 50 - 55% [15]. Due to the high oper-
ating temperatures ~ 900 °C, fast degradation and high costs appear as main issues
[15]. Therefore, a first step is to reduce the cell temperature under 800 °C by means of
finding materials for electrolytes, electrodes and interconnectors that lead to same high
power output than at higher temperatures. To this aim, proton-conducting oxides have
been developed as electrolyte materials, which mostly belong to the class of perovskite-
based materials [15]. Also costs on interconnection materials have been reduced using
ceramic conductive materials as thin protective layers deposited on metallic intercon-
nections [15].

Improving the three-phase boundary leads to a direct increment of the power output.

5
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Optimizations can be performed employing metal and ceramic composites or ionic and
electronic mixed conductors (MIEC) [15]: at the cathode, strontium-doped lanthanum
manganite (LSM) is generally combined with an ionic conductor such as yttria-stabilized
zirconia (YSZ).

Further improvement is still needed for increasing the lifetime, decreasing the costs
as well as addressing the difficulties with the production, transportation and storage of
hydrogen.

Alkali Metal Thermal to Electric Converter (AMTEC) has been very often defined as
a thermoelectric device even if the conversion process of AMTEC and a thermoelec-
tric converter are not the same. In fact, the conversion process of an AMTEC device
can be analyzed from two parallel points of view. Thermoelectric converters transform
thermal energy into electrical energy. However, heat energy absorbed by the system in
AMTEC is combined with a pressure difference across the solid electrolyte to generate
an electrochemical potential, enabling as a result the direct transformation of electro-
chemical energy to electricity. Therefore, the conversion process happening in AMTEC
can be described through the same electrochemistry principles as in a galvanic cell.
AMTEC has a theoretical efficiency close to that of the Carnot cycle, namely a value of
~ 45 % can be theoretically obtained at 800 °C [1]. Previous investigations of AMTEC
devices performed at FZK (today KIT) by the group of Heinzel et al. [1] reported effi-
ciencies as high as 25 %, however typical efficiency values given by the literature are
~15%. Some of the main challenges of AMTEC requiring further investigation are the
power loss occurring during long time operation, and the low real efficiency compared
to the theoretical value. To deal with these two issues material research is needed for
electrolyte, electrode and current collector.

Photovoltaic solar cells (PV) transform the energy from the photons to electricity by
means of releasing free electrons coming by a reaction from a p-n junction between two
semiconductors (p-type and n-type semiconductors). Earlier photovoltaic solar cells are
based on the silicon wafer technology (single crystal, multi-cristalline) and have relative
high efficiencies of 12 - 18 % [16], however the production costs are significantly high. In
contrast thin film solar cells are 50 % less expensive than conventional silicon cells but
their efficiencies are slightly lower (9 - 12 % for Cadmium Telluride (CdT) and Copper
Indium Gallium Di-Selenide (CIGS) solar cells) [16]. New promising technologies like
concentrated solar cells have been developed that can reach efficiencies as high as
40 % [16], however they are still not commercially attractive mainly due to their high
costs. Other PV cells are thin-film solar cells and tandem cells. PVs still have various
issues that need to be further optimized: lowering the cost of production, eliminating or

6
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reducing toxic and rare elements and increasing the efficiency of commercial systems
[17].

Magnetohydrodynamics (MHD) convert kinetic energy in electricity based on the Fara-
day’s induction law. In an electrically conducting fluid, moving at a velocity ¢ in a mag-
netic field ﬁ an electromotive force (7 x B) is induced perpendicular to the magnetic
field and the direction of the movement of the fluid. If the system is connected to an
external load, a current density j is induced following Ohm’s law:

j:a(ﬁxé) , (1.3)

where o is the electrical conductivity of the fluid. Finally a force fis induced on the
fluid in the perpendicular direction to the current density and magnetic field given by the
Lorentz law:

f=jxB . (1.4)

Theoretically high efficiency rates up to ~ 60 % should be achievable with MHD gen-
erators, however, real values stay underneath at ~ 20 % [18]. The main limitation is the
required extreme high temperature of the medium of ~ 1500 °C [18].

All mentioned direct energy conversion systems require further development, despite
significant research progress. Table 1.1 summarizes the characteristics of the direct
energy conversion systems mentioned above.

Fuel cells and solar cells have reached an optimized technological level, with advanced
industrial production. In the field of renewable energies, AMTEC technology has the po-
tential to be an important contributor, especially when coupled to a clean heat source,
thanks to the high theoretical efficiency and the regenerative process that allows to
reuse the working fluid (sodium) in a closed cycle. Issues concerning AMTEC technol-
ogy have much to do with the issues of SOFC since both work with a solid electrolyte at
high temperatures. Technology improvements in SOFC could be transferred to AMTEC
systems to obtain improved cells.
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Energy conversion Trax n lssUes
system [°C] [%]
Thermionic ~ 1000 - 1500 | 10 - 15 Very high operating tempgrature,
converter material research required
Thermoelectric Low conversion efficiencies,
converter <800 <10 material research required,
complex assembly
AMTEC 1000 15 Convergion efficiency, Iifgtime,
material research required
Fuel storage, fuel generation,
SOFC ~900 50 - 55 lifetime, high costs
material research required
High costs,
Solar cell 60 9-12 “environmentally” expensive,
low conversion efficiencies
MHD generator ~ 1500 °C ~20 | Very high operating temperature

Table 1.1: Comparison of temperature, efficiency and most significant issues of various
direct energy conversion technologies.
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1.3 State-of-the-art AMTEC and solar thermal energy

One of the most significant advantages of the AMTEC technology is related to its
flexibility regarding the heat source. In the field of solar thermal energy AMTEC has
aroused interest since the nineties. The main prerequisite for this coupling is the need
of concentrating the solar energy with a high concentration ratio, enough to reach high
temperatures > 800 °C and thus high efficiencies. The main challenges to design an
AMTEC-solar receiver loop are to obtain a stable temperature and to define a liquid
return line. Three concept designs of a sodium solar receiver for application in AMTEC
have been found in the literature and are presented next; one of them has been tested
experimentally.

Tanaka et al. [19] (1990) designed a cylindrical cavity receiver where sodium is
heated up by solar concentrated rays in 20 different receiver tubes; each of the receiver
tubes contained 4 BASE tubes. The hot sodium vapor carries thermal energy to a
latent thermal energy storage (TES) and generation section as represented in figure
1.4, where the BASE tubes and a thermal energy storage are. The temperature of
generation section remains almost constant due to the latent thermal energy storage
system. The colder vapor reaches a condenser and using an electromagnetic pump it
is directed back to the receiver. The calculated total electrical output of the system was
24 % of the total energy coming in through the receiver, however, assuming a relative
high AMTEC efficiency of 30 %.

Heinzel et al. [1] (1991) equally considered concentrating solar power for application
in AMTEC. They planned a common project with the Plataforma Solar de Almeria to use
the sodium-cooled solar tower plant for tests on AMTEC cells. Unfortunately after the
Almeria accident [20], the work stopped.

Tanaka [21] (2010) optimized the former design of the combined system and deleted
the section for thermal storage from the system. The combined system was divided in
a cylindrical receiver (same as former), a power generating part (containing 20 cell-
tubes), condenser and an electromagnetic pump (see figure 1.4). The calculated max-
imum overall efficiency was 19 % for a 27 % AMTEC system efficiency at 727 °C hot
temperature and an electrical power output of 10.3kW. A power peak of 19.1 kW was
calculated at an AMTEC efficiency of 20 % and an overall receiver system efficiency of
17 % at 727 °C.

Wu et al. [22] (2010) designed as well a cylindrical solar receiver for a dish/ AMTEC
solar thermal power system (see figure 1.5). The design had a concentration ratio of
more than 2000 in order to reach temperatures as high as 627 - 1027 °C. The evaporator
of the system is placed at the solar absorber and is adjustable to the dish rotation.
Two different concepts were developed: i) a combined dish/AMTEC system with an
electromagnetic pump and ii) a combined system with capillary pumped loop. In both
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Figure 1.4: Optimized design of a vapor-anode AMTEC cell and solar receiver combi-
nation by Tanaka et al. [21].
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Figure 1.5: Combined system of a dish/AMTEC solar thermal power system; (a) with
an electromagnetic pump; (b) with a capillary pumped loop [22].
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cases the system consists of two separated sodium loops; one at the receiver and the
other one in the AMTEC system loop. The design includes a heat exchanger to transfer
the heat from one loop to the other one. The peak system efficiency was calculated to
be 20.6 % at an operating temperature of 1007 °C for an AMTEC efficiency of ~ 26 %
and a power output of 18.54 kW.

In 2015 Boo et al. [23] designed and constructed a small sodium solar receiver
system (800 - 1100 W thermal energy) for AMTEC applications (see Figure 1.6) that
is provided with an evaporator and a condenser connected by a sodium loop. The
evaporator is located on the side of the solar reflectors to collect the solar thermal
energy and give it to the AMTEC system through the condenser. The sodium loop
of the receiver system works independently from the AMTEC system and consists of
two separated lines for vapor and liquid sodium. This configuration allows the use of a
loop-type thermosyphon if the condenser of the receiver loop is located higher than the
evaporator, eliminating the return line problem. For the experimental tests, however, a
capillary structure in the liquid line was used to avoid formation of a solid plug in the
liquid line. Operating under natural convection conditions, steady state was reached
after 1.510 2 hours. This design had some problems by obtaining an uniform distribution
of temperature in the condenser side of the receiver (temperature differences of 80 °C
at 1100 W thermal). The heat losses were relative high; a temperature drop between
evaporator and condenser of 90 - 180 °C was measured.

—AMTEC
Condenser

i Thermal
ﬂ i contact
J
Liquid line
Vapor line
|
: L — Thermal

Solar : contact ‘
receiver -
Evaporator

Figure 1.6: Sketch of a sodium solar receiver system for AMTEC application provided
with a Na-loop with separated lines for liquid and vapor sodium [23].
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1.4 Aim and structure of the work

At the Karlsruhe Institute of Technology (KIT), Institute for Neutron physics and Reactor
technology (INR), research on AMTEC technology has been resumed focusing on the
use of concentrating solar energy as heat source of an electrochemical converter. This
work serves as primary step towards the visionary AMTEC & CSP 2.0 concept. The
aim is to develop a layout and engineering solutions for the construction, set into op-
eration and first operation of an AMTEC Test Facility (ATEFA) and an AMTEC test cell
by using state-of-art technologies within the Helmholtz AMTEC Center (HAC) that is
funded by the HEMCP (Helmholtz Energy Material Characterization Platform) and sup-
ported by the LIMTECH Alliance (LIquid MEtal TECHnology). For this purpose a data
acquisition and control system has been developed for a safe operation of the facility.
An experimental procedure has also been developed taking into consideration handling
solutions for high-temperature liquid sodium. ATEFA is designed for short term experi-
ments on AMTEC cells and focuses on the proof of concept of the AMTEC technology
and on the analysis of the cell behavior at different operating conditions of temperature
and pressure.

Assuming the main developments reported in the literature on AMTEC cells and the
still existing challenges, a basic cell design has been elaborated based on the work
of Heinzel et al. [2]. A detailed characterization of AMTEC technology is first given in
section 2 and solutions for performance improvement are proposed. Section 3 provides
a detailed overview of the main developments presented in the AMTEC literature. The
main challenges regarding the development of AMTEC test cells are connected to the
development of: i) porous cathode coating of the solid electrolyte, ii) high-temperature
ceramic-metal joint and iii) the chemical stability of the ceramic electrolyte. Section 4
summarizes the main numerical models that describe the pressure loss and the electro-
chemical processes occurring in the cell. Section 5 deals with the experimental setup of
the work and sections 6 and 7 present the experimental results on AMTEC components
and AMTEC performance respectively. In section 8 the major achievements are sum-
marized and an outlook on research and development (R&D) challenges is formulated.
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This section focuses on the fundamentals of electrochemical cells, which are further
specified for AMTEC cells and finishes with a description of the AMTEC components.
The fundamentals of electrochemical cells are given based on thermodynamics, elec-
trochemistry, kinetics and mass transport. The operating principle of AMTEC is ex-
plained and the losses appearing in the process are discussed. Subsequently, the main
components of AMTEC cells are presented (BASE, porous electrode, current collector
and fluid conditioning), and their functionality in the AMTEC process is addressed. The
possibilities of a modular connection are as well discussed. The chapter finishes with
the description of the main fields of application of the technology.

2.1 Fundamentals of electrochemical cell
2.1.1 Thermodynamics

According to the first law of thermodynamics and the conservation of energy, in a closed
system any change in the internal energy of the system AU has to be balanced by the
exchange of heat AQ and work AW
AU = AQ + AW : (2.1)
The second law of thermodynamics says that the heat in a reversible processes at
constant temperature can be calculated in terms of entropy AS and temperature T
AQ =TAS : (2.2)
The work done in an electrochemical system, which undergoes a reversible process
at constant temperature 7" and pressure p, is composed of a mechanical part and an
electrical part:

AW = AWmech + AWelec = —pAVOl -+ AWelec , (23)

where AV ol represents the volume change involved in the mechanical work.
The change in enthalpy AH and Gibb’s free energy AG of the system at constant
pressure and temperature can be expressed as follows:

AH = AU + pAVol | (2.4)

AG=AH-TAS . (2.5)
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The Gibbs free energy represents the maximum reversible work performed by a ther-
modynamic system at constant pressure and temperature. Combining equations (2.1)
to (2.5), the Gibb’s free energy is simplified to:

AG =AW (2.6)

which means that in an electrochemical system, AW,,.. is the maximum reversible en-
ergy dissipated through a load resistance. Thus referring to equation (2.5), the maxi-
mum amount of electrical energy available in the system is AG, the total thermal energy
available is AH and the amount of heat produced by the electrochemical cell in a re-
versible process is TAS. The electrical energy of the system can be expressed as:

AG = —gAE = —nFE | (2.7)

where ¢ is the electric charge, n is the number of moles of electrons transferred in the
overall chemical reaction, F' =9.64-10* As/mol represents the Faraday constant and £
the potential of the electrochemical cell. When the cell is under standard conditions
(T" =25 °C, p =1atm) and all the components are at unit activity, then the standard
Gibb’s free energy AGY is:

AG® = —nFE" . (2.8)

According to the second law of thermodynamics, AG < 0 if the chemical process is
spontaneous and AG > 0 if non-spontaneous. At equilibrium AG =0. The Gibb’s free
energy is also related to the chemical potential 1« of a system with constant temperature

and pressure [24]:
oG
_ 2.
l’[/l (alZ )TVP 9 ( 9)

where [ is the particle number of species i in the reaction. If the system includes
charged species, an electrochemical potential i can be defined as [24]:

here @ is the inner electric potential of the phase, a the activity coefficient of the species,
R, the universal gas constant and » the number of electrons transferred in the overall
chemical reaction.

Nernst equation. According to chemical thermodynamics, the change in the Gibbs
free energy of a chemical reaction A + B «— ~C + 6D is:
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AG = AG+ R,Tn (2.11)

where T is the absolute temperature in Kelvin [K] and a represents the activity coeffi-
cient of the species (A4, B, C and D). At equilibrium AG =0 equation (2.11) reduces
to:

AG’ = -R,TInK,, (2.12)

being K., the equilibrium constant of the reaction. Substituting equations (2.7) and
(2.8) in equation (2.11), then the Nernst equation is derived:

o BT, (ac)” (ap)’

E=F - , (2.13)
nE " (aa)" (a)’
more commonly expressed with inverted sign of the logarithmic term:
a B
Fo g0y Bl (aa) " (ap) (2.14)

nE " (ac)" (ap)’

2.1.2 The double layer

In the previous subchapter the bulk electrode-electrolyte system was contemplated as
a system without the consideration of the interfacial region between the phases. How-
ever the structure of the interfacial region influences the chemical reaction processes in
the system. Assuming a solid-solution electrochemical system, a charged solid surface
in contact with a solution will attract ions of opposite charge and repeal ions of equal
charge, thus establishing a potential gradient at the electrode-electrolyte interface that
shows a capacitor behavior. The interfacial region in the solution is known as the elec-
trolyte double layer and the interfacial region in the solid, the space-charge region, both
represented in figure 2.1.

The space-charge region in solid metals is very thin, owing to the high polarizability
of metals. Electrons from the solid penetrate a very small distance into the solution
[25] and therefore the electrostatic potential in the metal decreases gradually at the
surface of the solid as shown in figure 2.2 (b). However, since the solution side of the
interfacial region has been historically more of interest than the solid side, the space-
charge region has been neglected in the models described below, which consider an
ideally polarizable solid with a constant electrostatic potential as depicted in figure 2.2

(a).
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Figure 2.1: Schematic illustration of the solid-solution interface (modified according to
[25]).
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Figure 2.2: Variation in the interfacial region of the inner electric potential at the elec-
trode with distance x. a) ideally polarizable solid, b) solid with space-charge region
(modified according to [25]).

The following three basic models of the electrolyte double layer are described below:
the Helmholtz model, the Gouy-Chapman model and the Stern model. A schematic
representation of the models is provided in figure 2.3.

Helmholtz model assumes that the excess charge in the solid is located at the sur-
face and that the solution side exactly neutralizes this excess charge by generating an
opposite charge located in a parallel plane very close to the solid surface (comparable
to a parallel-plane capacitor). This plane is known as the Outer Helmholz Plane (OHP).
As depicted in figure 2.3 (left), the Helmholtz model assumes a linear decrease of the
electric potential over the thickness of the OHP, from its surface value to the bulk value
in the solution. The main advantage of this model is its simplicity, however, it assumes a
constant capacity, neglecting thereby the dependency of the double-layer capacitance
on the potential and the solution composition [24].

Gouy-Chapman model assumes that ions are subjected to random thermal motion
and, therefore, are not immobilized on the surface as predicted by Helmholtz. The
neutralization of the excess charge is thus given by ions spread out into the solution,
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Figure 2.3: Schematic representation of the three main models of the double layer in
a solid-solution system and the distribution of the electric potential within the interfacial
region assuming an ideally polarizable solid (modified according to [26]).

creating the so called diffuse double layer. The potential in the interfacial region at the
solution side falls slower than in the Helmholtz model, as shown in figure 2.3 (middle).
The Gouy-Chapman model predicts well the dependency of the double-layer capaci-
tance on the applied potential and on the ionic concentrations; however, limited to very
dilute solutions [24].

Stern model combines the last two models and their advantages. The ions located at
the OHP form a compact double layer (Helmholtz layer), and the potential falls linearly
and rapidly. These ions are usually not enough to completely neutralize the charge; the
rest of the charge is neutralized by a diffuse layer (Gouy layer) that extends out into the
solution. At high ionic concentration, the diffuse double layer can be neglected [24].

In an AMTEC cell, both electrodes are metals and are therefore highly polarizable. How-
ever, the solid electrolyte is considered a solid semiconductor and the space-charge
region is, therefore, larger than in metals. ‘It is suggested that the structure of the
metal-solid electrolyte interface is similar to that of the metal-liquid electrolyte interface
[...]. However [...] there are a number of situations at the metal electrolyte interface
which are unique to that interface, e.g.: 1. Whereas in a liquid electrolyte ions can
take up any position outside the distance of closest approach, in a solid the possible
positions are quantised; 2. The Debye length in the electrolyte may be comparable with
a lattice spacing; 3. The absence of solvent molecules in a solid; 4. The region of
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electrolyte closest to the metal may be atypical” [27]. In the literature, several models
for the metal-solid electrolyte interface are presented: e.g. [27, 28]; moreover, latest
presented mathematical models characterize the metal-electrolyte interface based on
the computed differential capacitance e.g. [29].

2.1.3 Basic electrode kinetics

An electrochemical reaction is characterized by an electrode potential E, (half-cell po-
tential), which is responsible for the exchange of electrical current across the electrode
interface in opposite directions. Considering that in the electrode the reduction is the
forward (cathodic) reaction, subscript f, and the oxidation the backward (anodic) reac-
tion, subscript b, the following reaction takes place:

Oz + e = Red . (2.15)

At equilibrium, both partial currents are equal to the exchange current: j, = j; = j,
but opposite in direction. Therefore, the net current is: j = j; — 5, =0. The exchange
current j, represents the charge transfer that appears due to the continuous reaction
activity in the cell that balances an equilibrium state.

If the electrode potential is moved from equilibrium: E. # E.,, a net current j will
flow across the electrochemical cell. The overpotential ¢ is defined as the deviation of
the electrode potential from the equilibrium value:

¢—F.—B, (2.16)

and measures the amount of electrical energy dissipated to overcome the reaction re-
sistances.

Electron transfer to and from the electrode occurs at the highest occupied energy
level (Fermi level). Electrons are transferred between the Fermi level £ and the energy
level of the redox reaction Er.q.. in the electrolyte [25]. By applying a potential to the
electrode, the highest occupied electronic level (Er) is altered as shown schematically
in figure 2.4. Er represents the electrochemical potential of the electrons in the metal
electrode phase.

Butler-Volmer equation. The reaction rate constant £” of an electrochemical reaction
follows the Arrhenius equation:

T INes T AG®
k;:“—exp(— G) , kg:Lexp(— G) , (2.17)
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Figure 2.4: Schematic representation of electron transfer process at an inert metallic
electrode. The highest occupied electronic level Er changes with the applied elec-
trode potential: reduction (negative electrode potential) or oxidation (positive electrode
potential). (Modified according to [25])

where superscripts a and c represent respectively the cathode and anode, x = 1.38-10-23 J/K
is the Boltzmann constant, i p the Planck constant and AG is the standard electrochem-

ical free energy of activation. The potential dependence of AG is shown schematically

in Figure 2.5. When applying a potential £ = A® to the cathode, the free energy of
activation for the forward reaction AG*¢ decreases, while increases the free energy of
activation for the backward reaction AG®. For the transfer of one electron n = 1, the
free energy changes as follows:

AG = NG — oFE , AG® = NG + (1-—a)FE , (2.18)
in which « is the electrochemical transfer coefficient.

Free energy

- T 1 (1-o)nFE
c oc &
AG AG
.......... AGT| | AG"
nFE
N |
Oxidation ‘T Reduction

Reaction coordinate

Figure 2.5: Free energy - reaction coordinate diagram for an electron-transfer process.
Representation of the dependence of the electrochemical energy of activation on the
applied potential E.

As a result, the rate constants can be expressed as:
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. KT NGO abF 0 aEF
kT NG (1-a)EF 0 (1—-a)EF
[ _ A = kT e — 22
ky, I exp ( =T ) exp ( T ) ky exp ( =T ) ,  (2.20)

where k™ represents the two first factors of the expression, which are independent of
the potential. The partial forward and backward current densities can be calculated
through:

jy=—-FK.Co ,  jy=FKCn . (2.21)

Co and Cy denote the concentrations of reduction and oxidation at the electrode sur-
face. At equilibrium, the concentrations are equal to the bulk concentrations C2, C%.
Assuming CP = C% and considering the Nernst equation, the applied potential be-
comes E = E°, which is the standard potential of the electrode reaction. Under these
conditions the net current density is zero, therefore £} = kj.

E°F 1 —a)E°F
k;oexp (@RT ) = k%xp (—%) =k ) (2.22)

where k! is the standard heterogeneous rate constant of the electrode reaction. j is
given by:

j=gv+ijs=F (kiCr—k};Co) , (2.23)
_ R0 _ 10
j=FK {CR exp (O‘(ER—TE)F> — Cpeap <— (1 0‘)(RET E )F) } . (2.24)

At equilibrium ;7 = 0. Substituting concentrations for activities, the Nernst equation
yields:

0 . 0

%0 _ oy (M) , (2.25)
CR

At the given conditions, and after performing some tedious algebra, the exchange cur-
rent can be represented by [25]:

jo = FAR] [C5] 07 [€9)] (2.26)

Assuming that [C2] . = [C}l.., the net current is obtained dividing equations (2.24) and
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(2.26), expressed in terms of the overpotential &:

. [C F C 1—a)F
7 =170 {C—gea:p <%> — C—gexp (_(R#) } . (2.27)

This is called the Butler-Volmer equation. The first term represents the effect of the
anode (backward), while the second term reflects the cathode effect (forward). If the
mass-transport limitation is neglected, Cp = C2 and Cr = C9, then:

oo () - ap (U DEY) 220

A schematic representation of the current-overpotential relationship is given in figure
2.6 for  =0.5. In equilibrium both absolute values j; and j, are equal to j, and the net
current is zero.

jA
»
______ _—‘u””/
) R --- T T E
»”1{_ Jo=Jr=lp
Jr

Figure 2.6: Current-overpotential diagram (5, &) for an electrode reaction with o =0.5.
jr and 7, are, respectively, the forward and the backward partial currents. j, is the
exchange current in equilibrium.

Tafel equation. At high overpotentials &, one of the terms in equation (2.28) becomes
negligible:

if |aF¢/RT |>1: j = joexp (%) = , (2.29)
if |—(1—a)F¢/RT|>1: j=—jJoexp (—%) =Js . (2.30)
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These are the Tafel equations for the electrode reaction. The logarithmic current-
potential relationship of equation (2.29) is:
lnj:lnjo~l—%};§ . (2.31)
A representation of equation (2.31) is shown in figure 2.7. There is a linear rela-
tionship that starts from a minimum current density, the exchange current density j,.
The Tafel plot represents the correlation between the exchange current and the over-
potential and suggests that the current increases exponentially with the overpotential.
The slopes of the lines K; = — (1 —a)nF/RT and K; = anF/RT intercept at ¢ = 0
as shown in figure 2.7, where j = j,, and the plotted lines deviate due to the double
direction of the reaction. The Tafel slope is high for those chemical reactions that are
slower. A high Tafel slope involves a small change in overpotential (voltage drop) with a
large change in current. This results in higher cell performance and lower slope of the
characteristic current-voltage (I-V) curve. The larger the exchange current density jo,
the larger is the cathalysis effect of the porous cathode.

Inijl4

onF

Slope — M

»
»

0 3

Figure 2.7: Plot of the Tafel equation showing how to obtain j, and « from the slopes.

2.1.4 Mass transport limitations in electrode reactions

The mass transport in the electrode is affected by the following processes [24]: a) diffu-
sion, the stochastic transport of species originated through concentration gradients, b)
migration, the transport of charged species driven by the electric field, and c) convec-
tion (natural or forced), the transport of species caused by hydro-dynamic motion of the
liquid.

During the electron reaction process, reactants are consumed and products ac-
cumulated near the electrode surface. Since mass transfer processes are in most
cases more slowly than interfacial charge transfer processes, the global rate of the
electrode reaction is limited by diffusion [30]. In such cases, the concentration of the
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2.1 Fundamentals of electrochemical cell

reactants/products at the reaction site differ from their respective bulk concentrations.
Figure 2.8 shows a sketch of the change in the concentration of a reactant along the
thickness ¢ of the double layer. In case 1 no net current flows and thus the concen-
tration remains constant. An increasing current flow through the system yields a rising
concentration gradient (cases 2 and 3).

C A
Solution
(Electrolyte) o) T
CSo/ution ) 1 > 8 g)
\\\\\ CO g g
Diffusion RN AN
—’ ~N el

X

Figure 2.8: Scheme of the change in the concentration of a reactant along the thickness
o of the double layer under diffusion limitation process. Case 1 is in equilibrium j; =
0 A/m2, while cases 2 and 3 j; > j, # 0 (Figure modified according to [30]).

The rate of diffusion depends on the concentration gradients according to the Fick’s
first law:

Jr = —Dg—i , (2.32)
where J; is the flux of species (the amount of species that flows through a unit area
during a unit time interval, [mol/m?s]), D is the diffusion coefficient [m?/s] and 0C/dx is
the concentration gradient in direction x of a plane surface.

The variation of the concentration in time in a one-dimensional system is given by
Fick’s second law, which reads to:

oC 02C

5 = DW : (2.33)
Solving the solution of Fick’s second law gives the diffusion-limited current. For a planar
electrode, the electric current is:

J =nFAJ; =nFAD <(§_C’) ) (2.34)
z—0

T

at = distance from the electrode. To solve the Fick’s second law, we define the following
boundary conditions:

t=0, Co=Cx (no electrode reaction, homogeneous solution) ., (2.35)
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t >0, lim Cy = Cyx (stable bulk solution) : (2.36)
T—00
t>0,z=0 Co=Co(z=0) (diffusion-limited current) : (2.37)

in which Cy represents the concentration at the electrode and C,, the concentration in
the bulk solution. Considering the diffusion-layer thickness ¢ by a linear extrapolation of

(%), the current is given by:

[Coo — Cp (x = 0)]
)
Assuming that ¢ is given by the Einstein-Smoluchowski equation:

J=nFAD ~tTV2 (2.38)

§=+vaDt (2.39)

where t is the time. The diffusion-controlled electric current J is given by:

_ nFADY2[Cy — Cy (z = 0)]
— N

The current decreases with t'/2. The maximum limiting current J;, is reached at large
overpotentials, when C, =0, which results in the Cottrell equation:

J

(2.40)

nFADY2C,
[ i— 2.41
g Vit 41)
The diffusion layer thickness § can be defined as:
§ = (xDt)'* (2.42)

which also increases with t'/2. The increment of the diffusion layer thickness is repre-
sented in figure 2.9 for equation (2.41), when Cy, =0 (Cottrell conditions).
If in a one-dimensional system, the fluid is subjected to both, convection and diffu-
sion processes; then the flux J of species is defined as:
J=Cv— D(?_C , (2.43)
or
in which v is the velocity of the species. This modifies Fick’s second law to:
oC oC 02C
— ——v—+D=— . 2.44
ot~ Yoz TV (2.44)
Referring to the AMTEC conditions, the cathode electrode is a porous body. In
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Figure 2.9: Schematic representation of the change in the electrode concentration and
diffusion layer thickness with time at Cottrell conditions, C; (z = 0) = 0 (Figure modified
according to [24]).

case of relevant cathode porosities, the flow velocity is low and also the concentration
gradient, hence the diffusive part in equation (2.44) dominates.

25



2 ALKALI METAL THERMAL TO ELECTRIC CONVERTER (AMTEC)

26



2.2 Fundamentals of AMTEC cell

2.2 Fundamentals of AMTEC cell
2.2.1 General operating characteristics

The Alkali Metal Thermo-electric Converter is a concentration cell that uses a heat
source to derive the conversion of electrochemical energy to electricity. The electrical
transfer is divided into an electronic and an ionic charge transfer. As a result, the
electron transfer can be utilized to feed an external load with electric current while the
ionic transport is done within the ATMEC system. To separate the electron from the ionic
charge transfer, a material is required satisfying the following conditions: electrically
insulating, conductive for ions and impermeable to fluids (gas or liquid). The component
that performs these functions is called electrolyte.

The interfaces at which the electronic/ionic separation/recombination occurs are the
electrodes. At the cathode the transferred electrons combine with a positively charged
ion (half-cell equation (2.45)) and the reduction reaction occurs, thus the cathode is
positively charged. At the anode the oxidation reaction takes place (half-cell equation
(2.46)) and the net charge is negative. Since the oxidation and reduction products in
AMTEC are the same, an alkali metal, AMTEC cells can be considered a zero net fuel
consumption technology if the obtained sodium at the cathode is further redirected to
the anode. In this work the chosen alkali metal is sodium as it is the most commonly
used metal in this kind of converter; therefore, the following explanations are made for
the specific case of a Na-AMTEC cell. A brief introduction to the different alkali metals
for the AMTEC technology is given in subchapter 2.3.4.

cathode side (reduction) Na™ +e” — Na : (2.45)

anode side (oxidation) Na — Na* + e~ . (2.46)

According to the electrolyte temperature, AMTEC cells are categorized in liquid-
anode or vapor-anode cells. At temperatures lower than the boiling point of sodium
(< 880 °C), liquid-anode cells use molten sodium as electrically conductive anode. Due
to the high process temperatures, liquid sodium, that is in direct contact with the BASE
surface, provides a good wetting of the electrolyte surface and therefore, from an elec-
trochemical point of view, liquid-anode cells exhibit negligible polarisation losses. Above
the boiling point of sodium, vapor-anode cells need an additional porous and electrically
conducting anode due to the poor electric conductivity of sodium vapor. This porous
material acts as interface for the oxidation reaction. Here, a liquid-anode AMTEC cell
is selected to reduce polarisation losses at the anode and to implement a more sim-
plified cell construction. At the cathode sodium is reduced and appears in vapor form,
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therefore a porous and electrically conducting material is required.

Figure 2.10 shows the schematic setup of an AMTEC cell. The anode is separated
from the cathode by a ceramic electrolyte called B”-Alumina Solid Electrolyte (BASE).
The anode side is filled with sodium and heated up to 600 - 1000 °C at relative high
pressure (~ 0.1 MPa). High temperatures > 600 °C are needed to increase the ionic
conductivity of the electrolyte. The cathode side is confined with sodium vapor at vac-
uum conditions and is cooled down at the condenser to <400 °C. The colder liquid
sodium is then collected and redirected back to the hot side of the cell for instance
using an electromagnetic pump or a wick that applies capillary forces.

z Na(0) sodium atoms
External Load ©
v ) @ Na(+) sodium ions
' ' © Electrons(-)

iquid/ 8| BASE

. C (R"-Alumina g
Rpor < Solid Electrolyte) ; ﬂ

T <400 °C

. 0.1MPa g L

Condenser

Figure 2.10: Functional principle of AMTEC (modified according to [31]).

A pressure difference is applied across the electrolyte that generates an electro-
chemical imbalance. Consequently, the system tends to balance it by oxidizing sodium
atoms at the anode side and further diffusion of ions through the electrolyte to the cath-
ode side. Connecting electrically both electrodes of the cell through an external load
leads to the travel of the electrons released in the sodium reduction (at the anode) to
the cathode generating thereby electricity. At the inner cathode surface, electrons re-
combine with sodium ions to generate sodium vapor. When the transferred electrical
charge exchange between electrodes is blocked, the system generates an open circuit
voltage (OCV) at electrochemical equilibrium. The Nernst equation (2.47) represents
the theoretical OCV for an AMTEC cell in terms of the sodium vapor pressure at the
anode and cathode, p2°, po°:

Eeen =V = RQFTB In [pg°/p]
where Tz represents the mean temperature of the BASE in Kelvin [K], R, =8.314 J/mol K

: (2.47)
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the universal gas constant and F' =9.64-10* As/mol the Faraday constant. Typical ex-
perimentally obtained values in AMTEC cells are V> =0.6 - 1.2 V.

The technical realization of the AMTEC cell is based on the form of ceramic elec-
trolyte, which is tubular. Figure 2.11 depicts a scheme of an AMTEC test cell. The
BASE is the central part of the cell and is closed at the lower end to retain the liquid
sodium anode, which is pressurized with argon and heated up through a heater (elec-
trical resistance) wrapped in a spiral form. The outer side of the BASE tube is coated
with three porous cathodes and covered with a current collector structure. The current
collector is electrically connected to a current lead that drives the electric current to an
external load. The cathode-side of the cell contains sodium vapor at a very low pres-
sure, which is cooled and condensed at the condenser surface. The latter is cooled by
air. The ceramic electrolyte is held by a niobium transition part (Nb-brazing) coupled to
the ascending metallic pipe located at the central flange, which prevents high thermal
stresses at the BASE due to the similar thermal expansion coefficient than that of the
BASE.

RGX[ i
T :
I Feeding of
[E— Iy i —] liquid sodium
Current : . .
lead/ I Feeding ceramic
feedthrough |} |_ || I tube (Zr0.)
Radiation < .y I T
shields I= 4 .
”{ h jH= Nb-Brazing
High-Pres_sure , | Anode
liquid sodium crirrentlead
Cathode BASE tube
covered with
current collector
Heater — | «—— Condenser

Low-Pressure
sodium vapor

| Release of
| condensed sodium

Figure 2.11: Scheme of the AMTEC test cell with a coaxial design.
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2.2.2 Basic thermodynamics

Thermodynamic laws are applied in steady state or equilibrium. A transition from one
state to another is therefore calculated in several steps, which are individually assumed
to be in equilibrium. In an electrochemical process, the net change in U before and after
the reaction is therefore AU = AQ+AW. Considering AMTEC a closed control volume
(represented in figure 2.10 and excluding the heat source/sink and the external load),
then AU =0. Consequently the thermal efficiency 7,;, of a thermodynamic system that
converts heat to work, can be expressed as the ratio between the total work output W,
and the total heat input Q;,

Wout
Qin

The Carnot cycle is the reference thermodynamic system described by isothermal
and isentropic state changes and represents the most efficient thermal machine. lIts
ideal maximum thermal efficiency can be calculated for given inlet and outlet tempera-
tures as follows:

Nt = (2.48)

Tout
T;
From equation (2.49) can be concluded that in order to maximize the Carnot efficiency
the outlet temperature 7,,; has to be decreased and the inlet temperature T, increased.
A Carnot cycle with equivalent temperatures to those of the AMTEC system has a max-
imum efficiency referred to the temperature of the BASE (7},) and to the temperature
at the condenser (7).

mn =1 — (2.49)

During the AMTEC process sodium passes through five different thermodynamic
states. Figure 2.12 shows a diagram of the thermodynamic process of AMTEC in terms
of temperature versus entropy. First, the fluid is heated at constant pressure pg up to
the operating converter temperature Tz, reaching thereby state 2. The electrochemical
process takes place between 2 — 3; it includes the vaporization of liquid sodium at the
anode surface (2 — 2’) and the isothermal expansion of sodium vapor at 75 (2' — 3)
at the cathode. Once the steam has passed through the electrode and the chamber
between the electrode and condenser, it is cooled down to 7.4 (3 — 4) and condenses
at the condenser surface (4 — 5). By using for instance a pump, ligiud sodium can be
returned to its initial state 1.

The total work output corresponds to the work obtained in the isothermal process
W3, minus the work used to pump the liquid sodium Wi,

Wout = W23 - W51 . (250)
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Condenser

>
>

S

Figure 2.12: T-s Diagram of the AMTEC process.
From the thermodynamics point of view W53 can be expressed as:

W23 = m [(h3 — hg) — TB (53 — 82)] N (251)

where m is the mass flow rate, h represents the specific enthalpy and s the specific
entropy. Considering 5 — 1 an isochoric process, liquid sodium as incompressible fluid,
negligible kinetic and potential energy gradients and a constant specific density, the
work required to pump sodium can be calculated as:

5 d _
Wa=m | L=m <M> , (2.52)
1 01 01

where p is the specific density. The power required to recirculate sodium can be ne-
glected compared to the work output W5, < Was [32].

On the other hand, the total heat supplied to the system is the sum of thermal power
provided in the isochoric heating, 12, plus the thermal power given for the isothermal
process, (a3,

Qin = Q12 + Q23 . (2.53)

The heat supplied from 1 to 2 is:

Q12 = m (hy — h1) ; (2.54)

and for the assumed isothermal process between 2 to 3 (anode-electrolyte-cathode
porous layer) is:

Q23 = mTp (53 — s2) . (2.55)
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Thus the ideal maximum thermal efficiency achievable by AMTEC is:

 Was (h3—hy) —Tg (83 — s2)
= Q2+ Qa3 (ho — h1) + T (53 — s2) : (2.56)

2.2.3 Basic electrochemistry

The equilibrium of a chemical reaction implies that the forward and backward reactions
are balanced. In AMTEC, the oxidation and reduction of sodium atoms are balanced
(see equations (2.45) and (2.46)). This chemical equilibrium is temperature dependent.
The temperature-dependent equilibrium constant K., is calculated using the activities
or concentration of the single reactants and products.
Na} . Naf

K, (T) = [[Nag]] , K, (T) = ﬁ , (2.57)

where the subscripts ¢ and a represent cathode and anode conditions respectively.

For the AMTEC conditions the following assumptions have been considered:

— The concentration of sodium atoms is at constant temperature proportional to the
pressure at gaseous state.

— The concentration of sodium at the liquid anode is equal at standard and interfacial
conditions.

— Interfacial and bulk sodium ion concentrations are equal.
— The coefficient of electrochemical transfer of sodium is a = 0.5.
— The overpotential at the anode can be neglected ¢, = 0.

— The pressure at the interface BASE-cathode can be expressed at constant tem-
perature as a current-dependent pressure.

pjtoa=Krj+p" | (2.58)

in which p; is the pressure due to sodium leaving the electrode surface, p is the
sodium pressure drop from the interface to the surface of the electrode through a
long cylindrical pore. The coefficient K ; contains G, the dimensionless geometric
parameter which characterizes the electrode morphology (explained in detail in
chapter 4). p” represents the vapor pressure of sodium at the electrode surface
due to evaporation at the condenser and depends on the temperature difference
between electrode and condenser.
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— The temperature in the anode-BASE-cathode system is constant (isothermal pro-
cess), therefore it can be assumed that the temperature at the cathode/anode is
equal to the temperature of the BASE.

For an ideal gas, the concentration of sodium at anode and cathode is equal to:

0 Pe 0 Pa Psat (TB)
—_ ———_— g p—t . 2.
Vol =m0 WNel=gn TR (2:59)

Nernst equation. The maximum electric potential of an electrochemical cell is the
open circuit voltage given by the Nernst equation for the electrode potential (half-cell
potential):

o RT [Ox]
Ee= B+ 2-In ([Red]> , (2.60)

where the subscript e stands for electrode (anode a, cathode ¢) and n denotes the

number of electrons transferred in the reaction. For the AMTEC system both half-
reactions are combined and the final open circuit voltage obtained is:

E=FE.+E,=E"+ RPTB [ln ([[]X[‘;C;]) —in (%ﬂ)] . (2.61)

Since in an AMTEC cell the reactant and product is the same, namely sodium, E° = 0.
Therefore the cell voltage is expressed as:

_ BTy, ([Naf] [Naf)
b= ([NaS] [Na;r]) | (2.62)

Considering that the concentration of sodium ions at cathode and anode is equal
[Na}] = [Na]], then equation (2.62) reduces to:

p s, (ps‘” (TB)> . (2.63)
F Pe

For T = 800 °C and p. = 10 Pa the obtained cell voltage at open circuit conditions
is £ =V = 0.77 V. The higher the temperature and the lower the pressure at the cath-
ode, the higher is the obtained potential. At open circuit conditions, the vapor pressure
at the cathode p2° is controlled by molecular effusive flow (thermal transpiration) due to
the microscopic pores of the cathode electrode [33, 34]:

Ty Ty
c = ¢ e e _— = sa TC _— . 264
Pe = D" = Pedr\/ 7. =P ¢ (Tea) T, (2.64)

Introducing equation (2.64) in (2.63) the cell potential is reduced to:
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F Psat (Tcd) TB

Increasing the temperature difference between the electrolyte 75 and the condenser T,
has a positive impact on the voltage of the cell £. This is due to the large impact of the
temperature on the saturated pressure ratio ps.: (Tg) /psat (Tea). As illustrated in figure
2.13 the pressure increment of saturated sodium vapor between temperatures 200 -
400 °C is ~ 50 Pa, which is considerably smaller than the pressure increment between
600 - 800 °C, ~ 40000 Pa.

g- s, (p““ (T5) Tcd) . (2.65)

1000 .
]
O 600 {/ [ 600
&~
400
400 | — -
200
200 .
0 100 |[Pa]
O I I

0.0 0.5 1.0 1.5 2.0 2.5

Saturated pressure of Na, p . [10° Pa]

Figure 2.13: Saturated vapor pressure of sodium as function of temperature.

Therefore, the effect of the Tz is significantly larger than the effect of the 7., on
the cell voltage, since at lower temperatures the saturation vapor pressure of sodium
psat (Teq) does not change significantly.

Butler-Volmer equation. Applying the same mentioned assumptions to the Butler-
Volmer equation one obtains that for an AMTEC cell [35]:

P {%p (_ F; ) _ Kpgitr”, (K)} | (2.66)

2RT oL 2RT

being i = a, ¢ for the anode or cathode respectively and a =0.5. At the anode j, <0
and ¢, >0, while at the cathode j. >0 and &. <0.
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2.2.4 Cell efficiency

The efficiency of the AMTEC cell has been obtained in thermodynamic terms in sub-
chapter 2.2.2, equation (2.56). A second useful reference for indicating a cell perfor-
mance includes the electrical point of view. Equation (2.67) determines the thermal
energy equal to the electrical power output generated plus the heat required for the

sodium vaporization.
JM
Q23 = Waz = JE + TL ; (2.67)
where J represents the electric current of the cell, M is the molecular weight of sodium,
F the Faraday constant and L the heat of vaporization. @, can be expressed based

on the specific heat:

JM
Q12 = T G (Tp — Tea) , (2.68)
here ¢, is the specific heat capacity. Thus the efficiency of AMTEC can be expressed

as:

E
C E+MI[L+c,(Tg—Tq) F1

" (2.69)

Based on equations (2.65) and (2.69)an increasing temperature difference between
electrolyte and condenser has a positive impact on the thermal efficiency of the system.
Equations (2.56) and (2.69) consider an ideal AMTEC thermal cycle without parasitic
losses, which can reduce the system efficiency as much as 50 % [1] and are discussed
later in section 2.2.5. Taking into account the heat and electric losses, the operating
efficiency of an AMTEC cell can be written as follows [32]:

E — JRicad

T E+M[L+c,(Ts—Ta)| F '+ J "Qioss — J Rieaa
where Quss = Qrad + Qeona represent the heat losses in the cell and R,..q is the total
electrical resistance of the current leads, or in other words, the electrical losses outside
the cell. Heat losses are composed of two main terms, heat conduction Q.,.q and Q,..q
radiation losses from the hot regions (e.g. BASE) to the cold regions of the cell structure
(e.g. condenser). Referring to figure 2.11, heat conduction occurs from the BASE
through the current collector and current leads and through the connecting Nb-brazing
and further steel tube to the upper flange and condenser outer tube (cold regions).
Radiation losses are mainly generated due to the coaxial configuration of the cell: from
the BASE tube (hot region) to the condenser tube (cold region). The latter represent
the main parasitic heat losses in AMTEC.

n (2.70)

The thermal model presented in this work is based on the model from Tournier et al.
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(1997) [33]. Assuming an uniform and equal temperature at BASE and electrode, the
radiation losses are expressed as:
oA
Quua=— (T =Ta) (2.71)
Here o, = 5.67 - 1078 W/m2K* is the Stefan-Boltzmann radiation constant, and A the
outer surface of the current collector (see figure 2.11) involved in the heat transfer pro-
cess. It is assumed that the BASE surface has a negligible emissivity. In a coaxial cell,
the geometric factor, Z is given as [33]:
1 1
Z=—+—-1 : (2.72)

Eic Ecd

The BASE is covered with the porous cathode and the current collector. The lat-
ter acts as a gray body due to its rough surface and porosity, hence the emissivity
can be assumed to be ;. =0.9 at 800 °C. Previous experiments have shown that the
condenser surface is only partially coated with liquid sodium and therefore, the emis-
sivity factor corresponds almost to that of the condenser surface [33]. In the present
work the emissivity of the condenser is equal to that of polished stainless steel 1.4571,
ecq ~0.62 at 600 °C [36]. In comparison liquid sodium has an emissivity of ey, ~0.041
at 600 °C [36, 37]. Therefore, Z has a value of ~ 1.7, in contrast to 24.5 of a complete
coated condenser with liquid sodium. A good possibility to reduce the heat losses is to
use additional radiation shields between BASE and condenser made of molybdenum
enpizr ~0.110 at 600 °C [38], or to use a grid to form a film of liquid sodium on the
surface of the condenser due to the capillary forces. Here, the focus is not on heat
loss reduction. Literature studies show that using a remote condenser improves the
cell efficiency, however the mass transport losses increase considerably [39].

Parasitic losses through heat conduction and Joule heating are small compared to
radiation losses. Stainless steel is selected as cell structure material to reduce the
heat losses through conduction. Losses in current leads can also be reduced by de-
creasing their cross-sectional area. However, it should be considered that too small
cross-sections lead to high Joule heating losses. Heat losses through conduction in the
cell can be expressed as:

Qcond = Qla + Qlc + Qst ) (273)

where ;, accounts for conduction losses through the anodic current lead, @Q,. through
the cathodic current leads and Q,; for the supporting structure of the BASE (Nb-steel
tube).The conduction losses in the radial direction within the BASE are neglected, since
a constant temperature between anode-BASE-cathode is considered according to fig-
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ure 2.12.

Adding equations (2.71) and (2.73) to (2.70) the overall efficiency of AMTEC can
be obtained. The efficiency of AMTEC cycle is close to that of the Carnot cycle, for
given Tz =800 °C and T,.; =250 °C, the maximum efficiency of AMTEC is calculated to
n ~47 % and Carnot ~ 52 % [1].

2.2.5 Cell losses

In contrast to the thermodynamics, which consider a system in steady state, the elec-
trochemistry refers to any concentration cell as a system that is always operating off-
equilibrium [15]. The cell continuously tries to balance the concentration difference
between anode and cathode. Therefore chapters 2.2.2 and 2.2.4 are strictly speaking
only valid at open circuit conditions, without the presence of an electric current. A cell
without charge transfer (no losses) exhibits a constant voltage equal to the OCV. In a
real system, losses are expressed as voltage drop. Figure 2.14 shows a typical char-
acteristic curve of an AMTEC cell and reflects the relation between cell voltage, current
density and voltage losses.

Open circuit voltage V™ (no loss)

el Ohmic losses

¥

Activation
polarization
region Concentration
polarization region

Voltage [V]

Polarization losses

v

I
~1.5
Current density [A/cm?]

Figure 2.14: Representation of an AMTEC characteristic curve. The diagram shows the
different losses that occur in AMTEC cells when connected to an electric load. At low
current densities the activation polarisation losses predominate, while at high current
densities the concentration polarisation losses become important.

The curve exhibits a rapid initial drop at low current densities. In this region the
activation losses represent the main source of voltage drop, which appear due to the
slow reaction kinetics on the surface of the electrodes. At the anode the wetting of the
ceramic with liquid sodium plays an important role. The voltage decreases further after
the activation polarisation region; however, at lower rate and with a linear slope. The
latter is characteristic of a voltage drop due to ohmic losses. Ohmic losses represent the
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resistance offered to the flow of electrons and ions in the electric circuit. An optimized
AMTEC cell should have a cell resistance similar to that of the electrolyte.

At high current densities the concentration polarisation losses, originated mainly at
the cathode, are responsible for a further increase in the voltage drop. This appears
as a result of an increased sodium vapor concentration at the cathode inner surface,
caused by a considerably lower diffusion process of sodium vapor compared to the
reaction kinetics. Most of the reported AMTEC cells in the literature do not exhibit the
concentration polarisation region, indicating a good sodium vapor transport of the cell.
The linear voltage-drop region prevails even at current densities as high as 1.5 A/cm?
[40].

Ohmic losses. The ohmic losses appear due to the resistance to electron flow inbe-
tween the electrodes, current collector and current lead; and the resistance to ion flow
in the electrolyte (see figure 2.15). Their behavior is linear and current dependent. The
overvoltage due to ohmic losses &, is represented by Ohm’s law:

€7‘ = .] Rcell . (274)

R is the internal resistance of the cell. Assuming one active electrode R..; is com-
posed by the ionic resistance in BASE (B), electrical resistance in the anode and cath-
ode R. = R, + R., where R. > R,; current collector (ic), current leads (la, Ic) and the
total contact resistance between the different parts (con).

Rcell = RB + Re + Rz’c + Rla + Rlc + Rcon . (275)

Current lead Current lead
la \IA / lc
- f1

1~ <

Liquid anode |
Na) —=*
BASE —— I Current collector

J (ic)

Porous cathode

Figure 2.15: Scheme of the AMTEC cell components involved in the ohmic losses.

38



2.2 Fundamentals of AMTEC cell

The ohmic polarisation can be reduced by decreasing the electrolyte thickness,
choosing adequate materials with low electrical resistance and accounting for a good
contact between electrodes and current collectors. At 600 °C the ionic resistivity of the
BASE is pp =2 (2cm [41] and thus assuming that the thickness of the BASE is negli-
gible in comparison to the diameter of the BASE tube ¢ < Dp, the resistance of the
BASE can be calculated as

RB = PB tB/Ae . (276)

Given a BASE thickness of t3 =2 mm and a mean electrode area of A, =45cm?
the resistance of the BASE is Rg =9 m{(2. By reducing the thickness of the electrolyte,
the resistance of the BASE is proportionally reduced.

Polarisation losses. Losses originated at electrodes through i) limitations in the elec-
trochemical reaction (activation losses) and ii) the resistance to diffusion at the porous
electrode of the cell (concentration losses) are denoted as polarisation losses and are
responsible for a non-linear voltage drop of the cell.

Activation losses. Insufficient charge transfer accounts for the so called activation
losses. Forcing the redox reaction to completion causes a voltage drop due to acti-
vation polarisation, which can be explained through the Buttler-Volmer equation. This
occurs due to the limited catalysis performance in the cathode and uncompleted wet-
ting of the anode. Liquid-anode AMTEC cells provided with a good wetting of the BASE
surface exhibit negligible losses at the anode. In order to minimize the voltage drop due
to activation losses at the electrodes, one can increase the operational temperature,
improve the contact area at the BASE-cathode interface, rise the pressure at the an-
ode and/or decrease the pressure at the cathode and to use a more effective electrode
material for higher exchange current densities [15].

Concentration losses (diffusion polarisation). The resistance to vapor transport in elec-
trodes is responsible for additional voltage loss. After the electrochemical process, the
recombined sodium atoms need to travel through the porous cathode. If the resistance
to vapor transport in the electrode is high, sodium vapor accumulates on the inner cath-
ode surface and hence, the sodium concentration increases p.. As a result cell voltage
is reduced according to the Nernst equation. Mass transport losses are predominant at
high current densities; one can assume a limiting current density over which the voltage
drop is accelerated and the total electromotive voltage tends to zero.
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Working fluid crossover / Internal current losses. The actual OCV of the cell is
lower than what the theory predicts. This voltage loss is due to working fluid crossover
and internal current losses. The liquid sodium from the anode side may diffuse through
the electrolyte to the cathode side without experiencing an electrochemical state change;
thus no electric current is generated. In AMTEC cells this effect has been mostly ne-
glected due to the large current density of the cell compared to the internal current
loss.

Heat losses. In subchapter 2.2.4 the heat losses have been identified and a simpli-
fied thermal model and solutions for reducing the heat losses in AMTEC have been
presented. Summarizing, the temperature difference between BASE and condenser
plays an important role in a coaxial configuration of the cell. Heat losses through radi-
ation can reach ~ 40 % of the total losses at high temperatures (> 800 °C) as reflected
in figure 2.16 [1].

— With losses
50 --— Zero-loss

—

Heat radiation

40 -7 Heat conduction

04 -~ -
- —Electrode, current-collector
and-lead resistance

Efficiency in [%]
S

10 Condenser temperature = 623 K
Current density =1 A/cm?
Active electrode surface = 153 cm?

0 - T T ¥ T T T T L T
900 950 1000 1050 1100 1150 1200 1250 1300 1350
Temperature of solid electrolyte in (K]

Figure 2.16: AMTEC efficiency versus electrolyte temperature for a coaxial configura-
tion of the cell. Distribution of the main losses changes with the temperature [1].
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2.3 Components of an AMTEC cell

The main aspects of the technical realization of AMTEC cells are presented in this
chapter. An overview of the main characteristics of the BASE, electrodes and current
collector is given first, then the effect of the different alkali metals as working medium in
AMTEC is discussed and finally the concept of modular connection is introduced.

2.3.1 [”-alumina solid electrolyte (BASE)

The BASE emerged in the field of sodium batteries and is characterized by a high ionic
conductivity and negligible electronic conductivity. It has a complex crystal structure
(see figure 2.17) that consist of spinel-like close-packed blocks of Al** and O%" ions,
built with octahedral and tetrahedral prismas, and separated by loosely packed planes
containing Na* and O*" [42]. The large oxygen ions in the loosely packed planes
guarantee enough space for the movement of the sodium ions between spinel blocks;
these are known as conduction planes [42]. The conductivity is limited to these planes
only, supported by the high resistance to ion movement along the ¢ axis [42].

Two BASE polycrystalline structures that have been mainly used in AMTEC cells:
B-Al,O; has a hexagonal form and two conduction planes that act simultaneously as
mirror planes; and 3”-Al,O3 has a rhombohedral form and three conduction planes (not
mirror planes) [42]. The stacking arrangement of the B-structure is repeated every two
spinel-type blocks, while 37-Al,O3 has a three-block structure as depicted in figure 2.17.

Conduction
planes

> QWP O O®ROo> OO P> o0

3+

.
Al ° Na

Figure 2.17: Structure of Na-B-alumina (left) and Na-B”-alumina (right). Spinel-like
blocks of Al-O are separated by conduction planes in a direction [42].

The B- and B”-alumina are non-stoichiometric and an excess of sodium is always
observed [43]. The non-stoichiometry influences positively the ionic conductivity of the
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alumina and the cation excess, typically in the order of 12 - 20 % for 3”-Al,O3, and acts
decreasing the activation energy for sodium transport in the electrolyte [44]. Moreover,
the 13” structure is stable only in the presence of a M cation like Li,O and MgO, giving
the general formula of Na, ,M,Al;;_,O;7; where x represents the substitution of A3+
with a divalent ion M in the structure (typical saturating values x =0.66 — 0.7) [45, 43].
As result of the doping with cations, the conductivity of the BASE is increased [43].

Single crystal structures have also been proposed in the literature, owing to their
lower ionic resistivity compared to polycrystalline structures [42]. Polycrystalline ce-
ramics have a random orientation of the crystals that leads to an increased ionic resis-
tivity. Nevertheless, the lower costs connected with synthesizing polycrystalline phases
compared to single phases make them more competitive. Table 2.1 orders the different
BASE structures based on their ionic resistivity p;,,,. There is a dispersion of the results
in the case of the polycrystalline structure, which reveals the relative influence of the
composition e.g. by stabilizers and reinforcements. Adding a ZrO, content to the BASE
was found to increase the fracture toughness and strength of the ceramic, however
the ionic resistivity increased to ~ 9 Qcm at 300 °C [46]. Lithium-stabilized BASE has
been recommended for AMTEC cells due to its higher resistivity to structure-changes
compared to the magnesium-stabilized BASE [47].

Tvpe Pion [£2CM] Activation Stabilizator / Ref
yp ~300 °C | ~700 °C | energy [eV] | Reinforcement '
Single Crystal ] )
3-ALO, 4.76 0.13
Polycrystalline i i
3-ALO, 15.38 0.27 [48]
Single Crystal ] ]
3"-ALO, 1 0.33
Polycrystalline | 2.75 - i :
37-ALO, - 468 0.18 Li,O [49]
9 - ~0.3 MgO / ZrO, [46]
7.24 2.14 - - [50]
4.23 - - MgO / Li,O / ZrO, | [51]
4.2 2 (600 °C) - Li,O [41]

Table 2.1: Overview on measured ionic resistivity and activation energy of single crystal
and polycrystalline Na-3/B3”-alumina solid electrolyte.

Usually BASE is synthesized using Al,O3, Na,CO3; and MgO or Li,CO3; powders by
conventional solid-state reaction technique [48]. Process temperature involves a sinter-
ing treatment above 1600 °C [48]. Other chemical methods like the sol-gel technique
have been tested [52], which give products with higher purity and sintering at lower
temperatures, however it also leads to the formation of unfavorable 3”-3 mixture with a
low conductivity [48]. The patented vapor phase method from Virkar et al. [53] (2000)
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consists on employing Y,0O; stabilized Zirconia composites together with a-Al,O5 pow-
der immersed in Na,O vapor source and stabilizers. Advantages of the method include
i) full conversion of a-Al,O5 to 37-Al;Os, ii) elimination of sintering avoiding high temper-
atures and thus the formation of increased grain size too, iii) lowered activity of Na,O
in the process avoids the formation of water soluble sodium aluminates that makes the
ceramic resistant to moisture and iv) Y,0; increases the strength of the electrolyte. The
main disadvantage is the obtained low ionic conductivity due to the Zirconia composite.
The measured ionic resistivity at 300 °C was 38 Q2cm [53], which is still relative high in
comparison with a conventional polycrystalline 3”-alumina.

The behavior of the ionic resistivity in Na-B"-aluminas in terms of temperature is
illustrated in figure 2.18. Above 300 °C the BASE shows a high ionic conductivity.
Silent Power (former lonotec) developed BASE ceramics special for AMTEC applica-
tions. The ionic conductivity of their BASE was significantly higher at temperatures ex-
ceeding 600 °C. Unfortunately the current developments in lonotec are rather focused
on the battery field with lower operating temperatures and optimized geometries for
NaS-batteries (ceramic tube). The BASE available for this work from lonotec exhibits a
comparable low ionic resistivity at temperatures <500 °C.

. -=-ABB [54]
-=-NGK [54]

] \ -+Ceramatec [54] I

: 5\\ ——Silent Power (former lonotec) [54]

1 \\ ——lonotec [41]
—-lonotec extrapolated

i N -x-Cole [32]

plon[Qcm]
O R, N WA U1 O N © ©

Figure 2.18: lonic resistivity of different polycrystalline Na-3"-alumina electrolytes as a
function of temperature [32, 54, 41].

It is well known that BASE is very sensitive to moisture. There is a rapid physical
adsorption of water by the surface micropores which causes saturation in less than 1
hour, followed by a slower diffusion of hydronium ions (H;O%), coming from the water,
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into the crystal lattice leading to ion exchange with Na™ [55, 56]. The hydroniThese
effects require a careful handling of the BASE, which should be always stored in an
inert atmosphere and cleaned through firing at ~600 °C in vacuum.

The BASE emerged in the field of liquid metal batteries and is nowadays mainly
used in NaS and ZEBRA batteries. This gives the ceramic electrolyte its particular
tubular configuration. When looking at power density in terms of volume and weight,
AMTEC cells developed with the tube-ceramics have a rather poor profitable design;
high sodium amount - electrode surface ratio, high BASE manufacturing costs, low
power/volume and low power/weight ratios. A planar configuration should help to re-
duce the costs, volume and weight. Moreover, the interconnections of a modular de-
sign can be simplified by the planar configuration. Such a configuration was patented
by R. K. Sievers in 1992 [57]. Already some very interesting work has been done in
the field of planar Na-BASE ceramics, however, for battery applications at lower tem-
peratures (< 300 °C); a common project between EaglePicher Technologies and Pacific
Northwest National Laboratory (PNNL) is running for the development of planar BASE
ceramics applied to Na-Batteries [58] (see figure 2.19).

Alloy Ring g a;203

Anode %'-

contact : ;
Cathode &
electrolyte

Seals

Figure 2.19: Sketch of a 3cm? button Na-Air cell with a planar configuration of the BASE
[58].

2.3.2 Electrode

Porous cathode. The cathode in AMTEC is the part of the cell where the reduction
of sodium takes place. The aim of the cathode is to act as a catalyzer of an electro-
chemical reaction and to provide:

i) a proper transport of electrons through the current collectors,

ii) a proper transport of sodium vapor through the cathode, current collector
and to the condenser surface.
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Moreover, the cathode must satisfy following properties:

iii) good adhesion to BASE'’s surface,
iv) similar thermal expansion coefficient as that of the BASE,
V) good corrosion resistance to sodium vapor (this can bee achieved by reduc-

ing the operating temperature of AMTEC),

Vi) high temperature stability, translated into slow grain growth and material
migration,
vii) large triple phase boundary (TPB) to reduce polarisation losses.

At the cathode the TPB is the zone represented by the points where the electrode
(electronic conductive phase), a pore (gas phase) and the electrolyte (ionic conductive
phase) coincide, as sketched in figure 2.20. Maximizing its length is crucial for the op-
timization of the cell performance. In fuel cells this has been achieved by employing
cermets (ceramic and metal composites), in which the metallic catalysts and an ionic
conductor are mixed in the proper amount; or by using ionic and electronic mixed con-
ductors [15]. In AMTEC cells refractory and ceramic electrode materials have been
commonly used due to their suitable properties [59]; nevertheless their long-term sta-
bility at high temperatures is still to be further investigated. The main properties of
electrode materials reported in the literature are summarized in tables 2.2 and 2.3; and
will be further analyzed in chapter 3.

3”’-Alumina Cathode (1-10 pm) Current collector

=
~~
<~
SN
.

Triple Phase
Boundary

Figure 2.20: Representation of the transport processes in the cathode electrode. (1)
Recombination of Na ions with electrons at the triple phase boundary (BASE-electrode-
pore); (2) Surface diffusion of Na atoms on electrode grains; (3) Desorption of Na atoms
from surface of electrode grains; and (4) Sodium vapor diffusion through the pores of
the electrode. (Figure edited from [60])
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The transport process occurring in the cathode is described in figure 2.20. Sodium
ions coming out from the BASE recombine with the electrons transported by a porous
cathode exclusively at the TPB. Therefore, the porosity of the cathode is essential to
allow a low resistance to transport of sodium vapor. The morphology of an AMTEC
electrode can be defined during the manufacturing process. For instance, by using
the magnetron sputtering technique, changes in pressure and applied voltage of the
process contribute to changes in the porosity and microstructure [61].

p p Melting CTE CTE
Electrode (20 °C) (800 °C) point (20 °C) (800 °C) Ref.
[1078Qm] | [1078 Om] [°C] [1076K=!] | [1075 K]
55
Mo 5.5 26 2622 5.1 (1000 C) [62, 63]
, [64, 59]
TiN 20 37 2930 9.4 [65]
, 8.31 [66, 65]
TiC 60 3140 7.4 (1000 <C) | [67. 68]
. 8.6 [69, 65]
TiB, ~18 ~ 94 2900 7.4 (1000 C) [70]
Ptw Pt10.3 Pt3.75 | Pt1769 | Pt9.05 Pt10.8 [71]
W 5.5 ~ 25 3410 4.3 [72]
RhW Rh ~5 Rh225 | Rh1963| Rh84 |Rh~11.8 [71]
NbN 137.5* 2575 10.1 [73, 65]
. 13.3
Ni 9 45 1445 (100 °C) 16.2 [74]
7
Nb 15 ~ 45 2468 (100 <C) 7.7 [62, 63]
LaBg 9 [75, 76]
(75 % density) | 203 94.7 2255 (1000 °C) |  [77]
Stainless steel [78, 79]
1 4571 74 118 1400 16 19.9 (80]
Table 2.2: Electrode bulk material properties for AMTEC cells. CTEpasep =

8.6-10"5K-! at 500 — 1000 °C [81]. ™Electrical resistivity given for a thin film.

Electrode | Remarks
Mo Rapid grain growth > 827 °C. Reaction Na — NasMoO;.
TiN Reduced performance vs Mo. Large power loss.
TiC Chemically stable. No long time experience.
TiB, Moderate performance. No long time experience.
NbN Chemically stable vs Na, BASE. No long time experience.
RhW Low power loss. Diffusion Rh—Ni. Chemically stable. Expensive.
PtW Lifetime ~ 7 yr. Reaction with Mn from steel. Expensive.
LaBg Moderate performance. No long time experience.

Table 2.3: Main experimental observations on AMTEC electrode materials [59].
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The morphological aspects of the cathode have great influence on the polarisation
losses in AMTEC. The favored grain size, porosity and thickness tendencies of the
cathode in order to decrease polarisation losses are indicated in table 2.4. The length
of the TPB is connected with the grain size and the porosity of the cathode: the smaller
the grain size (e.g. TiC <0.07 um [40]) and the smaller the porosity, the longer is
the TPB, which reduces the activation losses and increases the current density of the
cell. A reduced porosity decreases the ohmic losses too, since the conductivity of the
electrode is improved. However, the porosity also affects sodium vapor transport, being
a small porosity responsible for increased diffusion losses. A similar effect has the
electrode thickness; a thin electrode favors the diffusion of sodium vapor, nevertheless
it also increases the ohmic losses. Optimum values for grain size, porosity (e.g. LaBg
55 % [82]) and thickness (e.g. LaBg 5um [82]) have to be determined experimentally,
which depend strongly on electrode-material characteristics, operation conditions (7', p)
and current collector structure (explained in subchapter 2.3.3).

Reduction of

N Grain size | Porosity | Thickness
polarisation losses

Activation i) { -
Ohmic 0 { 0
Diffusion - T i

Table 2.4: Favored cathode-morphology factors to reduce polarisation losses. |
and 1 represent respectively a small and large size of grain size/porosity/thickness
for reduced polarisation losses. The simultaneous reduction of all losses (activa-
tion/ohmic/diffusion) by adapting the morphology of the cathode is not possible due
to the counteracting effect of the individual parameters.

The main electrode characteristics can be described through two main factors: i)
the coefficient of temperature-independent charge-exchange B., [AK'/?/Pam?]. Ex-
perimental investigations have shown that the saturated equilibrium exchange-current
density js* is a function of the BASE temperature and of the type of electrodes (given
by B..) [35, 83]:

1)
st _ B Psat (T . (2.77)
Jo Nap

B., is related to the contact between electrode and electrolyte [84]. The second factor
that describes the electrode properties is ii) the electrode pressure loss factor G, [-],
which denotes the pressure drop due to the diffusion process of vapor sodium through
the porous cathode [84] (presented in chapter 4). An ideal perfect cathode should have
an infinite long TPB: B,, ~ oo, and a negligible resistance to vapor transport: G, ~ 0.
In the literature, both effects electrode morphology and materials have been ex-
tensively studied. Table 2.5 classifies so me of the most relevant literature results on
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AMTEC cells attending to electrode materials. Ty, denotes the temperature of sodium
in the anode, P..; is the power output of the cell, ¢. is the thickness of the cathode
electrode and A. the cathode area. According to table 2.5, materials with the high-
est power output seem to be Pt/W, Rh/W and TiC. However, an accurate comparison
requires considering identical conditions of temperature, electrode surface, current col-
lector structure, operating time, vapor pressure, etc. Therefore further experimental
tests should be performed in this field to confirm this statement. In this work TiN and
TiC electrodes have been selected for coating development. Despite the lower reported
power density of TiN compared to TiC, TiN is one of the electrode materials with greater
experience and wider documentation in the literature.

Several trends can be observed in table 2.5. The positive effect of small electrode
surface is reflected on the molybdenum results. Higher power outputs are achieved by
smaller electrode surfaces; this effect is directly connected with the current collector
structure (see chapter 6.3).

A long operating time can lead to significant electrode sintering or corrosion ef-
fects depending on the material, and thus a decreased performance. Molybdenum for
instance forms several Na-Mo-O compounds (e.g. Na;MoO, and Na;Mo;O4) during
AMTEC operation [95]. These compounds may be responsible for an improved sodium
ion transport in the electrodes during first operating hours but also lead to performance
degradation due to their volatilization and decomposition at high temperatures and long
operation [95]. While Mo electrodes should not be used for periods over one year due
to the high power degradation, Pt/W and Rh/W are predicted to maintain power levels
of <0.5W/cm? for greater than 10 years [94]. Another trend observed from literature
results is that each material has an optimum thickness; Mo for instance is known to
achieve the best performance at a thickness of ~ 1 um (most of the reported results are
therefore for 1 um), however TiN performs better at larger thicknesses ( ~5 um) in or-
der to compensate its lower electric conductivity [89]. A similar effect can be observed
in TiC and NbN cathodes. Lower thicknesses than ~5 um have a negative effect due
to the increased sheet resistance, however larger thicknesses than ~5 - 6 um have
likewise a negative effect [40]. The difference is, that in the latter case, the limiting pa-
rameter is not the electrical resistance but the vapor transport resistance in the cathode,
which has substantially increased.

An additional parameter which is not directly connected with the electrode but has
a direct impact on cell performance is the pressure level in the cathode side. Table 2.5
shows the effect of the vacuum on the power output for TiC cathode. A good vacuum
level increases the cell performance as seen in the Nernst equation (2.63) due to in-
creased concentration gradient across the BASE; but it also contributes to an enhanced
vapor transport and, therefore, to reduced diffusion polarisation losses.
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Tna te A, P..u Operation | p in cathode
Electrode | rony | [umy cm? | Wicm]| [hours] | side[Pa] | o
800 1 05 05 few i [85]
800 1 30 | 0217 few [86]
Mo <1 0.62 5
927 ——7 5 0.46 90 [87]
7 %104
687 5 7 0.25 few | inout Nay | 167]
N L748 1 60 8.8;2 - § [88]
750 = 30 . few [89]
850 | 15...50 6 0.47 few 90]
TIN/TIO, | 850 | 15...50 6 ~038 | few .
3.5 0.11 130
TIC | 800 3..5 |05..1 04 ; 0.07 [40]
5 0.75 05
TiB, |800 - 30 0.04 10 : [89]
W 927 50 - 0.35 - : [91]
827 i 5 0,25 475 110 oo
PtW ’ (without Na)
887 0.7...1 | 1.5 | 08 160 7-8x10" | [93]
g7 | 12 10 | ~053 150 104]
1.2 05 500
RhW 7% 107
857 |15..25| 5 0.8 160 | without Na | [67
2.3 0.12 130
NoN | 800 : ; 5 ; oE [40]
LaB, | 800 - - 054 - 40 [82]

Table 2.5: Investigated AMTEC electrode materials. Effect of the parameters: electrode
thickness ., electrode surface A., operating hours and vacuum at the cathode chamber
on the performance of the cell P.;,.

Liquid-anode. At the anode the oxidation of sodium takes place. A liquid sodium
anode is able to provide a good and homogeneous electric contact to the BASE sur-
face, facilitating the oxidation process. It simultaneously contributes to a fast transport
of electrons released by the sodium oxidation due to the high specific electric conduc-
tivity of liquid sodium. Thus, polarisation losses in the liquid sodium anode are marginal
compared to the porous cathode. Providing a good wetting of the BASE surface with
liquid sodium is essential to reduce the interfacial polarisation losses. A review of the
main achievements concerning the wetting of the 3”-alumina with liquid sodium is pre-
sented below. Most of the reported data is focused on NaS batteries, which operate at
lower temperatures (~ 300 °C).

49



2 ALKALI METAL THERMAL TO ELECTRIC CONVERTER (AMTEC)

Virkar et al. [96] (1980) demonstrated that large current concentrations exist at the
peripheries of blocked or unwetted BASE areas. This contributes to large local current
densities, which can be several times larger than the average current density, leading
to a possible premature failure of the ceramic. Therefore, a complete wetting of the
BASE is mandatory to increase the lifetime of AMTEC cells. Non-wetted regions have
a very high contact resistance, which blocks the sodium ion transport. The 3”-alumina
is not easily wetted by sodium and several hours at high temperatures (~ 400 °C) are
required to improve the wetting effect.

Viswanathan and Virkar [97] (1982) studied the effect of the moisture and temperature
on the wettability of the BASE. They measured the contact angle of a sodium drop on a
BASE disc at different treated BASE conditions: i) unbaked, ii) treated with moisture and
iii) baked out in vacuum at 450 °C for 60 h. BASE discs treated with moisture showed
an extremely high contact angle even at high temperatures (contact angle between the
liquid and the solid surface of 103° at 360 °C). In contrast, the BASE specimens that
were baked out in vacuum obtained a complete wetting of the disc with liquid sodium
(0° at 360 °C). The unbaked BASE samples showed intermediate wettability: 90° at
360 °C. The surface roughness of the ceramic must be considered since a large rough-
ness enhances the interfacial resistance and may affect the wettability negatively. An
improvement of the wetting was observed with increasing operation time. Experiments
also suggested some solubility of the BASE in liquid sodium, indicating a degradation
of the ceramic.

Hu et al. [98] (2013) reported that the composition of the liquid sodium affects the
wettability of the BASE: e.g. calcium impurities from the BASE may migrate to the
Na/BASE interface and hinder the sodium ion transport. Moreover, they suggested that
the polarization at the anode/BASE interface may be affected due to an incomplete
wetting of the 3”-alumina by molten sodium, affecting the electrochemical performance
of the cell.

Coating technologies for AMTEC electrodes. There are several coating technolo-
gies that can be used to manufacture porous thin electrodes in AMTEC cells. The most
used coating method in AMTEC cells has been the physical vapor deposition (PVD)
through magnetron sputtering (described in chapter 6.2).

A liquid-based technology was presented by the group of Kato et al. [99, 100, 101]
(1990) at the Kyushu University, Japan; the so called screen-printed method. An ul-
trafine metallic powder is mixed in a liquid solution of terpineol and ethyl-cellulose; the
resulting paste is printed in a film on the substrate by a screen printing method. The
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paste film is then leveled for more than 10 minutes and dried at 150 °C in air for 15 min-
utes. Finally the electrodes are fired at 800 - 1000 °C in an optional reactive atmosphere
(nitridation) for 1 - 3 hours.

Photolytic chemical vapor deposition (PCVD) of molybdenum grids was reported by
Ryan et al. [92] (1991); the substrate was heated to 120 °C and Mo(CO)s was placed
in the metal carbonyl chamber. Metal carbonyl dissociates as result of absorption of
UV light, the photoproduct (Mo) condenses on the substrate surface in the illuminated
area. It was possible to write micrometer sized patterns on the substrate using the
photodeposition technique. The PCVD process was also used to create RhW integral
electrodes and current collecting grids [102] and showed an increased 25 - 50 % the
overall performance of the cell due to the decreased electrode resistance

Mo/Na, TiO, electrodes were made by Ryan et al. [103] (2001) by mixing a slurry of
Mo metal and TiO, powders and letting the sintered electrode react with sodium vapor.
Electrodes were further fired in vacuum for 2 hours at 1000 °C to remove the cement
and sinter the electrode. The main purpose was to develop electrodes that contain
Na-Ti-O compounds that are both electronically and ionically conducting. The mixed
conducting electrodes had performed better: G, =5 - 10, B ~ 100 AK/2/Pam? than
electrodes of Mo alone: G, =20 - 30, B., ~80AKY2/Pam?. Fletcher and Schwank
[90] (2003) used the same technique to sinter TiN/TiO, electrodes. Sintered mixed
electrodes exhibited a 39 % increase in power output over the sintered TiN electrode.
However, sputtered TiN electrode showed still better results due to its excellent unifor-
mity and adhesion to the BASE surface.

Using a sol-gel method Kim et al. [104] (2014) developed Mo/TiN composite elec-
trodes. The motivation was to obtain electrodes that combine the properties of good
conductive Mo and the high stability against grain growth from TiN. Results showed that
after 10 times thermal cycling at elevated temperatures (800 °C) the grain growth was
almost negligible (0.62 — 0.65 um) compared to that of Mo electrodes (0.24 — 3.92 um).
The electrical conductivity, however, decreased rapidly with increasing temperature. At
700 °C the conductivity was ~ 250 S/cm, significantly lower compared to the ~ 750 S/cm
of Mo alone. The synthesis of the composite powder is a rather complicated process
consisting of 6 steps and a total of ~ 12 h, including a firing of the composite powder of
6 h at 900 °C.

Attending to the high chemical reactivity of the BASE, the coating process should
be performed in vacuum or in an inert atmosphere or to be decontaminated during
several hours at high temperatures > 600 °C. Ideally, the temperature applied during the
process should be moderate in order to avoid additional not-desired chemical reaction
products originated by the chemical activity of the BASE. Table 2.6 summarizes the
different coating processes that can be applied to develop AMTEC electrodes.
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Coating Temp. Deposit. rate | Vacuum Advantages Disadvantages
technology [°C] [um/h] [Pa]
Liquid-based 800 - Atmospheric pressure. Porous structure. Elevated temperatures.
technology - 1000 - - Ability to combine materials (composite) Long sintering process (several hours).
(sol-gel, screen-printing) Low microstructural quality.
Physical Vapor 100 - 1- 10~7 - | Columnar grain structures typical. Ability Moderate deposition rates. Difficulties
Deposition (PVD) - 700 - 600 -1 to control composition and morphology. of coating of elaborated shaped pieces.
a) Laser ablation ~700 - 10-3 - Possible to vaporize high-melting High vacuum.
(pulsed laser - metals (Mo, W, etc.). Very high Elevated temperatures.
deposition) (at target) - 600 10~ deposition rates possible (~ 600 .Ea_
however at the expense of quality.
b) Magnetron 100 - High adhesion/bonding of the layer. Impurities in the layer.
sputtering - 250 <5 10-1 - 1 Lower processing temperatures. Low deposition rates.
Higher pressure. Ability to control
composition and morphology of the layer
C) lon Beam 100 - 1.2- No inclusion of gas molecules in the Moderate deposition rates.
Sputtering - 500 _30 ~1 sputtered film. Low vacuum Added expense and complexity.
Difficulty to scale the process.
Vacuum plasma 100 - 10 - High deposition rate. Short fabrication High temperature process,
spray 10 time. Ability to be an automated nevertheless rapid solidification
(VPS) production line (cost-effective). of melts. Low deposition rates.
- 800 -65 . . .
Control of the porosity. Thicker thicknesses.
Electrochemical Fast deposition rate. Dense films. Metal halides needed.
Vapor Deposition ~ 1000 <50 <10° Columnar structures typical. Elevated temperatures. Mostly used
for production of electrolytes.
Chemical Vapor 400 - 36- 013 - Application to elaborately shaped Precursors can be highly toxic, explosive
Deposition pieces (holes). Extremely uniform layers. or corrosive. Byproducts hazardous.
(CVD) - 1000 _36 10 Possibility of Plasma-Enhanced process. Elevated temperatures. Film

contamination. Low deposition rates.

Table 2.6: Review on coating technologies usable for AMTEC electrodes [61, 105, 106, 107, 108, 109, 110, 111].
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For this work the reactive magnetron sputtering technique has been selected due to
the possibility to control composition and morphology of the electrode, the typically high
adhesion of the film due to the high energy of the particles reaching the substrate, the
lower process temperature and the large reported experience in the AMTEC literature.

2.3.3 Current collector

The main function of the current collector (CC) is to electrically connect the current lead
with the cathode electrode; the structure needs to allow a good transport of sodium
vapor (same as the cathode), provide a low electrical resistance to reduce the ohmic
losses and facilitate a fast electron transport to reduce the activation polarisation losses.
A reduced attention has been paid in the literature to the current collector morphology.
Though, it has been shown to have a great impact on the power output of the cell. Ex-
perimental results from Knddler et al. (1992) [86] showed that large electrode areas
exhibit lower power densities than smaller ones. This was explained by an inefficient
contact of the CC to the porous electrode and a non-uniform current distribution along
the electrode surface. Experimental tests confirmed the large impact of the CC struc-
ture on the power density: a power output increase of 50 - 100 % was achieved through
an optimized CC structure alone. This distinct increase of the power output can be ex-
plained by an enlargement of the active electrode area. A situation of poor or no contact
between CC and electrode surface in some regions favors the deviation of the current
to those regions where the contact is better due to the lower local electrical resistance.
Therefore, the net active electrode surface is reduced.

This effect was also investigated in the nineteens at FZK [112, 113, 114, 115]. These
authors tested an AMTEC cell at same temperature, electrode and inner CC structure
and varied only the outer CC structure, the corset, and the electrode surface. Table 2.7
summarizes the most relevant results of the performed CC tests. The effect of the area
is reflected comparing results AS11 and -22 with AS09, -17 and -20 (see figure 2.21).
Although larger areas should give larger performances, results show the opposite. This
is due to the better electric contact of configurations AS11 and -22, which is easier
to obtain for smaller areas. Therefore if the electric contact obtained in configurations
AS11 and -22 could be extrapolated to higher electrode surfaces, then the power output
in AS09, -17 and -20 should be an order of magnitude higher. As shown in table 2.7, it
is considerably difficult to obtain a good and homogeneous electric contact. Improving
the contact quality can be achieved by using a proper corset. For instance, corset
ASO09 offers a poor radial compression in comparison to AS17 and -20. Even between
AS17 and -20 a large difference in power output is observed. This is very likely due
to the compression difference obtained through the screw connections, which can be
gradually adapted to the desired compression. Here, special care is needed not to
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tense the corset beyond the fracture toughness of the ceramic to prevent its fracture.

AS09 AS17, AS20 AS11, AS22

Figure 2.21: Photographs of different current collectors tested at FZK in the nineties
[112, 113,114, 115].

| Test Nr. | Corset | Ac [em?] | Py [W/em?] |

AS09 Ni-mesh 4/1.2mm 26.4 0.147
AS11 Screening sheet (Ni) 1.65 0.405

4 pieces:
AS17 | 2x screening sheet (Ni) + 26.7 0.249

+ 2x perforated plate (SS)

4 pieces:
AS20 4x perforated plate (SS) 26.7 0.785
AS22 Screening sheet (Ni) 2.56 1.073

Table 2.7: Summary of current collector tests performed at FZK [112, 113, 114, 115].
Effect of current collector structure on the power output of the cell is presented for
Tn, =800 °C, Mo electrode 1 - 2 um, Ni foam (2.2 mm) inner current collector structure.

The losses due to sodium vapor transport in the cathode can be reduced through
a decreased cathode thickness. This would, however, increase the sheet resistance of
the electrode and thus the total cell resistance. The high electric sheet resistance of the
electrode could be ideally compensated through a CC structure with an infinite number
of contact points to the electrode as represented in figure 2.22. Moreover, a graded
structure (increasing thickness of the wires and decreasing number of wires in the radial
direction to the current lead) should reduce the ohmic losses. To further optimize the
ohmic losses, the structure should be made of a single piece eliminating thus internal
contact resistances. The configuration shown in figure 2.22 reduces additionally the
concentration losses due to the enhanced porosity and reduced electrode thickness of
the CC.

On the other hand a reduced electrode thickness has a positive effect on the mass
transport in the cathode. Therefore, an optimum electrode morphology is directly de-
pendent on the CC structure; meaning that literature data concerning the effect of the
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Figure 2.22: Sketch of an ideal current collector graded structure for an AMTEC cell.

cathode morphology needs to be interpreted together with the current collector. Unfor-
tunately, most of the literature does not consider this aspect in a closed form.

Obtaining a good mechanical (and therefore electrical) contact of the CC to the
electrode surface becomes a main issue due to the cylindrical geometry of the ceramic
electrolyte. The contact resistance at the CC - cathode interface predominates among
the electric losses of the cell and is significantly influenced by i) the geometrical toler-
ances in the radial direction and ii) the pressing force applied during the cell assembly to
tighten the CC to the cathode surface. The large significance of the contact resistance
in a cylindrical cell configuration is confirmed through the experimental study carried out
by L. Biergans [116]. Here, different CC structures have been tested. Results are pre-
sented in chapter 6.3. In the case of the SOFC the importance of a good gas transport
has also been confirmed experimentally by Kornely et al. (2011) [117]; a change in the
flowfield design of the metallic interconnector (equivalent to CC) caused a performance
decrease of up to 41 %.

2.3.4 Fluid conditioning

Sodium and potassium are the prime considered candidates working fluids in AMTEC
cells due to their favorable thermo-physical properties, which are summarized in table
2.8. There is an extensive experience in AMTEC working with sodium in contrast to
potassium, which has not been yet widely spread as working fluid especially owing to
the difficulties in manufacturing K-BASE electrolyte with conventional techniques (very
high vapor pressure of K,O at very high sintering temperatures) and to the limited
database on the large scale use of potassium [81]. Nevertheless a certain growing
interest in K-AMTEC cells is observed since 2000 thanks to the vapor phase deposition
method developed by Virkar et al. [53].

The most notable advantages of sodium compared to potassium are [84]: i) the
higher surface tension in fluid state that supports the capillary process (used to form
a “radiation shield” with liquid sodium due to its low emissivity), ii) a lower molecular

55



2 ALKALI METAL THERMAL TO ELECTRIC CONVERTER (AMTEC)

Properties

| Sodium | Potassium |

Melting point [°C] 97.82 63.2

Boiling point [°C] 881.4 756.5
Saturated vapor pressure [Pa] ~5 ~ 38
Liquid density [kg/m?] 805 696
Liquid surface tension [mN/m] 145.6 75.6

Latent heat of vaporization [kJ/kg] 4205 1983

Liquid specific heat capacity [J/kgK] | 1251.7 788.7
Dynamic viscosity [10~* Pas] 2.01 1.51
Molecular weight [g/mol] 23 39.1
Elelectrical resistivity [u2cm] 34.6 55

lonic resistivity of BASE [Q2cm] 2 6

Table 2.8: Thermo-physical properties of sodium and potassium at 627 °C [84, 118,
119, 120].

weight that helps also the capillary process as well as decreases pressure losses on
the cathode side, iii) a considerably lower electrical resistivity, and iv) a three times
lower ionic resistivity of the Na-BASE. However, potassium has also several advantages
like a higher vapor pressure (120kPa at 1050 K versus 35kPa for Na) that allows a
higher anode vapor-pressure and a lower hot temperature, and a smaller latent heat of
vaporization, which reduces the thermal heat input and lowers source temperature in
vapor-anode cells, simplifying their design.

In this work sodium has been selected based on the following reasons: i) the ad-
vantages of sodium properties in AMTEC mentioned above, ii) the excellent properties
of sodium as heat transfer fluid for CSP, iii) the background knowledge available in Na-
technology at the institute and iv) the lower associated risks regarding the chemical
reactivity compared to potassium.

2.3.5 Modular design integration

AMTEC cells can be connected in series for higher cell voltage and thus higher output
power. Modular AMTEC cells are known as multi-tube AMTEC converters. Commonly
only vapor-anode AMTEC cells have been connected in series due to the simplicity to
insulate electrically the BASE tubes from each other and from the cell structure by using
sodium vapor as insulator. Liquid-anode AMTEC cells showed difficulties in insulating
the BASE tubes from each other because of the electrical conductive properties of
liquid sodium. One example of a multi-tube AMTEC system is described in [121], a
vapor-anode 7-tube AMTEC initially designed for the Pluto Express (PX) mission.
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Figure 2.23: Schematic cross-section view of a vapor-anode multitube AMTEC for the
Pluto/Express mission [121].
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2.4 Fields of application

Since AMTEC allows any heat source able to reach high temperature, it can be coupled
to different power conversion systems. During the history of AMTEC, many combina-
tions were proposed for an AMTEC based power generation. The most widespread ap-
plications are for aerospace power generation: in the case of deep space applications
like Pluto Express mission [121, 122, 123] the device is coupled with a radioisotope
power system; on the other hand, for the use on midearth orbit satellites or for solar
system exploration, concentrated solar energy can be used as the heat source. The
main research on AMTEC-power generation for spacecraft operations has been car-
ried out in the USA (Ford Motor Company, Jet Propulsion Laboratory (JPL), Advanced
Modular Power Systems, Air Force Phillips Laboratory, Orbital Sciences Corporation).

Parallel, at the FZK (former KIT) developed AMTEC cells in cooperation with ABB for
terrestrial concentrated solar power applications [1, 86]. The high working tempera-
tures achievable in the AMTEC cell, make this converter a potential candidate in the
concentrated solar thermal industry: e.g. the AMTEC & CSP 2.0 concept presented in
this work. Also in Japan, China, Korea and USA the solar application of AMTEC has
been proposed [21, 22, 124, 23]. Other applications are connected to the use of excess
heat of industrial processes and other power conversion systems.
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This chapter resumes theoretical and experimental research on AMTEC devices. First,
the history of AMTEC systems is summarized; then diverse experimental investigations
on the main AMTEC components carried over the years are presented. At the end,
various theoretical and modeling studies of AMTEC proposed by diverse authors are
discussed.

3.1 History of AMTEC converter

AMTEQG, originally called Sodium-Heat-Engine, arose as a spinoff of the NaS-battery
research at the Ford Motor Company [125]. Jointly with the Jet Propulsion Labora-
tory (JPL), the Ford Motor Company followed the research focusing on electrical power
generation for spacecraft operations. First AMTEC cells had a single-BASE tube config-
uration and a liquid sodium anode. Cole [32] showed in 1983 that at high temperatures
the specific power output of the cell dropped in time. The effect of the power degrada-
tion increased with the electrolyte temperature and depended on the tested electrode.

The fast development on AMTEC technology in the 90s made it a promising power
conversion device for space missions. Hunt reported in 1985 [126] a cell efficiency of
19% and a stable cell performance of 0.4 - 0.5W/cm? with TiN electrodes for 1600
hours at ~800 °C. Underwood et al. [87] reported in 1988 power densities of 0.7 -
0.8 W/cm? with Rh/W electrodes during 160 hours and at 857 °C. The advantages of
AMTEC technology in spacecraft were significant compared to the state-of-art of the
technologies available in the nineties [127]: 20 % tested efficiency and expected effi-
ciency of 30 %; static conversion system; d.c. output that allows modular connection
in series; reduced platform/radiator area leading to significant savings in power system
mass and cost; and a conversion technology that is compatible with many heat sources
(solar, radioisotope reactor, combustion, etc.).

While the JPL focused its research efforts on space applications, the group of Heinzel
[2] in the FZK, Germany, worked in cooperation with the Asea Brown Boveri (ABB)
in different liquid-anode AMTEC experimental studies for CSP terrestrial applications.
Elaborated tests were made from 1989 until 1993 to analyze different electrodes, cur-
rent collectors and current leads [128, 1].
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The concept of vapor-anode AMTEC cell appeared at the beginning of the 90es. This
kind of AMTEC cells use vapor sodium and porous electrodes on both sides of the
BASE tube and include a boiling heater for the vaporization. The disadvantages of
vapor anode cells are a lower power density and lower maximum current density caused
by higher polarisation losses in the anode and a complex design for the evaporator,
which must avoid sodium to condense generating an electrical short circuit. The main
advantage, however, is given by a simpler electrical isolation for serial stacking design.

Connecting the BASE tubes in series (modular design, see figure 2.23) increases the
terminal voltage of AMTEC and thus the power output of the cell. The first liquid-anode
AMTEC cell with series connected BASE tubes was tested in 1991 by Masuda et al.
[129] at the Electrotechnical Laboratory in Japan, with two BASE tubes. The obtained
terminal voltage was 2.73V and power density 0.23 W/cm? remained low due to high
electric losses in current collecting bus bar, however, heat losses could be reduced as
a result of the optimized modular design. Nevertheless, the complexity for isolating
electrically the BASE tubes in liquid-anode cells, led to further focus on vapor-anode
multitube cells.

Some years later, the Air Force Philips Laboratory in in Albuquerque (USA) developed
and tested different vapor-anode series-connected AMTEC cells for advanced radioiso-
tope power systems (ARPS) in cooperation with Advanced Modular Power Systems
(AMPS), Orbital Sciences Corporation (OSC), Nichols Research Corporation (NRC)
and the Institute for Space and Nuclear Power Studies (ISNPS) [121, 130]. The de-
velopment was focused on the Pluto Express (PX) mission. In 1997 Merril et al. [122]
reported a fast power degradation of PX-cells in time by 20.7 % over ~ 3000 hours.
Subsequently, Lodhi et al. [131] from the Texas Technical University reported in 2001
also a power degradation of the PX-3A cell of up to ~ 50 % after 2 years of operation.

A decrease on the BASE conductivity over the time has been observed by several
authors, which influences significantly the power output. Consequently, different BASE
degradation models have been developed [132, 133, 134, 135]. Authors reported the
existence of a critical current density threshold, at which internal failure of the BASE
is expected. In 2000 Lodhi et al. [136] simulated the degradation behavior of AMTEC
and compared the results with empirical data. They found that during the first 7000 h
of operation almost ~ 70 % of the power loss was associated to a reduction of the ionic
resistance of the BASE. Over 7000 h of operation, the degradation of other components,
like electrodes, became relevant too. After 12000 h, the ionic resistance of the BASE
increased, reaching 58 % of the total cell resistance.
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In 1994 Ryan et al. [137] presented a model for the prediction of electrode lifetime based
in the grain growth rate. Assuming that grain sizes > 1 um make AMTEC inefficient, they
predicted that Mo electrodes would live ~ 6 years at 852 °C and Pt2.5W electrodes 60
years. Lodhi and Briggs [138] found in 2007 that the grain growth depends on different
parameters: initial grain size, exponential growth, mobility, activation energy, electrolyte
temperature and time of operation. They developed also an empirical relation to predict
the power loss over time. Lodhi and Briggs were less conservative than Ryan et al.
and predicted ~ 30 % power degradation for Mo electrodes after 15 years at 877 °C and
32 % degradation for TiN electrodes.

Contrary to the disclosed results by several authors, Hunt and Rasmussen [139] re-
ported in 2006 the long term constant performance of a small, multi-tube AMTEC
converter over 5 years of continuous operation. The cell had an input temperature
of ~ 642 °C and performed 0.5 to 0.6 W. This results show the first AMTEC cell operat-
ing over several years without power degradation. Although no explanation is given by
the authors to these positive results, the statement may have been positively influenced
by the relative low operation temperature, very low power output, and very low current
Tmaz ~ 1A,

Over the years, AMTEC converter has shown to have a large potential as direct en-
ergy converter. Still several issues remain, requiring further investigations, in particular
losses in BASE and porous electrode.
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3.2 Specific component research. Major developments

AMTEC cells have two main issues that have been investigated in detail in the literature:

High cell losses/low cell efficiency. Compared to the maximum theoretical efficiency
(~45% at 800 °C) the reported efficiency of a AMTEC cells remains low: the best
AMTEC cell had a 25 % efficiency [1], however typical values are even lower: ~ 15 %.
The main cell losses attributed to the low efficiency are distributed as: i) heat losses
(heat radiation losses represent ~ 40 % of the total cell losses at 800 °C according to
[1]), and ii) polarisation losses. As already mentioned in chapter 2, the morphology of
the cathode and current collector structure are of vital importance to reduce polarisation
losses. An optimum morphology of the cathode varies depending on the electrode
material and is therefore individual for each material.

Fast power degradation. The output power of AMTEC cells has evidenced a fast
power degradation (power output reduction of ~ 50 % after 2 years of operation [122]).
The reduced chemical stabillity of the BASE (e.g. sensitiviness to moisture absorpi-
tion), the high operation temperature and the corrosive medium (sodium) are the main
responsibles for the power degadation of the cell. Referring to cell components, the
degradation of the BASE is responible for the most power reduction (up to ~ 70 % during
first 7000 h [136]), while the porous electrode degradation (cathode) begins to be rele-
vant at temperatures > 700 °C [137] and more advaced operation time (> 7000 h [136]).
The BASE experiences a decrease in the ionic conductivity as result of the degradation
of the chemical structure. The main cause for cathode degradation is the grain growth.
It occurs due to grain sintering at high temperature during long operation time and is
strongly dependent on the electrode material [140]. As the grain grows, the length of
the TPL decreases, which reduces the amount of sodium atom recombinations. Simul-
taneously, voids become larger, which can lead to a decreased grain-to-grain contact.
The final effect is a drop in the cell current density.

Subchapter 3.2.1 deals with the major developments and investigations on AMTEC
porous electrodes concerning the influence of electrode morphology, material and degra-
dation behavior on the ouput power of the cell.

The transition of ceramic (BASE) to metal (cell structure) in AMTEC (see figure 2.11,
Nb-brazing) remains a technological issue due to the chemical and thermo-mechanical
challenges associated with the high operation temperatures and the thermal transients.
An overview of the main developments on ceramic-metal joint is presented in subchap-
ter 3.2.2.

Finally subchapter 3.2.3 summarizes the main investigations on BASE degradation
mechanisms. The following literature is organized in a historical sequence.
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3.2.1 Porous electrode

An extensive literature on AMTEC-porous electrodes exists that focus on overcoming
the well-known challenges. This subchapter focuses on the main achievements of the
porous cathode.

In 1986 Williams et al. [141] carried out voltammetry experiments with partially oxi-
dized porous molybdenum (Mo) electrodes at different temperatures. Redox processes
were detected involving sodium and MoO,. The most important product of reaction was
Na;MoO,. The ionic conductivity of Na,MoO, was measured and revealed a sharp in-
crease with the temperature. For temperatures higher than 427 °C the ionic conductivity
was large enough to explain the enhanced results and to improve sodium transport in
AMTEC electrodes below the melting point of Na;MoO, (687 °C). In the same year,
they developed a model for the chemical reactions that occur in porous Mo electrodes
and achieved a regeneration of a degraded electrode by an O, treatment [95]. The
regeneration treatment showed to recover up to ~ 80 % of the initial current density.

1988 Underwood et al. [87] tested four different electrode compositions: very thin
molybdenum (VTM), platinum/tungsten trilayer (Pt/W), rhodium/tungsten bilayer (Rh/W),
and titanium nitride (TiN). The electrodes reached stable maximum power densities of
0.4 to 0.8 W/cm? for temperatures between 827 and 977 °C during 90 to 160 hours.

1988 Wheeler et al. [91] tested porous Mo and W electrodes at different thicknesses.
For thicknesses smaller than 0.4 um the sheet resistance of the sputter film increased
rapidly but the power degradation and the vapor flow resistance were reduced. In order
to compensate sheet resistance, fine current collector grids with a higher density of con-
tact points were required. Mo electrodes (0.5 um) gave power densities of 0.4 W/cm? at
927 °C and tungsten electrodes (0.5 m) performed 0.35 W/cm? at 907 °C both after 40
- 90 hours of operation.

1989 Williams et al. [93] studied the resistance and the power of the cell using WPt
and WRh electrodes with different porosities and thicknesses. For the WPt electrode at
887 °C they obtained a final maximum power density of ~ 0.8 W/cm? and for the WRh
electrode the maximum power density was 0.5 - 0.8 W/cm? at 932 °C.

1991 the group of BoBmann [142] at the Asea Brown Bovery (ABB) tested two dif-
ferent liquid-anode AMTEC cells to examine the influence of the electrode thickness,
operation temperature and the positioning of the condenser on the output power and
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efficiency. They measured power densities, cell resistance and sheet resistance of the
cell by TiN electrode thicknesses from 0.2 to 5 um at a temperature of ~ 750 °C and a
constant electrode area of 30 cm?. The maximum power density of the cell increased
continuously with the electrode thickness (from 0.02 to 0.12 W/cm? by respectively 0.2
to 5 um thicknesses) [128]. In comparison with Mo, TiN has a much larger sheet resis-
tance for the same electrode thickness due to the six times higher electrical resistivity
of TiN. This explained the positive effect of increasing the thickness of the TiN layer on
the resistance of the cell.

1991 Williams et al. [94] proved stable W/Rh electrodes with overlying molybdenum
current collecting grids, mesh and leads during 800 hours at ~ 877 °C for an output
power density of ~0.55W/cm?. A total of six electrodes with areas smaller than 10 cm?
were tested with Ni and Mo current collector grids. Those with a Ni grid showed a
significant metal migration of the Ni grid and the W/Rh electrodes, leaving about 40 %
of the electrode area free of metal film. The performance of the electrodes with Mo
grids was stable.

1992 Kato et al. [101] tested several ceramic electrodes: TiN, niobium nitride (NbN)
and titanium carbide (TiC). They observed that the maximum power densities of the
electrodes depended considerably on the degree of vacuum. For NbN electrodes a
variation of the vacuum pressure from 130 to 0.037 Pa contributed to an increase in the
power density from 0.12 to 0.27 W/cm? due to the enhanced diffusion process through
the electrode. They also observed that at high current densities; the sodium diffusion
process through the electrode became a power limiting factor. In contrast, the power
limiting factor at low current densities was the charge transfer process. The transition
between these two regions depends on the operating temperature. At temperatures
< 750 °C for TiC electrodes, a limiting current region appears above a certain current
density: < 1.1 A/cm?. Due to the enhancement of the diffusion process by increasing
the temperature, no limiting current density was observed at 800 °C.

1992 Fang and Knddler [89] published the test results of an AMTEC converter using
titanium diboride (TiB,) porous electrodes and compared them against AMTEC con-
verters from the literature with Mo and TiN electrodes at 800 °C. TiB; is characterized
by a good chemical stability, a low resistivity and a similar expansion coefficient to that
of the B”-alumina. The thickness of the TiB, electrode was varied between 0.5 and
4 um and electrode area between 0.8 and 30cm?. A Mo mesh acted as current col-
lector, wrapped with Mo wire to the sputter layer. For a maximum current density of
about 1.3 A/cm? and an electrode area of 30 cm? they obtained a maximum power den-

64



3.2 Specific component research. Major developments

sity of 0.24 W/cm? at 800 °C. The optimal thicknesses of the TiB, sputter layer at which
the cell performed better, were between 1 and 2 um. The tests exhibited a strong de-
pendency of the power density on the electrode area: the maximum power density of
~0.37 W/cm? was obtained for the smallest electrode area at 800 °C. Moreover, the
stability of the TiB, electrodes was better than that of Mo, after more than 10 hours
of operation at 750 °C the cell remained completely stable at 0.83V and 0.5A, which
makes TiB, electrodes as a good candidate for AMTEC electrodes.

1992 Ryan et al. [143] proved the influence of the sintering rate of Pt and Rh in the
lifetime of respectively PtW and RhW electrodes. The sintering process improves at the
beginning the contact among the sputter grains and at the interface BASE/electrode. Af-
ter a while, the larger coalescence between the grains reduces the operating area of the
electrode and increases at the same time the grain volume. As a result opening voids
in the electrode appear that increase the sheet resistance of the electrode. The au-
thors showed that PtW electrodes deliver higher power densities than RhW electrodes
(~20 % more). However, Pt sinters faster than PtW, meaning a shorter predicted oper-
ating lifetime. PtW electrodes would have a predicted lifetime up to 7 years, while RhW
electrodes could achieve up to 40 years [143].

1993 Nakata et al. [144] examined TiN, TiC, TiC/TiN and Mo electrodes. A limiting
current region was observed at ~ 1 A/cm? and 750 °C, above which the power density
decreased. For a vacuum pressure under 10 Pa the power density did not depend on
the pressure, showing that there is a free molecular flow below such vacuum level.
Above 10 Pa the power density decreased affected by the viscous flow. The obtained
activation energies were lower for the ceramic electrodes (47 kd/mol for TiN) than for
the molybdenum electrodes (107 kd/mol).

1993 Kato et al. [40] compared different electrode materials made of TiN, NbN, TiC,
multilayered TiC/TiN, lanthanum hexaboride (LaBs) and Mo. They observed that TiC/TiN
porous electrode proportioned much lower current density compared to the others due
to the larger grains in the electrode. Several TiC electrodes were studied for different
grain sizes. The results of the TiC electrodes showed that smaller grain size (~ 0.07 um)
delivered the highest power density (up to 0.75W/cm? at 800 °C and 5 um electrode
thickness).

1996 Fang and Wendt [145] tested a cell with liquid anode (Na) and two different liquid
cathodes: Na-Sn and Na-Pb molten alloys. The purpose of using molten sodium al-
loys in the cathode side was to enhance the electrolyte-electrode and electrode-current
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collector contact, since the contact resistances are eliminated. Furthermore, the liquid-
cathode design does not require the vacuum system used in most AMTEC cells. A
drawback of such a process, however, is the need of a sodium-metal distillation system
in order to separate sodium vapor from the alloying metal. The theoretical efficiency of
AMTEC cells with sodium alloy electrodes depend significantly on the sodium content,
varying between 30 % for sodium concentration of 0.2 and a maximal value of 40 % for a
concentration of 0.02. The measured cell resistance of AMTEC with molten electrodes
was low (0.3 - 0.35Q/cm? at 700 °C), what denotes the important role of a good contact
between electrolyte-electrode-current collector to enhance the power output of the cell.
Fang and Wendt reported maximal power densities of 0.15 to 0.21 W/cm? at 700 °C
for Na-Sn and 0.15 to 0.30 W/cm? for Na-Pb molten electrodes. The power densities
obtained were rather low due to a low cell voltage of 0.3 V).

1997 Merril et al. [122] tested the AMTEC series cells PX-2C (6 BASE tubes) with
TiN electrodes and a cathode area of 6cm?. A maximum power output of 0.12 W/cm?
and an efficiency of ~ 14 % were obtained during a continued operation of ~ 500 hours.
PX-3, PX-4 and PX-5 series were as well tested and gave similar power output and
efficiencies [146].

1998 Tsuchida et al. [82] tested LaBg and TiB; electrodes and obtained optimum values
for particle size, thickness, porosity and vacuum pressure for LaBg electrodes. Maxi-
mum power densities at 800 °C were 0.54 W/cm? and 0.24 W/cm? for LaBs and TiB,
electrodes respectively. They observed that finer grain size allows a longer triple-phase
boundary, thus enhancing the recombination rate of sodium ions with the electrons.
However, the pore size in electrode decreases for too small grain sizes (< 0.6 um for
LaBg), causing a large resistance for sodium vapor transport. The same effect had a
low porosity: in the case of LaBg electrodes the optimum porosity of 55 % supplied the
highest power density. Higher porosities than 55 % decreased the power density due
to increased sheet resistance of the electrode. Variation of the thickness showed that
LaBg electrodes performed best with 5 um thickness. Smaller thicknesses decreased
the power density due to increased sheet resistance and higher thicknesses decreased
the power density too due to an increased resistance of the transport of sodium va-
por. Vacuum affects also power output: a pressure below 10 Pa had insignificant effect
on power output of LaBg electrodes because sodium vapor has a free molecular flow;
higher pressures instead implicated a lower power output due to a viscous flow behav-
ior of sodium vapor. They obtained the activation energy for different electrodes and
obtained that ceramic electrodes (LaBg, TiB;) have a lower activation energy than Mo
electrodes.
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2001 Ryan et al. [103] observed that in some TiN preparations had a better perfor-
mance than expected even at electrode thicknesses as large as 20 um. In those cases
titanium-oxygen compounds were present. They could demonstrate that TiO, in a va-
por sodium atmosphere reacts at high temperature to form Na-Ti-O compounds which
are not only electronically but also ionically conductive. Some tests made with Mo/TiO,
mixed electrodes showed an advanced performance compared to Mo electrodes. It
was proved that both exchange current and sodium transport were improved in the
electrode. Furthermore Mo/TiO, electrodes did not show power degradation during
1500 hours of operation.

2003 Fletcher et al. [90] published in 2003 developments of TiN/TiO, sintered elec-
trodes. Due to the TiO, compound conductivity, the power output of the sintered elec-
trode (~ 0.38 W/cm? at 850 °C) was increased 39 % compared to a sintered TiN elec-
trode (~0.27 W/cm? at 850 °C). However, sputtered TiN electrodes still outperformed
by ~23% (~0.47 W/cm?) the sintered mixed electrode due to its much smaller grain
size, more uniform structure and better adhesion to the BASE surface.

3.2.2 B”-alumina to metal joint

Ceramic-metal components can be joined by different techniques: from the mechanical,
through indirect to the direct joint. Taking into consideration the typically cylindrical form
of the ceramic, its chemical stability, low thermal expansion coefficient, the very small
thickness (< 2 mm), the high operating temperature in AMTEC process (> 600 °C), and
the required gas tightness of the joint (< 1x10~3mbarl/s), the selection of an appro-
priated technique becomes challenging. A mechanical joint is not the most adequate
method to use due to the small thickness of the BASE, the high temperatures and the
reduced space inside the cell. Other methods like direct joint, which can be achieved for
example through laser welding, ultrasonic welding, electron beam welding or diffusion
bonding, have not been tested yet with 3”-alumina ceramics at AMTEC operating tem-
perature. Ultrasonic welding and electron beam welding have been tested to weld alu-
mina ceramics to metal [147, 148]. Up to date, only indirect bonding has been reported
to be used in AMTEC cells. The most relevant bondings in AMTEC are mentioned
here. Due to the different thermal expansion coefficients between the BASE and stain-
less steel, most of the authors have used a Nb transition tube due to its similar thermal
expansion coefficient to BASE. Therefore, the following literature review focuses rather
on the indirect joint through a brazing filler metal between the BASE and the Nb tube.

TiCuNi brazing filler metal was tested by Williams et al. [94] in 1991 and Knédler et
al. [86] in 1992. In both cases the brazing was not recommended for high temperature
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AMTEC cells (> 800 °C) due to the volatility and high solubility of Cu in Na. However,
the braze performed well in tests up to 600 hours of operation, without failure [122].

In the nineties at FZK Cu from the brazing filler metal was substituted with Nb. The
brazing filler metal with 50 % NiTi and 50 % Nb was tested for the joint between Nb and
BASE tubes. Nb helped to reduce the thermal stresses due to a similar thermal expan-
sion coefficient as BASE. Authors tested 12 joints with different gap dimensions [149].
The obtained tightness was in the range of 10~7 - 10~ mbar|/s. Samples were subse-
quently subjected to compatibility tests in sodium at 1000 °C and obtained a tightness
in the range of 10~2 - 10~ mbar I/s after 1000 hours [150]. Due to the color changes ob-
served after the compatibility tests, a follow-up examination of the diffusion processes
was performed [150]. Ti oxidated in contact with BASE and reduced the aluminum ox-
ide to metal aluminum (see equation (3.1)); the concentration of titanium oxide (TiO) in
the ceramic was small (< 3 %) and it penetrated relatively slowly (< 150 xm). However
the metal aluminum penetrated rapidly (~ 1 mm) into the brazing and the Nb tube; the
concentration of aluminum in the Nb tube was very high (~ 65 %). Thus the joint bond
disintegrated. Authors recommended not to use this 50NiTi-50Nb joint for operating
AMTEC cells.

3T1 + Al,O3 — 3TiO + 2Al (3.1)

Williams et al. [151] tested in 2001 different electrode materials (Mo, W, Pt, Rh, TiN,
Vanadium (V), Ti) in sodium vapor medium at temperatures up to 900 °C for periods
of up to 6800 hours. They concluded some positive aspects for brazing filler metals.
In their tests they observed that V was also an adherent metal with no tendency to
react with BASE over short periods of time (~ 10 hours). On the other hand, they
confirmed that Ti alloys cause BASE surface degradation and damage the electrolyte.
They considered Ti as a potentially damaging metal for the BASE and proposed V as
a good sealing between metals and BASE, due to its good adhesion and no apparent
reaction with electrolyte in long term.

2013 Kim et al. [152] evaluated the bonding properties of a CaO-Al,O5; adhesive for
B”-alumina in AMTEC environment (in Na vapor and at > 600 °C). It was proven that
the adhesive provides a strong bonding in Na vapor environment at high temperatures.
For a bonding temperature of 1420 °C the bonding shear strength was 35 MPa. Higher
bonding temperatures implicated higher bonding strengths but it would involve an ac-
celerated grain growth of the BASE, not desired.
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3.2.3 Electrolyte. BASE degradation mechanisms

A long time study on the AMTEC behavior is not foreseen in this work; however, during
the 7 day long measuring campaign some power decrease was observed. Also, an in-
correct handling of the BASE may lead to BASE degradation, which should be likewise
considered. The following content summarizes the main investigations on BASE degra-
dation mechanisms made along the years, which can help understanding the behavior
observed in the experiments.

1974 Armstrong et al. [132] proposed a BASE degradation model in which the formation
of molten sodium dendrites occurred in preexisting pores/cracks in the ceramic and
propagated due to the Poiseuille pressure causing the extension of the crack and the
final breakdown of the ceramic. A mechanism of dendrite-propagation was suggested.
This degradation model of the BASE was called Mode |.

1975 Richman and Tennenhouse [133] developed a model for the degradation of B3-
alumina in Na-S batteries. The model shows a threshold current density below which
no degradation occurs. Cracks in the ceramic are filled up with sodium, decreasing
the resistance in comparison to the surrounding surface, thus ions will concentrate at
the crack tip. If the critical current is exceeded, the fracture strength will decrease
considerably with the current.

1981 De Jonghe et al. [134] proposed a mode of degradation in sodium B-alumina.
In their experiments a loss of oxygen from the electrolyte was detected that introduced
some electronic conductivity. Once an electron coming from the sodium ionization goes
inside the solid electrolyte, it will recombine in the bulk of the electrolyte to generate
sodium molecules and a local internal microfracture. This is the so called Mode Il of
BASE degradation.

1982 De Jonghe [153] developed a formulation for the critical applied voltage or current
density above the electrolyte would undergo a fracture caused by internally deposited
material. Not only the presence of impurities in the electrolyte induce the degrada-
tion of the electrolyte with Mode Il, but as well the internal sodium formation inside
the electrolyte causes microcracks. Molten sodium in direct contact with electrolyte
(anode-BASE interface) removes oxygen from the electrolyte structure, leaving oxygen
vacancies compensated by electrons. This process can be found in BASE, observed
through the darkening of the ceramic; and propagates through the electrolyte but at a
slow rate. Na-B”-Alumina was tested in contact with liquid sodium at 350 °C from 1
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to 8 days. The sodium propagation in the BASE reached ~ 350 um after one day and
550 um after 8 days. This Mode |l of degradation appears to be unlikely in early stages
of cell operation.

1983 Nicholson [135] proposed a new mechanism for the degradation of BASE that
would dismiss the degradation Mode | through Poiseuille-pressure. The suggested
model is based on the Na' ions supersaturation, which occurs when Na* ions arrive
faster at conduction plane sites than they can diffuse out and discharged. In this case
oxygen O(5) ions will oxide to sodium and electrons will trap at oxygen sites. The
removal of the O(5) ions generates the collapse of the conduction planes since they
do not maintain the space between the structural spinel blocks anymore. The reaction
sequence can be described like follows:

Nat +0(5) = Na+ 0+ Vy, +(e)s (3.2)

where V,,, represents a vacant sodium site and (e), is an electron trapped at an O(5)
site. Nicholson suggested further, that the sodium atoms coalesce into colloids giving
as result a dense microstructure which finish microcracking. The microcracks promote
sodium precipitation ending with a sodium “dendrite” progressing through the elec-
trolyte. The feasibility of this supersaturation concept is demonstrated for 3/3”-alumina
at 300 °C. According to the model the critical current density value requisite for the
degradation mechanism suggested is 2.5 to 3 A/cm?. On the other hand, the Poiseuille-
pressure model is suggested not to be appropriate as the deterioration should decrease
with the temperature according to the model, however, it was observed to increase.

1983 Kuribayshi and Nicholson [154] proved as well the unsuitability of Poiseuille pres-
sure model, since the tested electrolytes suffered enhanced deterioration with applied
tensile and as well compressive stresses during electrolysis. The work of Nichol-
son, showed that the dark coloration of the electrolyte happens without the need of
a current flow. In addition it was observed that the surface flaws in the sodium liquid-
anode/electrolyte interface play a very important role in degradation since they concen-
trate the current. For high polished surfaces (1 zm) lifetime was increased as found in
[132].

1983 Singh and Lewis [155] proved in an experiment the mechanism of BASE degra-
dation through the loss of oxygen ions from the electrolyte. They made optical obser-
vations in the sodium-electrolyte interface. Formation of needle-shaped sodium oxide
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on the surface of Na-3"-electrolyte appeared at 200 °C, meaning that liquid sodium re-
acted with BASE to produce sodium oxide and thus degrading the electrolyte by means
of loosing oxygen ions.

Following the findings of Kuribayshi and Nicholson [154],1986 Virkar [156] examined
the role of externally applied stresses on solid electrolyte breakdown under electrolytic
conditions. The results of the Poiseuille pressure model were consistent with their ex-
perimental observations. For a BASE under compression of 150 MPa acting over a part
of the length crack, the calculated critical current density was 2.23 A/cm?, while for the
case with no compression the value was significantly higher: 7.7 A/cm?.

Most of the BASE degradation models obtained were based primarily on the assump-
tion of a two dimensional crack. 1983 Virkar and Viswanathan [157] developed in con-
trast a model for a three-dimensional crack, which extended in the width direction rather
than along the length of the crack. Their results agreed well with experimental results:
for a crack length of 200 m and width 60 xm the critical current density was 18.8 A/cm?;
experiments showed values between 10 and 20 A/cm?. Virkar criticizes the conclusions
of Kuribayashi and Nicholson [154] as they did not take into account the role of the
external stresses on the working fluid.

A typical issue related to AMTEC cells is the breakout of the BASE tube. For this rea-
son, 1991 Hunt et al. [158] tested and analyzed the stresses induced in tube formed
BASE of an AMTEC cell. The experiments showed that due to the poor reflectivity
of the condenser or deficient radiation shielding, the radiation losses in the cell can
be severe, causing significant temperature gradients across the BASE and thus, raising
radial thermal ultimate stresses that could reach failure stress levels of the ceramic. Un-
fortunately no specific value for this temperature gradient is mentioned by the authors.
At high temperature, additional radial stresses in the exterior surface of the BASE tube
can appear due to impurities infiltrating the BASE from the liquid sodium side. Further,
internal stresses can appear when a significant amount of neutral sodium penetrates
non-uniformly in the BASE or due to the residual stresses originated in the ceramic dur-
ing its manufacture, sintering and cooling. A thermal shock is the most common failure
of the BASE that takes place when liquid sodium is being introduced to the BASE at a
different temperature. Temperature shocks of 200 °C could cause immediate electrolyte
failure.

1993 Steinbriick et al. [159] tested four different B”-alumina samples from four differ-
ent manufacturers. Two of them were MgO stabilized and the other two Li,O stabi-
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lized. They observed that after exposure of the electrolyte to air, samples which were
solely immersed in sodium were more reactive in humid atmosphere compared to virgin
samples or samples used under AMTEC conditions. Electric conductivities of various
BASE materials were measured at AMTEC conditions 650 - 800 °C and gave values be-
tween 1.1 - 2.8x10-*Scm. Magnesia stabilized samples showed to have a two times
higher electronic conductivities than the lithium stabilized ones. The values obtained
in any cases were negligible concerning the efficiency of the AMTEC cell. However, it
should be kept in mind regarding electrolyte degradation. XRD analysis revealed in-
ternal stresses within the 3”-alumina crystals, which may be caused by intracrystalline
sodium penetration. Nuclear magnetic resonance showed a peak attributed to sodium
metal inside the BASE only for the case of sodium exposed sample. Samples used in
AMTEC were found not to have sodium metal (within the detection limit: ~ 0.2 %). Other
tests made in collaboration with Fritz et al. [160] (1993) revealed that at AMTEC open
circuit conditions metallic sodium was formed at the condenser. This was not caused
by leakage or diffusion of sodium through the BASE but by the simultaneous transport
of sodium ions and electrodes through the ceramic. Increased electronic conductivity
occurs at elevated temperatures due to a chemical interaction between the BASE and
molten sodium or sodium vapor in AMTEC cells. The electrical conductivity becomes
significant 3.4x10~* Scm only at high temperatures > 727 °C, for lower temperatures
like in the Na/S batteries (T~ 357 °C) it can be neglected.

2001 Lodhi et al. [161] analyzed the test results from the PX-3A AMTEC cell and
deduced the importance of the different mechanisms that take place in the cell and
are responsible for power degradation. The degradation due to the BASE alone is
originated by i) loss of sodium from the structure of the electrolyte as sodium oxide,
thus decreasing the ionic conductivity and affecting negatively the stability of the BASE
[155]. ii) Formation of sodium molten dendrites within the structure, which propagate
through the structure and are able to cause an electrical short circuit. Third, iii) crack
formation by conversion of sodium ions to metallic sodium inside the ceramic. This
degradation mechanism was observed in an experiment. As the sodium ions convert
to metallic sodium at the tips of the initial cracks, they spread and formed an opening
between both sides of the cell, thus decreasing the power density. iv) Grain growth
happens at high temperature during large periods of time. As grain size increases, the
exchange current decreases due to the reduced contact between grains in BASE and
electrodes. After a few 1000 hours of operation the grain size can increase so much
that microscopic voids appear growing the ionic resistance of the electrolyte.
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3.3 Key open questions. Conclusions

The following list summarizes the most relevant issues of each component addressed
in the previous subchapter.

Electrolyte (BASE)

— Contamination. Several materials like Na and Ca account for the degradation
of BASE performance. The exposure of the BASE to air has shown to have a
negative impact not only in the ionic conductivity of the electrolyte but also on the
chemical resistance to liquid sodium.

— Microcracks at the anode side. Initial microcracks appearing on the surface of the
BASE account for BASE degradation Mode I. Formation of molten sodium den-
drites are induced in the preexisting cracks and propagate into the bulk ceramic
due to the Poiseuille pressure.

— Loss of oxygen from the BASE. Liquid sodium at the anode side reacts with the
BASE by means of producing sodium oxide, decreasing thus the ionic conductivity
and affecting negatively the stability of the BASE.

— Electrical conductivity. Even a very low electron conductivity produces that sodium
ions recombine with electrons in the ceramic originating thereby a local internal
microfracture. This is the degradation Mode Il. The electrical conductivity be-
comes significant at 7" > 700 °C, 3.4x10~*Scm [159].

— Electrolyte breakout. Thermal stresses originated through significant tempera-
ture gradients during operation (200 °C temperature shocks can cause immediate
electrolyte failure [158]), internal stresses due to sodium intracrystalline penetra-
tion in the BASE or residual stresses appearing after the manufacturing, sintering
and/or cooling of the ceramic, may be the main causes for electrolyte breakout.

Porous electrode (cathode)

— Grain size. Small grain sizes increase the power output of the cell (e.g. TiC <
0.07 um [40]) due to the increased length of the TPL. Optimum grain sizes depend
on the electrode material.

— Porosity. A high porosity enhances the sodium transport through the electrode but
increases the resistance for electron transport. Optimum porosity depends on the
electrode material (e.g. LaBg 55 % [82]).
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— Thickness. A large thickness allows a better electron transport but increases the

resistance for sodium transport. The optimum value thickness varies depending
on the electrode material: TiN > 5 um [142], TiB, 1 —2 um [89], LaBg 5 um [82].

Sintering rate vs. electrode lifetime. Under AMTEC operating conditions elec-
trode’s grains tend to sinterize mainly due to the high temperatures (considerable
electrode degradation usually at 7" > 700 °C [137] for Mo electrodes). The faster
the sintering rate, the faster the electrode degradation by means of reducing the
TPB and electrical conductivity. The sintering rate and therefore the electrode
lifetime is directly affected by the material properties: PtW electrodes have a pre-
dicted lifetime ~ 7 years, while RhW electrodes are predicted to withstand up to
40 years [143].

Chemical stability. A good chemical stability in sodium is important to avoid power
degradation mechanisms: e.g. Mo — MoO, (melting point 687 °C) [141].

Current density. The higher the current density, the larger the pressure of sodium
vapor at the porous cathode. A limiting current region appears at high current
densities (~ 1 A/cm? for TiC electrodes at < 750 °C [101]) above which there is a
viscous flow of sodium vapor that increases the transport resistance and therefore
decreases the cell power. Under the limiting current region sodium vapor under-
goes a free molecular flow that provides for higher power densities. The limiting
current increases with the operation temperature [101].

Vapor pressure of sodium at the cathode. Connected to the current density is the
vapor pressure of sodium, which dictates the flow properties and thus the losses
due to transport in the porous electrode. At pressure < 10Pa sodium vapor is
in free molecular flow regime and thus concentration/transport losses are smaller
than at > 10 Pa, where the flow regime is viscous [144].

Deposition technique. The performance of the electrode depends strongly on
the deposition technique. The best reported results are with magnetron sputtered
electrodes. Sputtered TiN electrodes outperform ~ 23 % (power output) compared
to sintered TiN electrodes [90].

Current collector structure. The transfer of electrons from current collector to the
cathode depends on the number of contact points. The higher the number of
contact points between current collector and cathode, the lower is the electrical
resistance. A good current collector structure can increase the power output of
the cell up to 50 %.
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Ceramic to metal brazing

Adequate materials are needed for the brazing, which have a similar thermal expansion
coefficient than BASE, withstand the high temperatures and do not react chemically
with sodium and BASE. TiCuNi brazing filler metal is not recommended for high tem-
peratures (> 800 °C) due to the volatility and high solubility of Cu in Na [94]. A brazing
filler metal composed of Ni-Ti-Nb may be promising, however an optimum proportion of
Ti must be obtained in order to find a good adhesion of the brazing filler to the BASE
without damaging the electrolyte due to the high reactivity of Ti with the BASE.
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4 Evaluation method

In this chapter a pressure loss model and an electrochemical model are presented,
which can be applied for the characterization of coaxial AMTEC cells.

4.1 Vapor pressure loss model

Pressure losses in the AMTEC cell occur due to sodium transport through the BASE,
cathode, current collector, the annulus space to the condenser and at the condenser as
illustrated in figure 4.1. Assuming a one-dimensional system as represented, steady-
state compressible flow and Na vapor as an ideal gas, the total pressure drop can be
described as the sum of the following contributors: i) pressure drop through the BASE
Apg, ii) evaporation of sodium at the BASE outer surface Ap.,, iii) vapor transport
through the porous electrode and current collector Ap,, iv) vapor flow in the annulus
space between the current collector p;. and the condenser p.4, and v) condensation of
sodium vapor at the condenser Ap.4:

ApTot - ApB + Ape”u + Ape + (pcd - pic) + Apcd . (41)

Anode
BASE
(R”-Alumina
Solid Electrolyte)

Apy | Ap, | (pupd) | 4
A
Apev AI?Cd

Figure 4.1: Scheme of the AMTEC one-dimensional system involved in the ATMEC
pressure losses.

The pressure loss of sodium in the radial direction of the cell is represented roughly
in figure 4.2. The largest pressure drop takes place across the BASE Apg (~2mm
thickness). The pressure drop across the electrode porous layer/cathode (~ 5 um thick-
ness) and the current collector (CC) structure is considerably larger than the pressure
drop across the annulus space between the CC and the condenser surface.

This chapter presents a vapor pressure loss model of a liquid-anode single tube
AMTEC cell based on several models from Tournier and EI-Genk [162, 33], Schock and
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Figure 4.2: Pressure distribution of sodium in the radial direction of the cell. r repre-
sents the outer radius of the BASE tube, r,. stands for the outer radius of the current
collector, r., is the radius of the inner condenser-wall, pg is the pressure in the anode
side of the BASE and p., is the pressure of the evaporated sodium in the BASE-cathode
interface.

Noravian [163, 164] and Schindler [165]. Three different concepts are presented for the
modeling of vapor transport through the electrode and current collector.

1. Pressure drop across the BASE Apg. The pressure of sodium at the outer sur-
face of the BASE (BASE/cathode interface) p., results due to the evaporation process
that occurs during the recombination of sodium ions and electrons at the triple phase
boundary. The pressure drop across the BASE is equal to the pressure of saturated
sodium at the anode pp = psa: (T8) Minus the pressure of sodium at the BASE/cathode
interface after the evaporation p.,, minus the pressure of evaporation of sodium Ap.,:

ApB =PB — Pev — Apev . (42)
Pey CaN be calculated adding to the pressure at the condenser p.; = psat (Teq) the total

pressure loss in the cell Apr,; minus the pressure drop across the BASE:

Pev = Ped T Ape + (pcd - pe) + Apcd . (43)

Subsequently the required equations to calculate the different pressure drops (last
4 terms) of equation (4.3) are presented.

2. Evaporation of sodium at the outer surface of the BASE Ap.,. The pressure drop
through evaporation of sodium at BASE surface and BASE/cathode interface is given
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by the kinetic gas theory [162], as:

2r R, T\
Apev :acc( W]R\i[g ) my ) (44)

where «.. is the accommodation coefficient which for liquid metals is close to the unity
in well evacuated and clean systems, M is the molecular weight and m; is the vapor
mass flux [kg/m?s] in electrode pores, to be calculated through the following expression:

M
g
j represents the electrode current density, while ¢. = Vol,iq/Volpu is the volume
porosity of the cathode electrode, which can be assumed as 0.9. The higher the poros-
ity the lower the vapor mass flux due to a longer TPB and thus a larger generation of
sodium vapor at the BASE-cathode interface.

i (4.5)

my =

3. Vapor transport through the porous electrode and current collector Ap.. Three dif-
ferent approaches from Williams et al. [166], Tournier and EI-Genk [162] and Schindler
[165] are presented for the modeling of vapor transport through the electrode and cur-
rent collector. Williams et al. and Tournier and EI-Genk neglected the effect of the
current collector; only the model of Schindler incorporates the current collector.

At open circuit conditions, there is no mass flow rate of sodium between the cathode
and the condenser:

miy = (ﬂ)m { Pe _ Ped } —0 (4.6)
27TR9 \/TB \/Tcd

therefore the pressure at the cathode electrode/BASE interface po¢ (state 3) at open
circuit conditions can be expressed with the following function [32]:

Tg
Tea

Equation (4.7) assumes that the sodium temperature from the anode through the
BASE until the porous electrode stays constant and is equal to Tz; and that the distance
between the electrode and condenser is in the same order of magnitude than the mean
free path [167]. In vacuum the main free path [ is directly proportional to the temperature
and inversely proportional to the pressure [168]

Pe’ = Ped (4.7)

KJBT
V2mpd?,
where d,, is the molecular diameter. For a given distance between the electrode and

[ = (4.8)
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4 EVALUATION METHOD

the condensed sodium film of 25mm and 7T =800 °C, equation (4.7) can be used for
pressures p2° < 13 Pa.

However, at closed circuit conditions the pressure at the BASE-porous electrode inter-
face increases and sodium vapor diffuses through the porous electrode and the annulus
space until it reaches the condenser. The pressure now is a function of the electric cur-
rent density j and can can be calculated by adding the pressure at the cathode-BASE
interface in open circuit conditions p2° plus the pressure drop through the cathode and
current collector Ap, [166]:

PE =P+ Dpe (4.9)

The pressure drop through the cathode Ap,. is caused by the transport of sodium vapor
through the porous structure and can be differently calculated: i) assuming a linear
pressure drop through the cathode':

Np,=K.j (4.10)

where K, represents the pressure loss coefficient of the porous electrode and j is the
current density of the cell.

i) Using the Dusty-Gas-Model. This model accounts for the effect of molecular
collision of gas with walls or aerosols and the governing equations are derived from the
kinetic gas theory. Assumed that the wall particles are uniformly distributed, and much
larger and heavier than the gas molecules, the pressure drop in the porous cathode
can be calculated as?:

Ap? = % (RjWTB) S (4.11)

in which ¢, denotes the thickness of the cathode, F' the Faraday constant, R, the gas
constant for sodium vapor, M the molecular weight of sodium (M =23 g/mol) and D
the flow diffusion coefficient [m?/s]. D is given by a viscous (continuum) flow regime
D** and the Knudsen flow regime DX [162]:

1+cp

D= Dvis DK
* 1+ckp

, (4.12)

where p is the average vapor pressure in the pores of the cathode electrode and the
coefficients of the Knudsen flow regime are described by [162]:

4r M
e —— < ) , K =0.81cF , 413
2 y R, T 1 2 ( )

"Pressure loss model from Williams et al. (1990) [166]
2Pressure loss model from Tournier and EI-Genk (1999) [162]
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4.1 Vapor pressure loss model

where r, represents the average hydraulic radius of the electrode pores.
In equation (4.12) the viscous D¢ and free-molecular D¥ flow diffusion coefficients
are given as [162]:

Dvis _ CLK]_9 — ﬁl—? and (414)
DK _ 20 + 8 (te /) te <8R9T)1/2 (4.15)
20419 (te/ry) + 3 (L))t 4\ TM ! '

in which r, denotes the average hydraulic radius of the electrode pores.

At very low vapor pressure a free-molecular flow appears in the porous cathode,
thus the Knudsen diffusion coefficient dominates the equation (4.12). However, at high
pressure (Kn < 0.02) the Knudsen diffusivity can be neglected and a viscous flow takes
place, becoming the viscous flow diffusion coefficient determining.

In some cases, the electrode does not have an apparent porosity and the sodium
flow happens through molecular diffusion in the cathode. The pressure drop in the
electrode is then expressed in terms of the geometrical factor G, [-], as in 3:

Apd = i (4.16)

3G, (szgTB)l/? M
8 M F
G, coefficient accounts for pressure losses in the porous cathode and is determined
experimentally.

Schindler [165] defined a model for vapor transport in electrode and also current
collector Ap.*. The total geometry factor G, of the cathode and current collector can

be obtained through the equation®:

F 13
G =Ko = [ — + =G+ W, , 417
P V2r MR, Ty (szﬁe ST ) @17

where G, is the geometry factor of the pores in the cathode and W, is the factor for
vapor transport through the current collector.

4. Vapor flow in the annulus space between BASE and condenser p.; — p,.. The
pressure loss from cathode to condenser depends on the properties of the AMTEC cell:
geometry, vacuum level, current density or temperature at the condenser. Equations
4.10 and 4.16 assume a vapor flow in the molecular-flow regime; however Schock et al.
[163] (1997) demonstrated that the vapor flow occurs in the transitional slip-flow regime.
Tournier et al. [162] (1999) proposed the above mentioned model for all three regimes:

3Pressure loss model from Tournier and El-Genk (1997) [33]
4Pressure loss model from Schindler (1993) [165]
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4 EVALUATION METHOD

free-molecular, transition and continuum flow regimes (equation (4.11)).

5. Condensation of sodium Ap.;.  The pressure loss caused by condensation of
sodium was obtained from the kinetic gas theory [162], and assuming an accommoda-
tion coefficient a.. of unity and is reflected in equation (4.18). In this work, the condenser
surface is much larger than the cathode surface, leading to very small mass flow rates
at the condenser m,.,; and thus to values of pressure drop tending to zero.

(4.18)

2R, T\ "* .
M d

Apeqg = Uee (
Summarizing, the pressure losses in the low pressure region of the cell (between
the outer surface of the BASE and the condenser surface) depend mainly: on the tem-
perature (Ts and T,;), on the mass flow of sodium vapor which is dependent on the
current density of the cell; and on several geometry factors: electrode and current
collector morphology (thickness, porosity, pore size), as well as the space between
the current collector and the condenser. Lower temperatures, larger electrode/current
collector porosity, smaller electrode thickness and lower current density decrease the
pressure drop in the cell. However, as shown in chapter 2 the mentioned parameters
affect also the polarization losses through ohmic resistance (lower porosity, larger thick-
ness favorable) and activation polarization (higher temperatures beneficial) and need to
be considered for an optimum operation of the cell.
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4.2 Electrochemical model

4.2 Electrochemical model

The electrochemical model calculates the current-voltage characteristics of an AMTEC
cell, as a function of the BASE and condenser temperatures and sodium pressure dif-
ference across the BASE. Assuming a constant temperature distribution in the radial di-
rection across the BASE (Seebeck voltage negligible), the effective electromotive force
of the cell V¢ can be calculated as the open-circuit voltage V°¢ minus the voltage loss
originated through the charge-exchange polarization overpotentials at anode ¢, and
cathode &,., and the ohmic losses &, generated by the internal resistance of the cell:

Ve =V — (& — &) =& . (4.19)

For liquid-anode AMTEC cells the voltage loss through the anode &, can be ne-
glected if a good wetting of the BASE by the liquid sodium is ensured (at temperatures
> 400 °C [96]). The Nernst equation (2.47) will be used to calculate the open-circuit
voltage.

After an elaborated derivation of the Butler-Volmer equation and assuming that in-
terfacial and bulk sodium and sodium-ion concentrations are equal, the current density
at the cathode interface j can be calculated as follows [166]:

J Kyj+pef
= =exp[—afpé] - Byg b pl) o )
Jo Pe

inwhich fp = F/RTg and j, represents the exchange current density at the actual equi-
librium potential of the cell and can be interpreted as a measure of the effective local
conductance at the TPB (BASE/electrode/sodium vapor) [169]. The current density at
the interface j depends on the exchange current density at equilibrium j,, the overpo-
tential at the cathode &. and sodium pressure at the interface at open circuit conditions

ocC
De"-

exp [(1 - a) fBgc] ) (420)

Defining ji* as the exchange current density of the cell at an equilibrium potential
obtained with saturated sodium vapor in contact with the electrode and assuming that
the electrochemical transfer coefficient is a = V2, the exchange current is related to the
saturated equilibrium current as follows [166]:

poc 1/2
_ sat | e _ 4.21
Jo Jo |:psat (TB) :| ( )

Rearranging equations (4.20) and (4.21) to clear the current density j on the right
side [166]:
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4 EVALUATION METHOD

(paemv O — ppeelimeveCss)

] = j() Da 4 KfJgate(l_o‘)Vcch

(4.22)

Underwood et al. [35] (1992) obtained experimentally a correlation for the saturated
equilibrium exchange current density as a function of BASE temperature and type of
electrodes:

Psat(TB)

NP ;
in which B, is characteristic for the type of electrodes and is determined experimentally.
Combining equations (4.21) and (4.23), the exchange current density at the cathode
can be calculated by:

ssat
Jo = Bex

(4.23)

(4.24)

pgcpsat (TB> 1/
T

jO:Bex |:

Clearing the cell potential V¢ from equation (4.22) [166] at o = %:

1/2
2 Pa —j (—j>2 4(Kyj+p%)
V= —In{ ——MM— | — + y 44— 7 ) 4.25
fB { 2 (Kf] + pgc) [jgat ( jgat pa ( )

This equation, however, does not consider the overvoltage losses at the cathode through
the internal resistance R..; of the cell. The actual potential of the cell is therefore mod-
ified to:

1/2
2 Pa —j (—j)2 4 (Kyj +p¥) .
VCC - _ln -~ - . N . _|_ . + —e - RCE A@] )
fz { 2(Kyj+pe) [JS‘“ ( g Pa !

(4.26)
which reduces to the Nernst equation for j = 0. The right term of the equation (4.26)
corresponds to the ohmic losses &, and the left term encloses the rest of the equation
(4.19): Ve 4-£.. The polarization overpotential at the cathode is caused by the accumu-
lation of sodium ions at the BASE/cathode interface, and can be obtained combining
equations (4.19) and (4.26):

1/2
9 . o ~iN%  A(K e 1 .
SR S R o’ B <J) LA A p) I )
I 2(Kyj+p) |75 Jo Pa fB P2

(4.27)
Assuming negligible charge-exchange polarization losses (which means that B,, is
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4.2 Electrochemical model

infinite), equation (4.26) reduces to the Nernst equation. In that case, the overvoltage
is reduced to the effect of concentration losses:

2 Pa 4(Kfj+pgc))1/2 1. pa
L= : S 4.28
¢ B n{Q(Kf] + p2°) [( Da B npgc ( )
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4 EVALUATION METHOD

4.3 Validation of the model

Former measurement data from [165] has been used to validate the evaluation method.
The authors tested a single-tube AMTEC cell with a liquid-anode and two sputtered
cathodes. One of the cathodes was used to measure the current density of the cell while
the other cathode was used to measure the open circuit voltage. The characteristics of
the reference AMTEC cell are described in table 4.1.

| Parameter | Value |
A, 42 cm?
Tx 800 °C
T.q 280 - 380 °C
Electrode Mo
Current collector | Ni-foam + Ni-mesh

Table 4.1: Main characteristics of the AMTEC prototype and the testing temperature in
[165].

To evaluate the measurement data a software was developed in Matlab, that in-
cluded the equations presented in the pressure and electrochemical models. Figure
(4.3) shows the characteristic curve of the AMTEC cell at 7z =800 °C and 7., =310 °C.

1 T I I T T T T

X  experimental
08F fitting curve

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
J [A/em?]
Figure 4.3: Comparison of computed and measured cell voltage V' as a function of

the current density ; of the in [165] tested AMTEC cell at T =800 °C and 7., =310 °C
(configured as in table 4.1).

The fitting curve has been obtained using equation (4.26). The obtained fitting pa-
rameters were the coefficient of pressure loss at the cathode and current collector Ky =
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4.3 Validation of the model

25.86 Pacm?/A, the exchange current density at saturated conditions j¢%, =6.35 A/lcm?
and the resistance of the cell R..;; =9.45 m().

Based on the open circuit voltage measurements at the secondary cathode, the va-
por pressure of sodium at the cathode side p¢© was obtained using the Nernst equation
(2.63). Figure 4.4 shows that the tested AMTEC cell under the present conditions has
a linear pressure increment K, at the cathode side, which is directly proportional to the
current of the cell. The fitting curve to the measurements was obtained using equations
(4.7), (4.9) and (4.10). The obtained coefficient of pressure loss K at the cathode and
current collector were 26.93, 25.86 and 23.15 Pacm?/A for 7., =280, 310 and 380 °C,
respectively.

60 I T T T T T *
* _ -
50r * - % J
_*— - o
= %
40 L** %+ * T, =280°Cc A
£ - * N
= | e Tcd=310°C
Q. 30r * 1
— —-T =380°C

O 1 1 1 1 1 1
0 5 10 15 20 25 30 35

J [Al

Figure 4.4: Comparison of computed and measured sodium vapor pressure at the
cathode side p¢° as function of the cell current J at 7 =800 °C and 7., =280 — 380 °C
(configured as in table 4.1).

The polarization overpotential at the cathode £. was obtained applying equation
(4.27) and is represented in figure 4.5 for three different cathode temperatures. As
expected, the polarization losses at the cathode increase with the current density, which
indicates an increasing resistance of the cathode to vapor transport with rising current
density. Moreover, the overpotential decreases with rising condenser temperature at
the same current, this is due to the decreased activation losses favored by the higher
temperature at the BASE-cathode.

The equations applied for the characterization of a single tube AMTEC cell have
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4 EVALUATION METHOD

shown to fit properly to the measurement data (e <5%). The assumption of a linear
pressure increase has been confirmed for this particular experimental test, however this
behavior may vary depending on the structure of the electrode-current collector and on
the operation conditions. Therefore, a further validation of this model should follow
this analysis focused on varying the parameters: temperature of the BASE, pressure,
electrode and current collector.

0.8

0.7F

03l T.=280°C |
N /A T =310°C |
0.1 — —-T 380°C

*

0 0.2 0.4 0.6 0.8
¢ V]

Figure 4.5: Comparison of computed and measured current density ;7 as a function of
the cathodic overpotential ¢, of an AMTEC cell at T =800 °C and T,;, =280 — 380 °C
(configured as in table 4.1).
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5 Experimental setup

This chapter gives a description of the AMTEC TEst FAcility (ATEFA) and the test sec-
tion. It provides the data of the AMTEC test cell and gives an overview of the main
facility components. Finally, the data acquisition and control system of the facility are
described.

5.1 AMTEC TEst FAcility (ATEFA)

ATEFA is a liquid sodium facility developed for the experimental investigations on AMTEC
technology. It has been built for short term experiments, limited to a maximum sodium

consumption of 3 liters. The facility is characterized by a compact structure, which is

enclosed in a box of 1.8 m height and 0.8 m width (see figure 5.1). The key component

of the facility is the AMTEC test cell that is located inside the box and coupled to the

sodium system.

Double metallic walls isolate the sodium system and separate it thermally from the
operators and the argon system. The latter monitors pressure and mass flow rate of
the sodium system. All manual valves and displays of the sensors are located on a
panel for an easy handling as illustrated in figure 5.1, left side. Cell and tanks can be
disconnected from the facility during maintenance for examination or refill.

Figure 5.2 shows the piping and instrumentation diagram (P&ID) of the facility. The
sodium open loop represented by the blue lines in figure 5.2 includes the AMTEC test
cell, the condenser and the two sodium storage tanks. Fresh sodium is pumped, using
pressurized argon, from a first tank (NA-ST-01) into the AMTEC cell; where it is heated
up from 250 to 600 - 800 °C inside the ceramic. After the diffusion through the ceramic
and electrode, sodium condenses on the condenser surface (air cooled loop) and is
collected in a secondary tank (NA-ST-02). Purification of sodium takes place at the cold
trap located in the KASOLA at INR-KIT.

Under operation, the facility can be divided in three pressure regimes, indicated by
triangles in the P&ID diagram. Division 1 covers the high pressure side of the cell. Here,
the maximum pressure permitted by the security valve AR-VS-04 is 0.17 MPa. Division
2 (AR-VI-05 closed) covers the low pressure side of the cell (1 - 500 Pa), including
the secondary tank. Division 3 (AR-VI-04 closed) has a slightly higher pressure than
division 1 to ensure the pump process of sodium from the tank to the cell.

As mentioned in chapter 2 a low pressure in the cathodic side of the cell is important
to reduce the losses. A direct bypass (through valve AR-VI-09) between vacuum pump
and AMTEC cell has been provided to allow a continuous monitoring of the vacuum
pressure.
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5 EXPERIMENTAL SETUP

" - ATEFA front paﬂgm r
L o VAr uglstem)'

(air cooling)

Na-Tanks

Figure 5.1: AMTEC TEst FAcility (ATEFA). Argon system is located outside the con-
tainment for thermal separation (left) and sodium system is enclosed through several
metallic doors (right) for safety reasons.
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5.1 AMTEC TEst FAcility (ATEFA)
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5 EXPERIMENTAL SETUP

5.1.1 AMTEC test cell

The design of the AMTEC test cell is based on the previous work at KIT from Heinzel
et al. [2]. An analysis of this design has lead to several optimizations: i) improve-
ment of the electrical isolation of the cell structure, ii) enhanced instrumentation and
iif) optimized cell design allowing for a draining of the BASE tube after a measurement
campaign and preventing thus the break of the BASE tube while cooling down the cell.
Moreover, specific component research has been performed to improve i) the ceramic
to metal joint, ii) electrode sputtering of the BASE and iii) current collector structure.

Figure 5.3 (left) illustrates schematically the AMTEC test cell. The central part of the
cell is the BASE, which has tube form (D,.; ~32mm, 2 mm thickness) and is closed at
the lower end. The BASE tube divides the AMTEC cell in two regions: the inner side
of the tube is filled with liquid sodium and pressurized with argon; and the outer side of
the tube contains sodium vapor at a very low pressure (vacuum).

R
WM
If . Feeding of
[— ll — ] liquid sodium
lCurrent I Feeding ceramic
ead/ : tube (ZrO,)
feedthrough |4 |l [} e '
Radiation < sl
shields I& It .
IJ ll | Nb-Brazing
High-Pressure h‘/l i Anode
liquid sodium ‘ A i\_- _\l current lead
Cathode - BASE Wbs
covered with NI~
current collector lf % |
Heater /’/: == __||=— Condenser
A+
Low-Pressure l) v C.(_).(‘)li'n
sodium vapor I sys‘r.enﬁ —

(air)

'| Release of
| condensed sodium

Figure 5.3: Schematic setup of the AMTEC test cell (left) and picture of the AMTEC test
cell and the cooling system (right) integrated in ATEFA without thermal isolation .

Three porous cathodes of ~45cm? (45 mm high, ¢, ~5 um) are placed on the outer
surface of the BASE by reactive d.c. magnetron sputtering. The latter are covered

92



5.1 AMTEC TEst FAcility (ATEFA)

by three current collectors, which are connected to the current feedthroughs made of
stainless steel. The outer cell steel-containment acts as condenser and is cooled by air
at the outer surface as shown in figure 5.3 (right). The ceramic electrolyte is held by
a niobium transition part coupled to the ascending metallic pipe located at the central
flange. The cell ceramic is heated up through a heater (electrical resistance) wrapped
in a spiral form and situated concentric in side the BASE (installation immersed in the
liquid sodium). Special attention has been paid to the form of the wrapped heater, in
order to avoid Lorentz forces appearing through the interaction of the magnetic field
generated by the helical electric heater interacting with the current flow of the liquid
anode. A current lead made of inconel is submerged in molten sodium and collects the
electrons from the anode. A ceramic ZrO, feeding tube is introduced inside the BASE
tube to allow a filling of the cell without splashing the inner upper walls of the test cell
with sodium. This tube allows additionally the drain of the BASE tube preventing thus
its break while cooling down the cell.

The cell assembly is divided in three main flanges (see figure 5.4) that allows a
simple assembly and disassembly of all parts and defines a favorable handling of each
component of the cell.

Radiation
shields
Intake
\ ceramic
tube
Thermo-
Current || couples
lead
(anode) ||
N
Heater collectors
a) upper flange b) central flange c) lower flange

Figure 5.4: AMTEC test cell divided in three main flanges. The upper flange a) is
assembled inside the central flange b), which is concurrently assembled inside the lower
flange c).
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5 EXPERIMENTAL SETUP

a) the upper flange contains the ceramic ZrO, feeding tube, several radiation shields,
the anode current lead/feedthrough, the main heater and several thermocouples, which
are used to measure the temperature in the anode side of the cell and also to measure
the level of liquid sodium in the BASE tube (detailed description of the level sensor
is given in subchapter 5.2); b) the central flange is connected to the ensemble stain-
less steel tube-Nb transition tube-BASE tube, three cathodes, three current collectors,
three current leads/feedthroughs and several radiation shields; and c) the lower flange
includes the containment tube for the condenser and several thermocouples that are
used to measure the temperature of condensed sodium.

A transition tube made of niobium was selected as a bridge structure for the ce-
ramic to metal joint. This material was adopted because of the similar thermal ex-
pansion coefficient (CTEy, =7.47x1075K~1) with that of the B"-alumina (CTEpasr =
7.9x107°K=!). Information about tested ceramic to metal brazing alloys in AMTEC
can be found in chapter 3.2.2. A high-temperature ceramic to metal brazing alloy for
AMTEC was developed at the Institute for Pulsed Power and Microwave Technology
(IHM) at KIT by A. Weisenburger. The main achieved results are presented in chapter
6.1. The upper part of the niobium transition tube was brazed to the stainless steel tube
of the central flange by using a nickel based brazing alloy Ni-650 from WLM.

The used BASE ceramic has been manufactured by lonotec and has a lithium-
stabilized structure. The standard composition is Na; ;Lig3Al;o7O7. In the present
prototype the BASE and the condenser are located coaxially. This configuration keeps
losses due to vapor transport low. To reduce radiation losses radiation shields are
placed axially on both sides of the cell and the inner wall of the condenser is polished.
The AMTEC cell has been examined to short circuit before operation and the critical
positions have been electrically isolated with a coating made of a ceramic adhesive.
The observed critical positions are those where vapor sodium could solidify and act
as an electrical bridge between different potentials; e.g. between radiation shields and
inner wall of the condenser, current lead feedthroughs and upper/central flange.

Design verification. A thermal and stress evaluation of the assembly has been per-
formed by J. L Palacios [170, 59] using the ANSYS V14.5 software. The main goals
of the study have been: i) the verification of the cell design for the AMTEC operat-
ing conditions and ii) identification of pressure and temperature limits of the structure.
Results indicate that no material failure occurs in the test cell, since all safety factors
determined are sufficiently large above unity [59]. The weakest component in the cell
is the upper brazing between the niobium transition part and the metallic tube, due to
the stresses generated by the large difference in the thermal expansion of the materials
(CTEgNn145m1 >2CTEN,) [170].
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5.1 AMTEC TEst FAcility (ATEFA)

The upper brazing between the niobium transition part and the metallic tube has
been determined to be the weakest component in the cell, due to the stresses gener-
ated by the large difference in the thermal expansion of the materials (CT Egn1.45m1 >
2CTEN) [170].

Several simplifications of cell geometry have been considered in the numerical anal-
ysis: ceramic inlet pipe, electrodes and current collectors are eliminated from the model.
A reduction of the computational time is achieved by applying symmetry conditions on
the lateral sides of a 1/8th slice of the cell as illustrated in the left side of figure 5.2. Prop-
erties for both brazing alloys (stainless steel-Nb and Nb-ceramic) are assumed equal to
nickel properties, considered as a conservative approach. The numerical model for the
stationary state considers the thermal block for the determination of the temperature
distribution and two structural blocks, one for the entire cell and a sub-model for a finer
discretization of the steel-Nb-BASE region. The structural analysis in the stationary
state has been performed for the nominal operating conditions planned, considering
the relevant parameters at their extreme range. The sodium temperature on the inner
side of the BASE is set to 1000 °C and the temperature of the condenser to 250 °C,
while a pressure gradient of 0.2 MPa is considered across the BASE. As shown in fig-
ure 5.5 (left), the upper region of the cell is the coldest part with approximately 100 °C.
To avoid such a low temperature a thermal insulation is provided in this area.

21.597 Max

1000 Max

899,91 19.204

799.83 16811

£99.74 14418

599,66

49957 5.26%3

39949 7.2395

2994 4.8467

19932 2.4538
99.233 Min 0.060932 Min

Figure 5.5: Calculated temperature distribution in 1/8 of cell (left) and von-Mises stress
distribution in Nb-tube (right). Steady-state nominal operating conditions at the BASE
are 1000 °C and 0.2 MPa [59].

To analyze the brazings at the stainless steel-Nb and Nb-BASE interfaces (see right
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5 EXPERIMENTAL SETUP

side of figure 5.5), the maximum shear stress theory has been considered. The max-
imum shear stress in the upper weld of the metal-Nb joint has yielded 9.1 MPa, corre-
sponding to a safety factor of 4.3, while the maximum shear stress in the bottom weld
(Nb-BASE interface) is computed to 4.8 MPa, corresponding to a safety factor of 8.2
[170]. The maximum von-Mises stress in the transition piece reached 21.6 MPa, which
corresponds to a safety factor of 6.4, considering the von-Misses effective stress the-
ory [170]. The maximum principal stress in the BASE is 1.83 MPa with a safety factor
of 15, considering the Mohr-Coulomb theory for brittle materials [170]. Under these
conditions, no material failure is expected in the test cell.

The development of the cathode coating of the BASE electrolyte has been elaborated
at the (IAM-AWP) at KIT and is presented in chapter 6.2.1. A titanium carbide (TiC)
cathode has been selected in this work due to the similar thermal expansion coefficient
with that of the BASE and the good results reported in the literature [139]. Current
collectors are used to compensate the high sheet resistance of the thin cathodes and
spread the electrons homogeneously over the cathode surface. Two types of current
collector have been considered for the tests; they consist of a nickel foam fastened
to the cathode surface with i) stainless steel perforated plate (1 mm thickness, ~ 37 %
porosity) and ii) nickel knitted wire mesh from Drahtgestricke GmbH with a wire thick-
ness of 0.2 mm and an estimated aperture of ~ 1.5 mm. A current bus made of stainless
steel acts as an electrical bridge between the current collector and the current leads.
An analysis of different current collector structures is presented in chapter 7.

Electrically isolated feedthroughs are provided to lead the current in and out of
the cell. The thin cylindrical form of the BASE restricts the available space for the
feedthroughs of the instrumentation. This can be observed at the upper flange in figure
5.4 c). Therefore miniature feedthroughs have been embedded for the 0.5 mm thermo-
couples and 2mm heater at the upper flange. These are electrically isolated through
ceramic capillary tubes to avoid or restrict the possibility of a short circuit in the cell. The
sealing material for the miniature feedthroughs at the upper flange of the cell needs to
be gas tight and electrically isolating at a temperature of ~ 250 °C. A gas tightness of the
order 10~" mbarl/s has been reached with a high temperature adhesive KYOWA type
P1-32. Thermocouples are also placed at the condenser and were introduced through
the outer cell containment. In this case however, a different approach has been followed
for the sealing of the feedthroughs due to the very high temperatures at the condenser
(up to 450 °C). First, thermocouples are laser welded to a metallic adapter, which later
on has been tight welded to the feedthrough tube.

Different structural materials have been chosen according to the operating condi-
tions to which they will be subjected. Stainless steel EN 1.4571 was selected due to its
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suitability in corrosive mediums and high temperatures for the main cell structure and
the radiation shields. For temperature regions up to 800 °C (like heater, thermocouples
and current lead) a nickel based alloy, EN 2.4663, and ceramic materials are used.

5.1.2 Facility components.

Pressure and massflowrate of sodium are controlled in the argon system of ATEFA.
A gas-mass flow controller (AR-MCV-01) has been installed for continuous feeding
of sodium to the AMTEC cell. Due to the very small sodium mass flow rate, a spe-
cial mass flow controller from Burkert (type 8710) has been chosen, which works at
0...10cm3/min regime with an inlet pressure of 0.3 MPa. Two pressure controllers
are used in the argon system, one (AR-PCV-01) is located at the entrance of the argon
supply-station (> 10 bar) to reduce the outlet pressure to 0.3 MPa for a proper operation
of the mass flow controller AR-MCV-01; the second (AR-PCV-02) is directly connected
with the anode side of the cell to adjust the pressure to 0.1 - 0.15 MPa.

The valves chosen for the sodium side (NA-VI-01, NA-VI-02) are manual bellows
valves from Swagelok serie BW with welded bellows to the valve body. A fully metal-
lic structure prevents corrosion up to temperatures of 480 °C. The isolation valves for
the argon side are manual ball valves with PTFE sealing, from Swagelok series 60
and 40. Several solenoid valves from Burkert (type 6027) have also been installed as
outlet argon valves (AR-VO-01, -02, -03), which open in case of emergency (normally
open configuration) and depressurize as result the facility as well as float the facility
containment with argon simultaneously.

The sodium piping system has an inner diameter of 4 mm to minimize the amount
of molten sodium in the facility and provide a low mass flow rate for a controlled filling of
the cell. A ventilator from Helios (MV 125) with a maximum mass flow of 360 m3/h has
been installed for the cooling system of the cell. Additional cooling is provided by the
connecting pipe at the outlet of the cell, which has a length of ~ 1.4 m and is assembled
with helical shape. Moreover, the helical shape helps to compensate the effect of the
thermal expansion.

The sodium tanks have been designed (see figure 5.6) to serve as storage tank and
sodium “pump” at the same time. The small size of the sodium inlet/outlet pipe (4 mm
inner diameter) permits an easy drain of the tank (“pumping process”) by pressurizing
the tank with argon. The sodium pipe reaches the lowest part of the tank to allow a
complete drain. The tank is provided with a security valve to avoid pressures higher
than 0.17 MPa and a metallic feedthrough is placed as level sensor, indicating a full
state (31). The argon inlet of the tanks has been designed as a hand grip for an easy
transport of the tank. A metallic filter is located in the argon pipe for a safe separation
of sodium and argon loops and an automatic-locking (or rapid coupling) mechanism is
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used at the interface between Ar-system and Na-tank that closes them both tank and
Ar-piping when separating them. This mechanism guarantees that no air enters in the
sodium system and transport tanks.

Level sensor

Rap|d Coup“ng Metal mesh (fllter) (3 Ilter)

(12 mm) ‘——T—

Ar inlet

Na pipe (6 mm)

Figure 5.6: Cross section of the sodium transport tank (left), the level sensor signalizes
a fill level of 31. Picture of the sodium tank with trace heating system (right).

Cleaning of the facility at the beginning of every test phase is essential to maintain
a high purity of sodium during operation. Vacuum is generated in the facility during the
cleaning process. The vacuum pump (VA-PP-01) used in ATEFA (HiCube™ Eco from
Pfeiffer-Vacuum) is able to generate vacuum up to <1 x10~7" mbar. Although divisions
1 and 3 from the facility (see figure 5.2) operate in overpressure, the cleaning process
requires a gas-tight facility adapted for both under- and overpressure conditions. This
has been specially taken into consideration for instrumentation, feedthroughs, valves
and connectors. For instance relief or safety valves are usually not equipped to with-
stand high vacuum ranges, therefore isolation valves have been connected in series to
the relief/safety valves that enhanced the gas tightness of the facility in case of opera-
tion in vacuum regime.

ATEFA was equipped with a trace heating system composed of: 15 heaters dis-
tributed all over the sodium system, 7 heaters located in the cell and 8 heaters in
the sodium piping, valves and tanks. Each heating system is provided with miniature
heaters of 1 - 2 mm diameter supplied by Thermocoax. They are made of stainless steel
1.4306 for a maximum operating temperature of 600 °C. The heater in the BASE tube
however is made of inconel 600 for an increased operation temperature up to 1000 °C.
The trace heating system prevents sodium from solidifying based on a previous exhaus-
tive thermal analysis on the test facility and on the test cell (see subchapter 5.1.1): e.g.
calculations have shown that the main heater of the cell can heat up the cell flanges
only up to 100 °C, therefore additional trace heating system at the flanges is needed
[170].

Further description of the ATEFA is given in Appendix B: ATEFA facility description,
regarding the trace heating system, operation procedure and safety provisions. The
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AMTEC laboratory is provided with infrastructure specific for handling with sodium.
A glovebox has been installed in the laboratory that allows an easy and safe operation
with liquid sodium at rather low temperatures < 300 °C while it permits direct optic ob-
servations. The glovebox has been used for several compatibility tests e.g. between
molten sodium and high-temperature resistant polymer compounds [7] and for the filling
of the sodium storage tanks. The sodium needs to be first cleaned and melted before it
is filled in the tank. Therefore, a specific sodium melting device has been constructed
for this purpose. Furthermore, a laboratory ventilation system has been constructed,
which is activated in case of oxygen deficiency due to a large argon leakage or due to
a sodium fire. A description of the laboratory infrastructure designed in the framework
of this work is given in Appendix C: Laboratory infrastructure, as well as the operation
procedure.
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5.2 Data acquisition and control system

The performance of AMTEC is affected by temperature, pressure and material proper-
ties (e.g. ion conductivity of BASE). The thin cylindrical form of the BASE restricts the
available space for the instrumentation. Therefore, miniature feedthroughs have been
employed that allow a large amount of instrumentation in the cell. In the rest of the facil-
ity (along the sodium and argon systems), the amount of instrumentation aims to assist
the trace heating system and the control of pressure and mass flow rate, as illustrated
in figure 5.2. The measured quantities and the corresponding data acquisition system
is summarized in table 5.1.

Measured Range Sensor type Nr. of
variable measuring
points
Temp. 0- Thermocouple Cell: 28
T -1000 °C (type-K) Piping: 6
Tanks: 2x5
Absolute Capacitive Cell : 2
pressure 0 - 4bar transmitter Tanks: 2
Dar 0 -4bar Manometer Piping: 1
0-10bar Manometer Piping: 1
Vacuum 5x107* - Pirani
DAr - 100 mbar transmitter Cell: 1
PAr
Saturated OoCV
vapor pit (1) ) (Nernst eq.) Cell:- 1.3
Sodium 0-1 Current Cell: 2
level feedthrough Tanks: 2x1
Cel 0-50A Shunt Cell: 1
current (electronic load)
0-10A digital multimeter Cell: 1
digital multimeter Cell: 3
Cell (Beckhoff, EL3681) '
0-3VDC — :
voltage digital multimeter Cell:
. ell: 1
(electronic load)
Argon 0-10 Massflow controller, Pining: 1
massflowrate | Ncm?3/min | anemometer principle Ping:

Table 5.1: List of the measured physical quantities in ATEFA.

A safe handling of liquid sodium requires a continuous supervision of ATEFA by
at least two operators during the high temperature tests. During the short term tests
(<1 day) in ATEFA the measurement data is recorded and the facility is controlled by
a personal computer (PC) based software. The control system of the facility combines
manual and automatic operation and the manual operation is always surveyed by the
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control system software to limit possible mistakes of the operator. All manual valves
and displays of the sensors are located on a panel for an easy handling. Key valves,
e.g. to control the pressure in the facility (overpressure valves) or to protect the vacuum
sensor from high pressures, are automatically monitored by the control software. Only
during the commissioning process a partially manual operation is required. In steady
state conditions the entire operation is controlled by the PC-based (automatic) software.

Instrumentation

Temperature. 28 thermocouples of type-K with isolated measuring point were assem-
bled in the test cell (see figure 5.7). Thermocouples labeled with TCn are used to
control the external heating system of the cell and thermocouples labeled with TCn-i
or SNn measure the temperature of sodium inside the cell. TCn-i are connected to the
upper flange of the cell and have a D,,, =0.5mm; the small diameter allows a high
number of temperature measuring points inside the ceramic. Due to the high tempera-
tures in this region (up to 800 °C) the selected coating was Inconel 600. TCn and SNn
thermocouples operate at temperatures <450 °C and have, therefore, a stainless steel
coating. Their diameter is D,,, =1 mm which makes them more resistant to fracture in
comparison to the 0.5 mm thermocouples. TCn-i thermocouples measure the temper-
ature of sodium in the anode domain. They were fixed on the surface of the ceramic
inlet pipe in the axial direction using capillary ceramic tubes and high-temperature ce-
ramic adhesive (Resbond 907 with mica basis) (see figure 5.8). SNn thermocouples
measure the temperature of sodium at the inner wall of the condenser. The monitoring
of the external heating system in the cell is performed using the TCn thermocouples
placed at the outer surface of the cell structure and next to both o-rings. For a better
evaluation of the temperature distribution in the cell, six different cross sectional planes
were chosen to measure temperature difference in the radial direction, between anode
and condenser. At the containment of the cell the sensors were located at the inner wall
of the condenser, to measure directly the temperature of the condensed sodium. Two
of them were placed 5 mm away from the inner wall of the condenser to record the tem-
perature in vapor sodium. A strategic location of temperature measurement points was
considered: critical positions in the cell and piping like indirectly heated areas or areas
connected to a heat sink were selected to avoid solidification of sodium associated with
a blockage of the sodium flow. Critical positions with a maximum temperature limitation
(e.g. O-ring, feedthroughs) were also considered for temperature surveillance.

In the sodium system 5 thermocouples of tpye-K and D,,; =1 - 2mm were used
to control the trace heating system in the piping and valves (see figure 5.2). The TL-1
thermocouple was introduced inside the sodium piping by using a T-piece and a com-
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Figure 5.7: Instrumentation distribution in the AMTEC test cell at the perpendicular
cross section with dimensions in mm. TCn, TCn-i and SNn represent thermocouples. K,
M, L the cell cathodes and L y,(max), Ly.(min) the Na-level measurements. Dimensions
in [mm].
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pletely metallic thermocouple-feedthrough from Swagelok. Each of the tanks has 5
thermocouples of type-K and D,,; = 1 mm; the distribution is illustrated in figure 5.9.

Figure 5.8: Assembly of 0.5 mm thermocouples on top of the ceramic intake pipe.
Thermocouples are introduced inside capillary ceramic tubes in order to electrically
isolate them for sodium level measurements.
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Figure 5.9: Distribution of thermocouples in sodium storage tank. Dimensions in [mm].

Pressure. Four absolute-pressure transmitters, a vacuum transmitter and two manome-
ters were located in the experimental facility in the argon system (see figure 5.2). Two
of them measure the absolute pressure in tanks (AR-P-01, -05) and the other two in the
anode side of the cell (AR-P-03, -04), located at the main argon access and the bypass
conduct respectively. To avoid damaging the pressure sensors by contact with sodium
or aerosols, each transmitter was positioned after a metallic filter, which consisted of a
metallic mesh rolled up covering the whole pipe cross section. This leads to a certain
deviation of the measured pressure during transients. However, at steady state, they
provide a real value. The sensors must be able to measure overpressure and vacuum,
due to the AMTEC working regime and the handling with sodium. All four absolute-
sensors are capacitive transmitters (Cerabar S sensor of type PMC71, from Endress
and Hauser) with a ceramic membrane (Ceraphire: Al,Os), which allows a maximal
operating temperature of 150 °C. They are suitable for vacuum.
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A pirani transmitter from Pfeiffer-Vacuum (type TPR 280) measures the level of vac-
uum in the cathode side of the cell (AR-P-02). Relevant for the analysis of the cell
performance is also the pressure at the interface between BASE and cathode. The lack
of space and the high temperature at the BASE-cathode interface make the measure-
ment of sodium vapor pressure with a pressure transmitter challenging. Assuming a
homogeneous pressure distribution in all three electrodes the pressure of sodium va-
por can be obtained by measuring the open voltage of one of the cathodes and using
the Nernst equation (2.47) to obtain the sodium pressure.

Sodium level. In the cell, recording the level of sodium is essential to evidence that
the required anode area (45 cm height per electrode) is completely covered with liquid
sodium but also to indicate the rupture of the electrical isolation in case that the sodium
level exceeds the maximum allowed height (total height of the BASE tube). The sodium
level was measured recording the voltage drop V1 and V2 as illustrated in figure 5.10.
Due to the reduced available space inside the ceramic no additional feedthroughs were
used. Instead, the outer metallic coat of the thermocouples was employed to carry the
electric current.

z

A
. | i—
500.Q oK1 1 51/ I SR
L max ids . Nb-brazing
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Figure 5.10: Sketch of the electrical circuit of the Na-level sensor in the AMTEC cell. V1
indicates the minimum level of sodium required and V2 the maximum level of sodium
allowed in the BASE tube.

When liquid sodium contacts TC11-i and TC7-i, V1 goes to zero indicating that
the minimum level of sodium required has been reached. If liquid sodium additionally
contacts TC3-i, V2 goes to zero and the maximum allowed level of sodium in the BASE
tube has been reached. Preliminary tests of this level sensor have been performed in
the glovebox at 250 °C and show that the driven current through the thermocouple coat
did not affect the temperature measurement and that the detection of the sodium level
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was possible even with a moderate sodium oxide layer. The maximum current is set
up to 8 mA, since at higher currents than 15 mA an electric lightning was observed that
indicates the emergence of an electric bridge and a consequent disorted measurement
signal.

Each of the tanks was supplied with a current feedthrough (see figure 5.6) posi-
tioned at the respective height of 3 liters of sodium. Measurements were performed
by recording the presence of electric current flow between the current feedthrough and
the metallic wall of the tank. The current feedthrough used is the ZE 18-12-1200 Al
(Sonderzindkerze) from WS Weinmann & Schanz GmbH.

Argon massflowrate. Sodium massflowrate in the cell can be controlled by a massflow-
controller (AR-MCV-01) located in the argon system. This valve controls the massflow
of pressurized argon that reaches the tank NA-ST-01. The tank is maintained at a con-
stant temperature and the sodium is pumped into the cell. The massflow-controller has
been installed to allow a continuous-operating of the cell for several days.

Cell current and voltage. AMTEC is characterized by a high current and low volt-
age. The recording of the characteristic curve of the cell was done using an electronic
load (ELP USBH-750 from Et-System Elektronik), which adapts the electrical resis-
tance 0.04...1.11Q for different currents. Besides, four digital multimeters EL3681
from Beckhoff were used to measure the voltage at the three electrodes (Vy, Vi, Vi)
and currents up to 10 A. In total four electric switches from Kissling Elektrotechnik were
used to control the electric circuit flow. They can break an electric circuit of up to 120 A;
three of them are manually operated and the main switch is activated through a coil at
normally open conditions. A representation of the electric circuit of the cell is in figure
5.11.

The external resistance of the electric circuit was measured from the current feedthrough
of the anode at the cell passing through the electronic load, the electric switches and
finishing at the current feedthrough of one of the three cathodes. The total external
resistance is R5** =231 m(, R =216 mQ and R$** =218 mQ) for the electrodes L, M,
K respectively. The main ohmic losses were at the contact transitions between parts.

Data acquisition and control system. The LabVIEW system-design platform from
National Instruments has been used for the development of the data acquisition and
control system software of ATEFA. It is a personal computer (PC) based software that
includes 41 programs-subroutines that are used for instance to control the temperature,
pressure and massflowrate of the system as well as record continuously all process-
relevant data in a database. The Front End of the software can be used to adjust the
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Figure 5.11: Electric circuit of the AMTEC test cell. The DC sources represent the
AMTEC cell at the three anode-cathode combinations. The electronic load has inte-
grated measurements of voltage and current.V;, V,;, Vi are the measured voltages
through the digital multimeters.

required physical parameters as well as to control several valves and the electric circuit
of the cell. The software is able to simulate the flow direction and to consider the liquid
or solid state of sodium.

The interface to the instruments, valves and system controllers (e.g. power regu-
lator devices for the trace heating system, electrical switch) combines the I/O devices
from Beckhoff and the TwinCAT 3 system manager. In TwinCAT the programmable
logic controller (PLC) is conceived as a pure software that allows running user tasks
in a virtual “PLC CPU”, on a PC. The communication between LabVIEW and TwinCAT
PLC was carried out through the Automation Device Specification (ADS) protocol. The
ADS-system was developed in TwinCAT for data exchange between both different soft-
ware modules. The resolution of the input Beckhoff devices for the data acquisition
is listed in table 5.2. The module for thermocouples (EL3318) performs cold junction
compensation through an internal temperature measurement at the terminals.

Module
Type
EL3318 Thermocouple K [mV] 0.1°C
EL3024 | Pressure transducer 4...20mA 12 Bit
EL3061 | Vacuum pirani-gauge 0...10V 12 Bit

Input signal Resolution

Multimeter 18 Bit
EL3681 Measurement range: 3V, DC 1 uV
Measurement range: 1A, DC 1 uA

Table 5.2: Resolution the Beckhoff modules used for digitization of sensor signals.
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To calculate the effective or propagated error of the measured quantities, the mea-
surement accurancy, given by the sensor; and the conversion error, given by the digi-
talization (Beckhoff modules) and the calibration of the signal, need to be considered.
A summary of the calculated propagated error is given in table 5.3.

In the case of the temperature, the Beckhoff module converts the thermocouple
signal (mV) directly to grad Celsius (°C). Therefore, the propagated uncertainty, ur, is
the sum of both deviations, the measurement accuracy, ur,,, and the conversion error
during digitalization, ur.:

|ur |= /| urm 2+ Jure 2 (5.1)

The Beckhoff multimeter module (EL3681) measures voltage and current; and digi-
talizes simultaneously the signal converter. Therefore, the effective uncertainty is that
given by the module. Pressure sensors send an analog signal as 4 ... 20 mA (capacitive
transmitter) and 2...8.5V (pirani transmitter), which are further calibrated to Pascals
(Pa) through the following equations given by the sensor data specification:

20—1
Capacitive transmitter (4...20 mA): p=2-10°- (1 T ) [Pal , (5.2)

in which I stands for the measured current in [mA] out of the sensor.

Pirani transmitter (2...8.5V) : p=K- 1039 [Pal , (5.3)

where V' denotes the measured voltage out of the sensor, and K is a konstant that
varies depending on the pressure regime: p <1mbar =K =1.7, p > 1mbar =K =1.
Based on the previous equations, the calibration uncertainty for the pressure measure-
ment u,. is propagated and has been calculated as follows:

. . Op 2.10°
Capacitive transmitter : | Upe |= B | uy |= <T) | ur | : (5.4)
. . dp (V—3.5)
Pirani transmitter:. | Upe |= E | uy |= (K 10 *YIn10) | uy | , (5.5)

where u; and uy represent the error in the analog/digital conversion given by the Beck-
hoff modules for the current and voltage signals respectively. Since u; and uy are given
in different units as Pa, they are multiplied by the calibration coefficient %. The propa-
gated error for the pressure is the sum of both, measurement accuracy and conversion
erro:
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a 2
Capacitive transmitter : | up |= \/| Upm |? + <8_]; | uy |) = \/| Upm |2+ | Upe |? ,
(5.6)
a 2
Pirani transmitter:. | up |= 7| wpm |? + (% | uy; |) = \/| Upm |* + | tpe [?
(5.7)
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6 Development and qualification of AMTEC components

This chapter deals with the experimental investigations regarding the main cell com-
ponents: ceramic to metal joint, electrode sputtering of the ceramic electrolyte and the
current collector structure.

6.1 Ceramic to metal joint

“Active brazing is a one-step process where a specifically designed brazing filler metal
is placed between two main materials and then heated in vacuum [or in an inert atmo-
sphere to avoid oxidation]. The filler metal contains a reactive metal that reacts with
the ceramic and, therefore, guarantees a good wetting between the reaction layer of
the ceramic and the base filler metal” [171]. Optimum brazing filler metals must have
[172]: a low viscosity to ensure gap filling by capillary forces and provide thus a good
distribution; low surface tension to provide a god wetting of the joint surfaces, elements
such as P, Si or B reduce the surface tension significantly; and a low volatilisation of al-
loying elements of the brazing filler metals at brazing temperatures. Also an adequate
surface preparation, a proper joint design and clearance and a concrete brazing time
and temperature are fundamental for a good quality brazing [173].

The processes occurring during indirect brazing are still not completely understood
and further analysis is required. The brazing presented in this work has been developed
by A. Weisenburger at IHM [81]. The developed ceramic-metal joint has been directly
tested under AMTEC conditions in the ATEFA facility up to 700 °C during the measuring
campaign and showed a good performance, a detailed analysis of the brazing is pre-
sented in chapter 7. The BASE-Nb brazing effort is limited to the use of a commercial
Ni base soldering paste (Ni 105 from WLM, Ni19Cr10Si) that is mixed with niobium (Nb)
and titanium (Ti) or vanadium (V) powders. The Nb particles (< 150 um) are used as
filler particles in the brazing process. For the required interaction between the brazing
filler and the ceramic, Ti (< 150 um) and V (< 150 um) particles are foreseen as the ac-
tive component. Preliminary tests revealed that the soldering paste containing V could
not guarantee the targeted contact and strength of the BASE-Nb brazing. Finally, a
composition of about 4wt% Ti and 16 wt% Nb powder carefully mixed in the Ni-base
soldering paste is used for all brazings. The mixed paste is applied directly to the areas
to be joined as it is common in active ceramic wide gap brazing. Here, a rather large
size of the gap of the order of 500 um has been selected since the calculated shear
stress at the joint is moderate. In order to melt the filler metal inductive heating process
under inert gas (Argon) has been used. The crossed section of a brazed sample is
illustrated in figure 6.1 and a detailed layout of the designed Niobium transition tube is
displayed in 6.2. A gap of 2mm has been provided between ceramic and niobium tube
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on top of the brazing gap, where the soldering paste is situated (see Figure 6.2). The
brazing has been performed by using induction heating, this permits treating only the
targeted area covered with the heater and provides a non-invasive, fast, reliable and
compact solution.

Niobium

Ni-based
brazing
~ 500 pm

- alumina

Figure 6.1: Cross sectional cut of a BASE - Niobium joint with a Ni-based brazing filler.

The design of the Nb-tube and the braze gap has been evaluated by J. L. Palacios
using the ANSYS software [170]. Since the exact properties of the filler metal are not
known, a conservative approach has been followed by using the properties of pure
nickel. As mentioned in chapter 5 the calculated maximal shear stress able to face the
Nb-BASE brazing is 4.8 MPa, cor responding to a safety factor of 8.2.

The 1st set of BASE tubes were not perfectly circular, they had an ovality of about
1 mm. This lead to cracking of the BASE tube after the joining process or to incomplete
brazing contact. These problems have been overcame with enhanced BASE tubes
that have a considerably improved circularity with tolerances <100um. The joining
process has also been optimized by adapting the heating and cooling rates to the ce-
ramic physical requirements. Using the above described brazing paste and dedicated
brazing temperatures (7},.. = 1150 °C) and conditions (Ar plus 0.5 H, at 500 mbar) the
BASE-Nb has been successfully joined. A He leak tightness of < 10> mbarl/s has been
achieved at the best ceramic-Nb joint. AMTEC cells are reported to work well with a
tightness of < 1073 mbarl/s [86, 1], therefore, the requirements of tightness are fulfilled.

During the joining process, the ceramic has been covered with a metallic sheath to
protect it from reacting with gases coming from the brazing. The ceramic area close
to the brazing (~ 1 cm in the axial direction) changed the color to a dark gray-red after
the brazing indicating that most probably a diffusion process had occurred (see figure
6.3). Titanium and Nickel from the brazing filler metal could have diffused in the BASE
according to [174].
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Figure 6.3: Change in the color of the BASE in the area close to the brazing.
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6.2 Sputtered electrode

In this subchapter the experimental achievements regarding the electrode sputtering
process are first presented and then the results of the experimental analysis of several
BASE coated samples are described.

6.2.1 Electrode coating of the BASE

In chapter 2.3 a review on the coating technologies used in AMTEC was presented.
Here the reactive magnetron sputtering technique has been selected due to the main
advantages given by this technology: possibility to control composition and morphology
of the electrode [106], a good adhesion of the film due to the high energy of the particles
reaching the substrate [110].

Sputter deposition is a physical vapor deposition technique in which a material is
vaporized in vacuum from the surface of a solid source (target) in the form of atoms,
molecules or clusters by bombarding positively charged ions (e.g. Art) to finally con-
dense on the substrate surface [111]. The plasma (Ar") used in the sputtering system
is generated through a diode; composed of an anode and a cathode inside a vacuum
system and connected through a direct current (d.c.) power supply. Due to the low de-
positioning rates (0.5 - 5 um/h [106]) the sputtering process is typically used to deposit
thin films. Incorporating a magnetic field, the deposition rate and efficiency of the pro-
cess can be increased [111], this is the so called magnetron-sputtering technique. The
magnetic field directs the plasma concentrating it in the proximity of the target material
[175].

Pictures of several successfully coated ceramics are presented in figure 6.4. The
first sputtering tests were made at IHM, where BASE was coated with Molybdenum.
The sputtered layer was stable under optic inspection. However, the thickness of the
layer was not homogeneous, this effect was observed even at a macroscopic scale. In
the second development phase, sputtering tests were performed at IAM-AWP with the
coating facility HTC 625 from Hauzer. The advantages of this facility are in first place
the larger size of the facility (the magnetron sputtering facility at IHM turned out to be
too small for the BASE-Nb-Steel unit); the highest efficiency due to a confined plasma
environment and the available rotating platform of the subtract, which allows a more
homogeneous thickness of the coating. Figure 6.5 shows one of the coated BASE tubes
after the deposition process in the magnetron sputtering facility. A reactive deposition
process was used to deposit TiN and TiC compounds on the BASE substrate, in which
the compound is formed either by the reaction of depositing material with the ambient
gas environment such as nitrogen (e.g. TiN) or by the reaction through a co-deposition
of different materials (e.g. TiC).
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a)Mo  b) TiN-a (left), TiN-b (right) c) TiC d) TiC-a

Figure 6.4: Main coating developments (IHM, IAM-AWP). Pictures made directly after
the coating process.

Figure 6.5: Rotating platform of the magnetron sputtering facility at IAM-AWP with one
BASE-Nb-Steel coated sample. A foil covers the areas not to be coated during the sput-
tering process (Nb transition tube, stainless steel tube and some parts of the ceramic).

The main challenge of the sputter deposition of AMTEC electrodes is given by the
characteristics of the substrate, the BASE and its particular tubular geometry. Typically
the magnetron sputtering process has been used to deposit metallic or aluminum oxide
films on metallic substrates due to the excellent mechanical, abrasion and corrosion re-
sistance properties or to serve as insulating or protection layer. However the magnetron
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6.2 Sputtered electrode

sputtering deposition of electron-conductive films on aluminum oxide substrates is not
commercially widespread and documentation concerning such a process is rather lim-
ited. Moreover, the challenging properties of the 3”-alumina (high chemical reactivity)
are added to the process of magnetron sputtering deposition of AMTEC electrodes.

During the sputtering process two main issues have been observed. Despite the
carefully selected parameters, the continued d.c. magnetron sputtering damaged one
of the samples as shown in figure 6.6. The ceramic dome was broken at one side and
small molten holes were visible in this region. The latter suggest that a local microscopic
to macroscopic overheating of the ceramic occurred at extreme high temperatures. Dur-
ing the sputtering process a large plasma concentration was observed in this damaged
region and the coating process was interrupted for this reason. Therefore, the local
overheating of the ceramic probably was caused by a large charge transfer through the
ceramic.

Figure 6.6: Ceramic coated with continued d.c. magnetron sputtering. During the
sputtering process a large plasma concentration appeared in the ceramic dome that
damaged it.

The following tests have been performed with pulsed d.c. magnetron sputtering
that showed not such damages at first instance (in a macroscopic scale); however, the
adhesion of the TiC coating was insufficient. Two or three days after the coating process
(in atmospheric environment) a considerable area of the coating detached as depicted
in figure 6.7. Possible causes of the moderate adhesion are: i) the surface quality of
the BASE, ii) pretreatment before the coating (cleaning, brazing, etc.) and/or iii) coating
process. For a better understanding of the detachment process occurring at the coating,
a microstructural and elemental analysis were performed and are presented next.
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1st day after coating

2-3rd day after coating. Stored in air

Figure 6.7: Effect of coating detachment over time. BASE coated with TiC-b using the
pulsed d.c. magnetron sputtering technique.
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6.2.2 Experimental analysis of the TiC electrode layer

The microstructure and the elemental analysis of some of the TiC-coated BASE sam-
ples was analyzed by M. Bologa [176] using Scanning Electron Microscopy (SEM) and
Energy-Dispersive X-ray Spectroscopy (EDX). The analysis presented in this subchap-
ter is based on her previous work. The Mo-coated BASE was also analyzed through
SEM. Finally, the quality of the layer concerning the sheet resistivity was analyzed using
the 4 point probe technique.

Microstructural/elemental analysis. Several Mo and TiC sputtered electrodes were
microscopically analyzed [176]. The selected TiC sample was a zirconium strength-
ened BASE (lonotec) homogeneously coated using the pulsed d.c. magnetron sput-
tering technique. A picture of the samples has been presented in figure 6.4 a) and
c). Before the sputtering process, the ceramic sample was heated up to 150 °C in a
vacuum chamber and underwent during one hour a plasma etching process.

In the SEM the sample surface is scanned with a finely focused electron beam and
different signals (secondary electrons, reflected or back-scattered electrons, etc.) are
received and evaluated by suitable detectors (e.g. scintillator-photomultiplier system) to
produce the microscopic image of the sample. Several samples have been gained from
the ceramic tube and further sputtered with a nanometer layer of Au/Pd to increase the
electric conductivity at the surface of the ceramic and thus, to obtain a higher accuracy
in the SEM analysis. The main objectives of the microscopic analysis are to examine the
microscopic structure of the BASE and the electrode sputtered layer and to investigate
more in detail the detachment process visible already in macroscale (see figure 6.7).

As it can be seen in in figure 6.8 picture a), the BASE has a secondary phase
located at its surface. The generation of this phase is connected to the exposure of the
ceramic in air’humid environment. Moreover, the polishing of the ceramic is relatively
coarse and even after the coating process perceptible (see figure 6.8 picture b)).

The morphology of the Mo sputtered layer is summarized in figure 6.9. A rela-
tively homogeneous grain distribution is observed in picture a) of figure 6.9. The mea-
sured average grain size is ~6 um. The thickness of the Mo sputter layer is ~ 6 um
as displayed in picture b). Between the grains porous channels are visible in picture c)
that propagate until the ceramic surface (see picture b)). Moreover the grains have a
columnar morphology as observed in pictures d) and b). Typical Mo electrodes used
in AMTEC have a significantly smaller grain size and thickness of ~1 um. Therefore,
efforts need to be done to reduce both parameters. The columnar grain growth and the
observed porosity pattern are favorable for an enhanced operation of AMTEC due to a
simplified vapor transport that reduces the pressure losses and an increased TPL that
increases the sodium recombination density.
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Figure 6.8: SEM pictures of the TiC-coated BASE (100 xm). a) A secondary phase
appears on the surface of the ceramic. b) The polishing of the ceramic is still visible
after the coating [176].
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Figure 6.9: SEM pictures of the Mo electrode at different magnifications. a) and c) are
top-views of the coating and b) and d) are side face-views.
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The SEM analysis revealed that with increasing the sputtering electric current (from
60 to 102 mA) the sputtering rate increases, the grain size decreases and the porosity
increases too (columnar configuration of the grains).

The detachment process of the TiC coating is illustrated in figure 6.10; it seems
to start in the ceramic surface as a crater (illustrated in b) and c)) and propagates in
circles in the direction of polishing (reflected in a) and d) at different sample areas).
The observed craters could have been generated by an accumulation of gas in the
ceramic surface. The morphology of the TiC sputtered layer is summarized in figure
6.11. Pictures a) and b) illustrate two different regions of the coated layer: a) shows
a homogeneously deposited TiC layer that contains certain grain agglomerations and
that has not been damaged or contains any detached areas, in contrast b) represents
a zone affected by the detachment process, where the remains of a coating island are
surrounded by the ceramic surface that appears after the detachment process.

TiC sputtered:
layer

100 um Mag= 50X SE2 WD = 13.1 mm RABSCH Halter 5_02 if Mag= 500X SE2 WD = 9.2mm RABSCH
IProbe= 500pA  15.00kV Width=2.287 mm Merlin 16 Dec 2016 IProbe= 500pA  20.00kV Width=228.7 ym Merlin

Peal s b P e N T g

Se2 WD = 84 mm RABSCH Halter 5_12.tif Mag= 100X SE2 WD =14.6 mm RABSCH Halter 8_15 tif
| Probe = 500 pA 20.00kV Width=228.7 ym  Merlin 16 Dec 2016 | Probe = 500 pA 15.00kV  Width=1.143mm Merlin 15 Dec 2016
- z : : e o

¢) 10 um d) 100 yim

Figure 6.10: SEM pictures of the detachment process of the TiC sputtered electrode
layer for different magnifications. The detachment of the electrode layer is originated by
some kind of craters that appear in the ceramic surface and propagate in circles in the
polishing direction [176].
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Figure 6.11: SEM pictures of the morphology of the TiC sputtered layer. a) The elec-
trode layer has been homogeneously deposited on the ceramic surface, b) the remains
of a TiC coated island surrounded by BASE are illustrated, c¢) and d) show the mor-
phology of the TiC sputtered layer, e) and f) display a sputter layer region, where the
porosity is reduced [176].
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In b) is observed that the edges of the coating island have suffered intergranular
fracture probably due to the gas accumulation underneath the layer, which has origi-
nated the final detachment. Pictures c) and d) are magnifications from samples a) and
b) respectively. In both cases a certain intergranular porosity is observed and the grain
size varies between 2 - 5 um.

A certain porosity in the microstructure of the electrode layer is mandatory in an
AMTEC cells to ensure the transport of sodium vapor. Pictures c) and d) of figure
6.11 exhibit in both cases small nanowires that grow fundamentally between grains and
propagate further along the grain surface in different directions. The origin of these
nanowires is unknown. Pictures e) and f) illustrate a third region of the coated layer.
Here, the porosity between the grains is significantly reduced and the appearance of
the coating surface resembles a coating that has been locally subjected to high temper-
atures forming a molten surface. An example of a molten spot was already presented
in figure 6.6, where the ceramic suffered a local overheating, apparently originated
through a electrically overcharged spot, and the sputtering process had to be inter-
rupted. The electrode layer of this sample is 2 - 3 um thick. Optimum values of thick-
ness and porosity must be determined experimentally and depend on the material of
the electrode, testing conditions and on the current collector morphology. Therefore, a
quantitative assessment to the obtained thickness can only be given after an extended
experimental analysis at the same AMTEC operational conditions.

The Energy-Dispersive X-ray Spectroscopy (EDX) has been used for the elemental
analysis of the sample. The surface of the sample interacts with an electron beam
source releasing energy in form of an X-ray, which can be detected by a semiconductor.
The selected sample for a EDX-elemental mapping analysis is depicted in figure 6.12
and results are presented in figure 6.13 for carbon (C), titanium (Ti), zirconium (Zr),
aluminum (Al), oxygen (O) and sodium (Na).

Carbon a) and Titanium b) are concentrated at the upper surface of the sample and
are therefore well defined as coating of the ceramic. A minimal amount of carbon has
diffused into the ceramic. The BASE has a certain amount of zirconium ¢) homoge-
neously distributed, and aluminum d) is situated also homogeneously in the ceramic
structure.

Oxygen can be found overall in the sample e), especially the concentration of oxy-
gen in the secondary phase of the ceramic is the highest (~ 70 um thick region), which
strongly suggests the presence of a hydrated surface region. According to Dunn [177]
the hydrated area of a 3”-alumina is constrained to a surface region of <100 xm and
decreases the ionic conductivity of the electrolyte. Finally, sodium f) is also situated
everywhere in the sample; in particular the presence of sodium at the surface of the
coating reveals that a diffusion of sodium from the ceramic has occurred and the ag-

123



6 DEVELOPMENT AND QUALIFICATION OF AMTEC COMPONENTS

TiC

BASE

}

Figure 6.12: SEM capture used for the EDX elemental mapping analysis (100 zm). The
sample lies on a specimen holder with a 60 ° surface inclination. The upper surface is
the TiC coating, the middle and lower part of the sample represent both phases of the
BASE [176].

glomerations mentioned in figure 6.11 a) are sodium agglomerations which have been
further hydrated in air (e.g. NaOH) as indicated by the oxygen mapping €). Therefore it
has been proven that the TiC layer is sodium permeable, which is essential for a proper
function of the AMTEC cell. The high amount of sodium reported on the coating surface
leads to the suspect that the observed nanowires on the coating surface (figure 6.11
pictures c¢) and d)) could be a kind of sodium nanowires.

The effect of air exposure of the BASE was explained by Dunn [177]. It consists
mainly on the formation of a hydrated surface region, where both molecular water and
hydronium ions H;O™ may enter the conduction planes. This would explain the high
concentration of oxygen observed in figure 6.13 e). Hydronium ions replace the sodium
ions, which migrate to the surface and react with the atmospheric moisture to generate
sodium hydroxide. The latter effect agrees with the observed effect of sodium diffusion
to the surface of the electrode in form of sodium agglomerations further hydrated in air.
The position of the sodium agglomerations, appears as dark spots in the carbon a) and
titanium b) mapping meaning that no chemical reaction occurred. Due to the catalytic
effect of sodium hydroxide (NaOH) to attract CO,, a consequent reaction produces CO,
species (e.g. sodium carbonate Na,CO; or sodium hydrogen carbonate NaHCOs) on
the surface [177]. In the Na mapping f) besides to the agglomerations at the outer
surface of the electrode, also a homogeneous distributed smaller amount of Na is ob-
served all over the electrode surface and coincides with the TiC layer (in contrast to
the Na agglomerations). The same homogeneous distribution is observed in the O €)
mapping at the electrode surface.
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e)0 f) Na

Figure 6.13: EDX elemental mapping (100 um) of a BASE sample coated with a TiC
sputter-layer. Analyzed elements are a) carbon, b) titanium, ¢) zirconium, d) aluminum,
e) oxygen, f) sodium. [176]
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Reaction products Na,CO3; or NaHCO; could have been involved in this effect, that
may have occurred by the reaction of NaOH with CO, from air [177] and/or with C from
the TiC sputter layer. The observed small amount of carbon in the ceramic a) may
suggest that C from the electrode layer has diffused in the ceramic and further reacted
with the hydrated BASE.

The microscopic analysis of the BASE-electrode system has served as first step
towards the optimization of AMTEC electrode layers. However, many of the observa-
tions reported here are based on assumptions that must be corroborated by further
and more detailed analysis of the magnetron sputtering process and the chemical sta-
bility of the ceramic electrolyte. As observed through the SEM analysis the adhesion
of the TiC electrode layer is insufficient for a proper AMTEC operation. Moreover, it
was observed that after the sputtering process the brittleness of the ceramic increased
significantly, which complicated the assembly of the cell and increased considerably
the risk of a ceramic rupture during the measurements. Hence, a BASE tube without
electrode sputtered layer has been used for the AMTEC tests in this work. As a result,
the effective electrode surface is given by the current collector, which has an electric
surface contact to the BASE several orders of magnitude smaller than the contact sur-
face provided by a sputter electrode layer. This leads to a current density of the AMTEC
cell of several orders of magnitude smaller than conventional AMTEC cells. Therefore,
the main focus of this work is devoted to the AMTEC proof of concept and open circuit
voltage measurements.

In general, the EDX mapping analysis suggests to reduce the exposure time of
the BASE in air during the handling process and to avoid or minimize the reduction of
ion conductivity in the ceramic surface region as well as the loss of sodium ions from
the BASE. The performed experimental analysis has evidenced the hydration of the
ceramic surface and that the detachment process of the sputter layer starting at the
ceramic surface in form of craters. The relative high temperatures that may have been
reached during the sputtering process on the surface of the ceramic, could have pro-
moted the dehydration process and, therefore, the emergence of water vapor and CO,
out of the ceramic. The emergence of gases could have been as a result responsible
for generating the cratered sputtered layer observed in the SEM analysis. According
to Dunn [177] during the dehydration process all the water is removed from the BASE
already at temperature of 200 °C, at higher temperatures the loss of CO, is predom-
inant. Further analysis should focus on the validation of these statements and on a
better understanding of the causes of the TiC electrode detachment process.

Sheet resistance measurement of electrode layer. Several coated BASE samples
were analyzed with the 4 point probe technique to measure the electrical sheet re-
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sistance of the electrode surface. The measurement method consists of placing four
probes along a line that contact the sample surface (see figure 6.14), the outer probes
conduct electric current and the inner probes measure the potential drop. Assuming
that the probe has been arranged symmetrically over the sample of dimensions (a, d),
has a constant point linear spacing s, and the thickness of the layer is so small that the
current passes along a two dimensional plane, then the sheet resistance is given as
[178]:
%4 a d
sheet — C i ) 6.1

it 61)

where C (%;2) is a correction factor obtained experimentally and tabulated in [178] that

depends on the coefficients between the dimensions of the sample surface and the
spacing between the probes.

Figure 6.14: Setup scheme of the 4 point probe technique. 4 linear situated probes,
separated at a spacing s are used to measure the sheet resisitivity of a thin conductive
layer. The sample has a length a and a width d, the thickness is assumed to be infinitely
small [178].

A comparison of the results obtained in this work and the literature can be found
in table 6.1. The sheet resistance of the TiN samples (TiN-a and TiN-b of figure 6.4,
picture b)) differ from each other due to the different TiN configurations, specially TiN-a
shows a sputtering layer with a significant low resistance. The sheet resistance of the
TiC-b coated sample (figure 6.7) has been reduced by a factor of 10 compared to the
sample TiC-a (figure 6.4 sample d)) due to an increased layer thickness, which is one of
the optimized parameters. However, the main difference between the coatings is given
by the handling of the samples: sample TiC-a was subjected to a secondary brazing
process at 7" > 1000 °C after sputtering, which damaged partially the sputtered layer.
The homogeneity of the coating thickness distribution seems to play an essential role
considering the large surface roughness of the ceramic. Despite the larger electrical
resistivity of bulk TiC compared to other analyzed materials, it exhibits very good results
in thin sputtered layer configuration.
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A direct comparison of the sheet resistances between materials should be per-
formed taking into consideration the layer thickness, porosity and temperature. How-
ever, these parameters may vary along the sample. Porosity is difficult to be experimen-
tally determined, therefore it is rare to be found in the literature. In this work different
measurements were performed at different locations and an average value is given in
table 6.1.

te Poulk (20 OC) Psheet
Electrode [ (10~ Om] [/sq.] Ref.
Mo - 55 11.1...16.8 [87]
(T ~770 °C)
WPt 0.7...1 W55 18.8...98.1 [93]
Pt10.3 (T ~900 °C)
WRh 0.7...1 W55 40.9...92.1 [93]
Rh ~5 (T ~900 °C)
NbN 2...3 Nb 15 20...100 [101]
TiN-1 1.1...1.3 20 13.8...19.1 [99]
(T ~950 °C)
TiN-2 09...2 4.1...17.7
(T ~900 °C)
TiN-a - 20 0.18...0.70 | This work
TiN-b - 0.31...0.42 | (T ~25 °C)
TiC-a TiC-1 < TiC-2 60 132...351
TiC-b TiC-2 <5 21...24

Table 6.1: Measured sheet resistances of AMTEC electrodes for different materials [81].
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6.3 Current collector structure

The important role of the current collector structure on the performance of the AMTEC
cell was already discussed in chapter 2. In this section the results of an experimental
study concerning the influence of the current collector structure on the contact resis-
tance of the cell are first presented, which are based on the work of L. Biergans [116].
Then, the measured electrical resistance of the current collector/current lead of the cell
is presented and commented.

6.3.1 Preliminary tests on current collector structures

A preliminary study of the current collector (CC) structure to be used in AMTEC cells
was performed by L. Biergans [116] (2016). This subchapter presents the experimental
setup of the work and summarizes the main results for further analysis of the impact
on the power losses of AMTEC cells. The aim of the work was to obtain a CC with
an improved CC electrode contact that homogenizes the current distribution over the
surface and increases the active surface of the electrode. An ideal structure would be
a homogeneous system composed of an electrode and CC of one piece. That would
involve a three dimensional construction with increasing aperture in the radial direction
the larger the distance to the BASE is (similar to figure 2.22). Since the sputtering depo-
sition technique is rather used in a microscopic scale and the proposed structure goes
to the macroscopic scale (millimeters), other technologies may be more suitable for this
purpose: e.g. 3D direct laser sintering, thermal spraying or laser direct patterning; how-
ever these technologies should be first tested and analyzed for the particular AMTEC
requirements, including the gain of experience with 3”-aluminumoxide ceramics.

In the first step an easy to handle and effective current collector consists of a com-
bination of two or more layers organized from thin to wide aperture. The inner layer in
direct contact with the electrode has a fine structure with a large contact surface in order
to compensate the sheet resistance of the electrode. The outer layer has in contrast a
rather robust structure and serves as a corset/holding structure of the inner layers; be-
ing responsible for a homogeneous electric contact of CC with electrode surface. This
kind of modular current collector setup has been used until now by most authors due to
its easy manufacture, assembly, and low cost. However, the main disadvantage of this
setup is the low repeatability; considering the high influence of the geometry tolerances,
the material properties and the mechanical forces on the contact surface of the current
collector and electrode.

The layered configuration complicates also a numerical modeling of the electrical
resistivity. First, the complex structure of the CC needs to be considered in the model.
Further, the contact surface and contact resistance must be determined; the latter is
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inversely proportional to the perpendicular force applied at the contact area. The high
number of contact points in the layered structure of the CC lead to a high number of
contact forces to be determined. Assuming however that the forces are equally dis-
tributed over the entire CC surface would involve a perfect geometry, which is not the
case since the tolerances in the radial direction are not negligible [86]. This is in fact
one of the main issues of the CC, to ensure homogeneous electric contact conditions
over the cylindrical electrode surface. An electric model for several CC structures is
given by Tournier et al. [169]. The model was used to estimate e.g. the contact re-
sistance by fitting the calculated curves with measurement data of several PX-series
cells. However, they assumed an ideal CC-electrode contact area and a homogeneous
distribution of the current that tends to differ from the reality.

The present study focuses mainly on analyzing the impact of the CC structure on
the active surface of the electrode. Therefore, several CC parts have been made of
copper to minimize the influence of the material-dependent electrical resistivity on the
result. However, at AMTEC conditions (700 °C, in sodium) materials with high melting
point and good chemical stability are convenient, which normally are accompanied by
a high stiffness. Therefore, the measured electrical resistance in this study serves as
indicator of the quality of the CC structure rather than a representative value for AMTEC
cells.

The experiment has been performed under standard ambient conditions (25 °C,
1 atm, air). A solid rod, (32 mm outer diameter) made of copper, is considered as an
ideal electrode to mimic the radial electron flux. The studied electrode area is ~ 50 cm?.
A d.c. current source is electrically connected to the system (Euro-test Elba-Modul)
and generates up to 55 A. The voltage drop measurements are made between the cop-
per rod (point A) and the end of the current collector structure (point B) as indicated in
figure 6.15. The voltage is measured using a digital multimeter (DM3058E, Rigol) with
an accuracy of <|0.6| ©V and the applied current is directly recorded from the current
source device (Euro-test Elba-Modul) with an accuracy of <|0.1| A. Finally, the electri-
cal resistance is calculated using Ohm’s law for an electric conductor at an accuracy of
<|0.1] €. The resistance of the cable between the CC and the point B has been sepa-
rately measured and subtracted from the total resistance. Furthermore, the copper rod
has been polished before each test to keep the effect of the surface oxidation low.

Corsets have been first shaped to two half cylinders and then tightened at both sides
with screwed copper bars, which act as electric bus collector. The copper bars are fur-
ther connected to a cable. During the analysis following parameters have been consid-
ered: assembling complexity, adaptability, impact on electrode surface (e.g. scratches)
and apparent active surface. The tested CCs have an inner structure (listed in table 6.2)
fixed to the cylindrical tube with a corset. Foam and woven meshes have been typically
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Figure 6.15: Scheme of the experimental setup for testing of different current collector
structures. A d.c. current source was coupled to the electric circuit and the voltage drop
between point A-B was measured. (Figure edited according to [116])

used in AMTEC cells [179, 86, 1, 91]. Considering the particular mechanical properties
found in knitted meshes, they are proposed as a new AMTEC - CC structure in this
work. The corset acts simultaneously as support for the electrical contact between the
CC and the electrode and as secondary collector of the electric current derived from
the inner structure. Therefore, the corset should be mechanically stable but also good
electric conductor. For the presented analysis three different corsets have been used:
i) a perforated stainless steel (SS) plate (1 mm thickness, ~ 37 % porosity), ii) a SS
mesh (wire thickness 1 mm, ~4.5mm mesh aperture) with horizontal placed copper
wires (wire thickness 0.4 mm, 1.5 mm aperture) and iii) a SS mesh with horizontal and
vertical placed copper wires (wire thickness 0.4 mm, 0.5 mm aperture).

Mesh 11 12 13 14 .
Cu woven | Cu woven | Mo woven | Copper knitted
[mm] mesh 1 mesh 2 mesh wire mesh
Wire thickness 0.2 0.056 0.056 0.1
Mesh aperture 0.63 0.2 0.2 ~2
Foam 15 16 17 18 19
[mm] Ni foam 1 | Nifoam 2 | Nifoam 3 Ni foam 4 Ni foam 5
Thickness 4.3 1.6 2.2 1.6 1.6
Pore size ~1 ~1 ~0.3 ~0.1 ~0.1

Table 6.2: Main geometry parameters of the tested inner-current collector-structures:
meshes (upper table) and foams (lower table).

During the assembly of the current collectors, the inner structures showed different
behaviors. Ni foams have a rather plastic deformation that facilitated the CC assembly;
however, under thermal cycling this could be a disadvantage, since after operating at
higher temperatures they do not recover their initial form at lower temperatures. The
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sharp edges of the Ni foam could also damage the thin electrode layer during assembly.
The deformation of the thin woven Cu and Mo meshes is fundamentally elastic; which
complicated significantly the assembly. Regarding the impact on electrode surface the
thin meshes have no apparent negative effect; in fact they tend to easily slide when
tightening the corset creating open areas at the sides of the corsets like shown on the
left side in figure 6.16.

Cu-woven Cu-knitted
Cu-rod u-knitte Corset
(electrode) gL Cusbus mesh C3

Figure 6.16: Left: assembly of the copper mesh after tightening the corset. Right:
assembly of the copper knitted wire mesh after tightening the corset [116].

Knitted wire meshes have interlocking loops, which can move relative to each other
in the same plane without distorting the mesh, allowing the structure to stretch or com-
press in two directions. This favorable characteristic for a cylindrical form is not given by
woven meshes, as the wires are fixed to each other in both directions. Therefore knitted
wire meshes show a very good conformability; no open areas have been observed (see
right side of figure 6.16).

The perforated plate has an irregular contact to the fine inner structures during the
assembly; only coarse nickel foams (15, 17) could compensate to some extent the toler-
ances of the concentric corset. The other two tested corsets have copper wires which
were placed underneath the stainless steel mesh in horizontal and vertical directions
and are fixed only at the ends of the mesh to give the corset an additional elasticity.
Copper gives the corset an improved electrical conductivity and structural adaptability;
the stainless steel mesh is needed in order to give stability to the structure.

Horizontal and vertical placed copper wires perform the most homogeneous contact
for all kinds of inner structures due to a higher density of copper wires. Table 6.3 shows
the measured electrical resistance of all tested CC configurations. Assuming a good
electrical contact between the different parts of the CC, the general tendency should
be to see the effect of the electric conductivity in the first place, which depends on the
materials used. On the other hand, structures with lower porosity should reach lower
resistances due to an increased contact surface. However, if the contact resistances
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are too high and/or the effective contact area is too small (e.g. no homogeneous contact
along the electrode area), both effects the material dependent and porosity dependent,
will be covered up by a poor electric contact.

Corset C1 C2 C3
Inner SS perforated | SS mesh with | SS mesh with
structure Ry [Q] plate horizontal horizontal and
Cu wires vertical Cu wires
g | Cuwoven - 0.10 0.03
mesh 1
g | Cuwoven : 0.11 0.04 f
mesh 2 S
3 | Mowoven . 0.31 0.26 > | 2
mesh %18
g | Cuknitted : 0.08 0.05 S| E
mesh a |8
15 Ni foam 1 0.56 0.32 0.23 Vg
16 Ni foam 2 1.09 0.11 0.10 0
[7 Ni foam 3 0.40 0.15 0.14
I8 Ni foam 4 1.54 0.11 0.08
19 Ni foam 5 0.80 0.10 0.11
< Porosity <
= El. conductivity =

Table 6.3: Measured electrical resistance R,; of the current collector for different corset
- inner structure configurations [116].

Thinner inner structures could not be tested with the perforated corset C1 as it was
bonded for larger thicknesses (C1-I1, -12, -I3, -14). Best results are achieved by larger
thicknesses (C1-15, -17); the measured resistance for Ni thinner foams (1.6 mm) (C1-
16, -18, -19) is irregular. Since porosity of C1-16 is larger than that of C1-18 and C1-19,
the resistance of C1-16 should be larger. However, measurements do not agree with
this statement due to the irregular contact between corset and foam given by the ge-
ometrical tolerances. The CC with SS mesh and horizontal copper wires C2 performs
considerably better than C1. Cu wires contribute mainly to this favorable low resis-
tance according to its high specific electric conductivity and a malleable structure that
improves an adjustment of the corset to the cylindrical form. Cu woven meshes, C2-
11 and -12), and thin Ni foams, C2-16, -18 and -9, show the same electrical resistance
~ 0.11 €2, however the specific electrical resistance of Cu is four times smaller than that
of Ni. This indicates that the effective contact surface of the corset C2 is not homoge-
neous enough when combined with very thin inner structures.

Best results have been achieved with C3 the SS mesh corset, horizontal and ver-
tical Cu wires. A graphic representation of the measured voltage drop through the Cu
rode-CC unit in terms of electric current applied is given in figure 6.17. The linear be-
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havior of the curves agrees with the Ohm’s law, meaning that the electrical resistance
is practically constant during the tests. Therefore, secondary effects that can cause
deviations are small. Deviations may be caused by: i) temperature changes, at low cur-
rent the sample was at room temperature, however at 50 A the temperature increased
(<200 °C) and, therefore, the electrical resistivity of the material varies as well as the
thermal expansion (influence on the electric contact); and ii) a poor electric contact
caused by a poor pressing of the corset may lead to unstable measurements. The re-
peatability of the results is strong influenced by the applied mechanical forces on the
contact surface of the current collector and electrode, which depend on the assem-
bly of the experimental setup. Geometry tolerances and mechanical properties of the
materials used have also an important impact on the electric contact resistance of the
assembly and therefore on the resistance measurements.

15
/D --Ni foam 1
/ / =Ni foam 2
/ -+Ni foam 3
10 A -=Ni foam 4
v -<Ni foam 5
/// —--Cu knitted mesh
--Cu woven mesh 1

—Cu woven mesh 2
--Mo woven mesh

\oltage [mV]

Current [A]

Figure 6.17: Measured voltage loss in the CC at different applied current (5 —55A) for
the SS mesh with horizontal and vertical placed Cu wires corset (C3) combined with
different inner structures (11..9) [116].

Results are arranged depending on the material of the inner structure (inner struc-
tures made of copper performed the best), meaning that a considerable reduced contact
resistance and/or an improved active contact surface has been successfully achieved.
In the case of molybdenum, however, the electrical resistance is too high considering
the electric properties of the material. This is due to the stiffness of the mesh, which
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hindered a good contact. Cu knitted mesh (C3-14) and woven meshes (C3-11, -12) have
almost the same electric conductivity although the knitted mesh has a four times larger
mesh aperture; this confirms the good adaptability of the knitted structure.

Literature on AMTEC experiments have shown the importance of the CC structure
on the cell performance. Available electrical models for AMTEC cells do not include the
effect of the active electrode surface in the CC due to the complexity of the system. Ex-
perimental results on different CC structures have validated in this work the importance
of the following parameters on the electrical resistance of the cell:

— Material. The selection of the material is determining regarding the electric con-
ductivity, the thermal expansion and the stiffness of the CC. Besides, the ideal
material should be high-temperature resistant, have a good chemical stability in
sodium, a low electrical resistivity and favorably a low stiffness to improve the elec-
tric contact with the coated BASE. The reported materials for AMTEC CC up to
date (e.g. Mo, Ni, Cu) did not match some of the above mentioned requirements
(proper stiffness or long time chemical stability in sodium); therefore, further ma-
terials have to be analyzed and contrasted.

— Structure. Mostly high-temperature resistant materials have a large stiffness (e.g.
Mo), an appropriate structure (e.g. knitted meshes) could compensate at some
content the large stiffness of the structure. Moreover, the CC design should be
three dimensional with a higher electric contact surface at the electrode-CC in-
terface and therefore, a smaller porosity; and a decreasing electric contact and
therefore, increasing porosity (for a better vapor transport) in the direction to the
current bus.

— Temperature. The operation temperature can lead in a tubular configuration of
the BASE-electrode-CC to different thermal expansion of the materials. This can
directly affect the electric contact of the CC negatively. A final solution to optimize
this effect can be found experimentally at the required operation temperatures.
A numerical solution through computational efforts is not recommended, since
assuming that the applied forces through the pressing are equally distributed over
the entire CC surface would involve a perfect geometry, which is not the case
since the tolerances in the radial direction are not negligible [86].

— Pressing. In the experiments was observed that the pressure applied to the corset
has a large influence on the measured resistance. For instance the difference on
the electrical resistance between a slightly pressed and stark pressed C1 corset
was 2.5 to 0.4 mQ respectively.
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Tests under AMTEC conditions should be further performed to analyze the conse-
quences of these results under the effect of the high temperatures (500 - 1000 °C),
a corrosive environment (sodium) and the very thin porous electrode, which influence
significantly the final electrical resistance of the cell. The main challenge to obtain a
good electric contact is caused by the cylindrical form of the electrolyte. A planar BASE
almost eliminates this issue and gives additionally a basis for a simple AMTEC stacking
design. A planar cell design formulates the next step towards an optimized AMTEC 2.0
device.
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6.3.2 Electrical resistance of the present current collector for AMTEC demon-
stration

The investigated AMTEC cell has no sputtered electrode layer. Hence, the electric
contact area is significantly reduced and the internal resistance of the cell increases
considerably. Therefore, the current collector selection has a rather small influence on
the performance of the cell. For the AMTEC proof of concept a simple current collec-
tor has been selected. A combination between a nickel foam 16 for the direct contact
with the BASE and a perforated plate of SS for the corset has been used in two of the
three electrodes. For the third electrode the perforated SS corset is replaced with a
nickel knitted mesh. Moreover, a single current bus and current feedthrough configura-
tion per electrode is used due to the limited space in the condenser and the upper cell
flange. The electrical resistance of the current collector and current feedthrough has
been measured by applying a current of up to 50 A between points A and E represented
in figure 6.18 and measuring the voltage drop between two intermediate points. Table
6.4 summarizes the results of the measured electrical resistance being performed at
~ 200 °C. The main source of voltage drop is located between points B and C, that rep-
resents 75.4 % of the total voltage loss. This is due to the high resistivity of stainless
steel. The resistance can be easily reduced by changing the material of the current
lead to a better conductive one (e.g, nickel has almost 10 times higher electric con-
ductivity than stainless steel). Transition parts in A’'B and CD are improved to reduce
the electric contact resistance by polishing both contact areas and ensuring a tight me-
chanical contact. During the operation of AMTEC the axial temperature gradient in the
cell is large: the temperature in the BASE tube (and therefore CC) can go as high as
800 °C, while the temperature in the flange (points C to E) keeps a constant temper-
ature of ~250 °C. Also the liquid sodium anode is heated up inside the BASE tube
by a heater that does not cover homogeneously the entire axial length of the BASE
tube and CC, hence, the temperature gradient in the liquid sodium, BASE and CC is
non-homogeneous (AT ~ 15 °C) that leads to an non uniform thermal expansion of the
structure and thus changes in the electrical resistance occur. The data presented in
table 6.4 has been taken for simplicity under an homogeneous temperature distribution
to detect the components in the current collector-current feedthrough system with the
largest ohmic losses and to serve as basis for design improvement. An equivalent test
should be performed under AMTEC conditions to obtain resistance values that consider
the real temperature gradient.
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Figure 6.18: Scheme of the tested current collector-current feedthrough system. An
electric current is driven between points A and E and the voltage drop is measured at
different intermediate points. Dimensions in [mm].

[Section| AB | BC | CD | DE [ AN [ AB [ DE | EE | AE |
R[m] | 2.13 [ 14.16 | 0.60 | 1.78 | 1.45 | 0.68 | 0.19 | 1.59 | 18.77
[%] |[11.3] 754 | 32 | 95 | 7.7 | 36 | 1.0 | 85 | 100

Table 6.4: Distribution of the ohmic resistance along the current bus, current lead and
current feedthrough at ~ 200 °C.
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7 Experimental results and discussion on AMTEC per-
formance

Besides the AMTEC proof of concept, the AMTEC cell has been tested in ATEFA during
continued 14 days up to temperatures as high as 700 °C. Unfortunately after 2 weeks, a
damage in the main heater of the cell lead to the termination of the experimental cam-
paign. The most important results are presented in this chapter including an analysis
of the cell behavior at different temperatures and the comparison with the literature.
Sampling rate of the measurements was performed by all the parameters (T, p, V' and
I) between 1 —2Hz, which is lower than the response time of the instrumentation (
~ 15 Hz thermocouples, 6 — 13 Hz pressure sensors, 16 Hz multimeter) and the conver-
sion time of the beckhoff modules (16 — 1600 Hz).

7.1 Design validation

This subsection comprises some of the pre-requisites necessary to understand the
AMTEC cell and ATEFA characteristics as well as the achieved results.

Commissioning. Figure 7.1 illustrates the temporal evolution of the measured pres-
sure, voltage and sodium level during the filling up process of the cell. A pressure
gradient of ~ 0.1 MPa has been established between the cell ps (AR-P-03 of figure 5.2)
and the tank p;.,., (AR-P-01 of figure 5.2) in the 9*" minute. The sodium level in the ce-
ramic tube is measured through a level sensor Ly,, which drops the signal from ~ 7.5V
to 0V when molten sodium comes into contact. The filling valve situated between cell
and tank (NA-VI-01, see figure 5.2) is opened in the 10" minute. Immediately, the level
sensor indicates that the cell has been completely filled up with sodium as illustrated in
figure 7.1. The sodium valve has been closed ~ 3 seconds afterwards. Directly after
filling up the cell, the measured cell voltage V.., increases to 2 V.

Figure 7.2 graph a) shows the temporal evolution of the measured temperature and
sodium level in the cell during the filling up process. The level sensor has two measure-
ment positions (see figure 5.8): Ly, (min) which is located at the height of thermocou-
ple TC7-i and indicates the minimum sodium required in the cell (see figure 5.7); and
Ly.(max) located at the height of thermocouple TC3-i indicating the maximum sodium
level allowed in the cell. During the filling of the cell Ly,(max) was reached in the 11t
minute (see figure 7.2 graph a)); subsequently a small amount of sodium was drained
(27 to 40" minute). Before the 11" minute the temperature oscillations, originated by
the temperature controlling system, were slow, indicating that the cell is floated with ar-
gon. After filling up with sodium the temperature oscillations became smaller and faster,
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Figure 7.1: Temporal evolution of the measured pressure (pg, piank), Voltage (V°¢) and
sodium level (Ly, (maz) in [V]) during the filling up process of the cell. Ly, (max)
measures changes in voltage and it goes to zero when contacting sodium. The cell has
been filled up in the 11" minute.

due to the high thermal conductivity of sodium that reflects immediately the changes of
the heater temperature. The draining process is also reflected in a temperature gradi-
ent between the thermocouples (> 15 °C): TC3-i looses contact with sodium in the 27"
minute and TC5-i in the 40*® minute. The temperature distribution in the BASE tube has
demonstrated to be a successful stepwise-indicator of the sodium level.

Temperature distribution in the cell. An adequate trace heating system of the cell
allows a homogeneous temperature distribution, which is important to avoid the so-
lidification of sodium. Figure 7.2 graph b) represents the temporal evolution of the
measured temperature distribution in the cell under stable empty conditions (without
sodium), showing a balanced thermal cell design. For the representation of this graph
the reference thermocouples were chosen, which are located inside the ceramic tube
(TCn-i) and at the condenser (SNn). The temperature gradient along the BASE in the
axial direction (TC6-i/TC11-i) is ~ 23 °C, while at the condenser the temperature gradi-
ent (SN6/SN11) is higher ~ 39 °C due to the not isolated condenser wall. In the radial
direction, the maximum temperature gradient between the inner region of the BASE
(anode) and the condenser wall (TC6-i/SN6) is ~ 35 °C at stable empty conditions.

140



7.1 Design validation

{TC11-41
220 { |1co. =YY s
— TCé6-1
— \“
S .
= 180 10 &
z &
(¢}
£ | :
5 =
E LNa(mcx) '5
2 140 5
i Na(min)
100 i LI B R o LN B I | LI N B | LI B B | O
0 10 20 30 40 50 60
Time [min.]
a) Filling up process of the cell. The temperature
distribution in the ceramic tube changes
depending on the fill level of sodium.
250
TC11-1 SNI3
| . SNI11 - -1
{ TC24i | TC3 TC1-i TC6
— 200 |
e
Pl I~
2
g - 5
2 150 o —
£ ]
= SN8
/
. SN6
100 — —— —— —r—T—
0 10 20 30 40
Time [min.]

b) Temperature distribution in the cell under
stable empty conditions.

Figure 7.2: Measured temperature distribution in the cell during a) filling up process of

the cell and b) cell under stable empty conditions. Thermocouple distribution referred
to figure 5.7.

The thermocouple SN6 is close to the metallic structure of the cooling system, which
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acts as a heat sink source, giving thermocouple SN6 the lowest temperature in the cell.
If the thermocouple SN6 is neglected, the maximum temperature gradient in the cell is
as low as ~ 35 °C. Therefore, the risk of a BASE rupture through a thermal shock is
eliminated.

Ceramic to metal joint. Another pre-requisite for AMTEC operation is the develop-
ment of a high-temperature ceramic to metal joint (see chapter 6.1). During the ex-
perimental tests of AMTEC the pressure of argon at the cathode side of the cell was
constantly recorded in order to supervise any leakage or ceramic rupture during the op-
eration. Since the gas tightness of the outer containment of the cell to the atmosphere is
1.2x10~" mbarl/s, the main source of gas leak is the ceramic to metal joint. The present
design of the ceramic to metal joint has been successfully tested under AMTEC con-
ditions up to 650 °C and showed a good behavior during the 2 weeks of operation. It
was observed that the pressure at the cathodic side p. increased slightly with the tem-
perature: the maximum pressure increment recorded was Ap. (max) =150 Pa/min at
650 °C; while at lower temperatures < 550 °C the measured leak was Ap. < 10 Pa/min.
During one of the experiments a large leak at 600 °C was observed at the joint, which
disappeared by rising the temperature to 650 °C. The different thermal expansion coef-
ficients of the joined materials make this region susceptible to gas tightness instabilities
with the temperature. After repairing the cell heater, a post-experimental analysis of the
cell should be performed to investigate the background of this leak more in detail.
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7.2 Open circuit voltage

Understanding the different processes occurring in the cell is essential for a correct
interpretation of the main AMTEC results. Therefore, the measured open circuit voltage
(OCV) between the anode and the three cathodes (V;, Vi, V) is compared with the
theoretical open circuit voltage Vy...s, the latter calculated using the Nernst equation
(2.47). Furthermore, the effect of different parameters (temperature, pressure at the
cathode, exposure time and CC structure and assembly) on the OCV is commented.

The saturated vapor pressure of sodium at the cathode p. was calculated using
equation (2.64), which depends on the pressure of saturated vapor at the condenser
surface p.; and on the temperature of the condenser 7., and BASE T's. For the satu-
rated vapor pressure of sodium the correlation given by Browning and Potter [180] is
taken:

Peat (T) = exp[11.9463 — 12633.73/T — 0,4672InT] | (7.1)

for a given temperature 7' in Kelvin [K].

Measured versus calculated OCV (V°¢, Vnst)-  Figure 7.3 summarizes the evolu-
tion of one day-long measurement campaign. The temporal evolution of the measured
OCV at cathode M, V), is represented and compared to the computed instantaneous
Nernst voltage V... for different cell temperatures. During the measurement cam-
paign several current measurements were performed at closed circuit conditions, rep-
resented in the graphic by voltage measurements of V,, towards zero.

Viernst Was obtained after applying equations (2.63) and (2.64) using the measured
temperature at the BASE/or anode Tz and at inner surface of the condenser T,,, and the
Browning and Potter correlation for the saturated vapor pressure of sodium. The error
e or gradient between the theoretical and the measured voltage has been calculated
using equation (7.2):

V - V erns
o = Vot = Vivernst |, %) (7.2)
VNernst

Table 7.1 summarizes the maximum error obtained in figure 7.3 graphic a), grouped
in six main time zones. During the first 3 hours (until 200" minute) the measured
cell voltage V), was significantly higher than the theoretical value (e > 100 %). After 4
hours and at a temperature of 400 °C the OCV of the cell finally agreed with the theory.
This effect is caused by a poor wetting of the ceramic, which requires several hours
of exposure to liquid sodium at high temperatures (~ 400 °C) to complete [96]. The
maximum deviation between the measured and calculated OCV after the 250" minute
in figure 7.3 was e < 20 % and the average deviation remained low ¢ ~ 10 %.
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a) Representation of the OCV versus Nernst voltage.
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b) Scale amplification of a) between minutes 520 — 528 showing the uncertainty regimes
of the OCV V¢ for a temperature decrease at the BASE of ATz =36 °C and
a constant 7., = 267 °C.
vNernst (maaz) = VNernst + UVNernst VNernst<min> = VNernst — UVNernst
and Vi (max) = Viy +uy,, , Va(min) = Vi — uy,, .

Figure 7.3: Temporal evolution of the measured (V,,) versus calculated (Viyernst) OCV
at cathode M during one day-long measurement campaign, for variable BASE and con-
denser temperatures (Tz, T.4).

Minute | 150 - 250 | 250 - 334 | 334 - 440 | 440 - 510 | 510 - 570 | 570 - 600
e [%] >100 <3.5 <20 <10 <5.5 <15.5

Table 7.1: Distribution of the error e (measured vs Nernst voltage) along the OCV mea-
surements displayed in graphic a) of figure 7.3.
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Assuming a complete wetting of the ceramic after the 250" minute, the deviations
observed are mainly due to:

— The theoretical assumption of an isothermal process in AMTEC, meaning that the
temperature gradient across the ceramic electrolyte is neglected.

— The thermocouples are not exactly located at the BASE/anode interface but rather
in the proximity to the heater of the ceramic, leading to a certain error in the
temperature interpretation.

— The temperature distribution over the electrode surface is not perfectly homoge-
neous. For a T ~500 °C the temperature gradient in the axial direction of the
electrode surface M was AT ~ 22 °C.

— Uncertainties of the correlation (7.1) (3 - 24 % see Appendix A: Uncertainty of
Nernst equation) used to calculate the saturated vapor pressure of sodium.

— Uncertainties of the used instrumentation and data processing (< 1 %).

As already discussed in subchapter 2.3, the wettability of the ceramic with molten
sodium affects the electrochemical performance and reliability of the cell. Also the
polarization losses at the anode increase for an incomplete wetted ceramic [98]. The
wettability depends mainly on:

— The sodium temperature.

— The composition of the liquid sodium affected by reaction in air and with moisture
(Na2O, NaOH) and by corrosion processes (e.g. with BASE). The physical prop-
erties of the melt are modified and can therefore influence the wetting process.

— The moisture content in the ceramic surface [97].
— The development time which is needed until the wetting is completed [96].
— The roughness of the BASE surface [157].

To reduce this effect, the tested BASE tube in the AMTEC cell was baked out in vacuum
at 600 °C during one hour and was afterwards stored in argon atmosphere. Due to the
long storage time (several months) the inclusion of moisture in the ceramic cannot be
excluded.

In the ~ 180" minute at ~ 400 °C the electric circuit was closed during the develop-
ment time (Vi > Vivernst); SUbsequently V,, showed an enhanced approximation to the
Nernst voltage. It can be therefore concluded that closing the electric circuit of the cell
promotes also the wetting of the ceramic (by electrowetting).
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The graphic b) of figure 7.3 illustrates an amplification of the graphic a) during min-
utes 520 — 528. Here, the wetting of the ceramic is complete and therefore the mea-
sured OCV V), ranges between the uncertainty regimes of the calculated V..., CON-
firming a very good agreement. The uncertainty of the measurements is based on the
propagated error through the instrumentation and conversion process as presented in
table 5.3. The maximum uncertainty values are| uy,, |[<4mV (£0.25%), | ur, |<4.9 °C
and | ug, |<5.8 °C. The uncertainty of the Nernst equation has been calculated con-
sidering the uncertainty of the measured temperature and the uncertainty of the corre-
lation (7.1). A detailed explanation of the propagated uncertainty of the Nernst voltage
is given in Appendix A: Uncertainty of Nernst equation. Between minutes 150 — 600
the uncertainty of the Nernst voltage is | uy,,,.., |[<4mV (£[1 - 4]% depending on the
temperature range).

Effect of the temperatures (75, T.4) on the OCV V¢, During minutes 350 — 420
in figure 7.3, the measured OCV is moderately lower than the Nernst voltage (V; <
Viernst) With @ deviation of e =15 - 20 %, showing the contrary effect to that observed
during the development time (V; < Viens:). This can be explained through a too high
temperature gradient between the anode and the condenser wall (T — T.4) > 350 °C,
which leads to a not negligible temperature gradient across the anode/ceramic elec-
trolyte/cathode. Therefore, the real temperature at the BASE and cathode is lower than
the temperature measured by the thermocouples in liquid sodium (anode), meaning
that the theoretical assumption of an isothermal process is not completely fulfilled. If
the effective BASE temperature is lower than expected, then the cell voltage decreases
too; leading to an overestimation of the cell voltage by the Nernst equation Ve

In the 450" minute however, the temperature at the condenser was increased and
therefore, the temperature gradient in the cell decreased (75 — T.;) ~ 310 °C. As result,
the measured open circuit voltage is in a good agreement with the literature, meaning
that the temperature gradient across the anode/ceramic electrolyte/cathode is negligi-
ble.

Figure 7.4 illustrates the effect of a temperature change of 80 °C on the cell voltage
Veer a) Voo = f(t) for variable T and T, =const. and b) V¢ = f (t) for Tz =const.
and variable T.;. The measured cell voltage increases with rising Tp and T,; = const.
and in contrast decreases with rising 7., and T =const. This agrees with the theory
represented by equations (2.47) and (2.64) and is mainly explained due to the exponen-
tial behavior of the saturated vapor pressure of sodium with the temperature. Moreover,
the effect of the ATg on the AV°* =110 mA almost doubles the effect of the AT,,, with
AV =60mA. This is, again, connected with the exponential behavior of the saturated
vapor pressure of sodium p,,; ~ exp|[Ty,]. The same change in the temperature is

146



7.2 Qpen circuit voltage

translated in a significantly higher change of the saturated vapor pressure of sodium at
higher temperatures: Ap,u: (T8) > Apsai (Tea)-
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a) V°¢ as a function of time for AT =80 °C and 7., =260 °C = const.
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b) V°¢ as a function of time for Ty =600 °C =const. and AT,; =80 °C.

Figure 7.4: Temporal evolution of the measured OCV V°¢ at cathode M (V) for a
temperature gradient of 80 °C at the BASE T; (a) and at the condenser T, (b).

Effect of the exposure time to hot liquid sodium on the OCV V°¢. Figure 7.5
graphics a) and b) show the measured OCV at electrodes L and M (V7,, V) for increas-
ing cell temperature at a constant argon pressure at the cathode side of the cell p. (Ar)
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(AR-P-02 in the flow chart, figure 5.2) during 0 — 360" minutes and for decreasing ar-
gon pressure p. (Ar) and at a quasi constant cell temperature between the 365 — 420"
minutes. The case illustrated here exhibits an AMTEC cell that has a higher tempera-
ture at the condenser than at the BASE (73 < T.,). In such a case, the Nernst equation
provides a negative cell voltage Vi...s: as represented in the graphic. However, in the
tested AMTEC cell it is not possible to obtain a negative cell voltage since that would
mean that sodium would diffuse from the outside of the ceramic tube to the inside (re-
verted process). Outside of the ceramic there is no sodium at open circuit conditions
and therefore the cell voltage should tend to zero. As it can be observed during the
first 2.5 hours the measured cell voltage remains as high as ~ 1 V. In the 170" minute
the electrode L reduces drastically the voltage to ~150mV at a BASE temperature of
Ty ~270°C. Electrode M reaches more than 1.5 hours later (290" minute) the same
voltage, at Tz ~ 300 °C. At this temperature and after a total exposure time of 5 hours,
both electrodes reach the same voltage. It is, hence, confirmed that an initial exposure
time of several hours and an increased temperature Tz > 300 °C (300** minute) are
required for an optimal wetting of the ceramic, and thus, a reliable cell performance
(e <10%). The development time can also be reduced by driving a current (electrowet-
ting) as observed already in figure 7.3.

Effect of the current collector on the OCV V<. Although the temperature at both
electrodes is practically the same (15 ; = T ), electrode voltages V;, and V), de-
velop differently with the time, which evidences the large effect of the electric contact at
the electrode interfaces. This depends mainly on the structure, mechanical adaptability
and material of the current collector as well as on the applied contact pressure on the
corset. Current collectors at electrodes L and M are different as shown in figure 5.4. It
can be hence, concluded that the current collector of the electrode L (lowest position)
with the nickel knitted mesh has performed better than that of the electrode M (middle
position) with the stainless steel perforated plate.

Effect of the argon pressure at the cathode side of the cell p. (Ar) on the OCV
Vee, In the 365™ minute of figure 7.5 the pressure at the cathode was reduced to
~ 250 Pa as it can be observed in the graphic b). Although theoretically the pressure of
argon does not have any influence on the voltage of the cell at open circuit conditions,
the measurements disagree. Evacuating the cathode side of the cell had an immediate
effect on the cell voltage, which went to zero as expected theoretically. Moreover, if the
cathode side is floated again with argon (in the 437" minute) the cell voltage increases
instantaneously to large voltage values of 1V, which means an excessive deviation e of
the measured to the calculated value (0V).
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Figure 7.5: Temporal evolution of the measured OCV at electrodes M and L (Vy,, V1)
and of the calculated Nernst voltage (Vyeqnst). The effect of the cell temperature and
argon pressure at the cathode (p.(Ar)) on the cell voltage are displayed in graphics a)
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Therefore, it can be concluded that a too high argon pressure increases the mea-
sured OCV of the cell, leading to a distorted result compared to the Nernst voltage.
The pressure of argon may have a direct influence on the electric contact between the
current collector and the BASE outer surface, which would explain the observed effect

on the Ve,
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7.3 Characteristic curve of AMTEC

During the measuring campaign values of cell voltage, cell current, temperature and
pressure of argon have been recorded. As concluded in the previous subchapter, the
argon pressure has a significant influence on the cell voltage, therefore the main objec-
tives of the pressure surveillance are two:

i) the cathode side of the cell should be kept in underpressure and,

ii) the argon pressure at the anode side of the cell should be higher than the satura-
tion pressure of sodium at the given BASE temperature (T, =700 °C, p4, > 1760 Pa)
and also higher than the atmospheric pressure in order to avoid the entrance of air in
the cell.

To exclude the influence of the electrode sputtering deposition on the BASE prop-
erties (e.g. increased brittleness), the current collector (CC) has been pressed directly
onto the BASE. Hence, the electrical contact at the BASE-cathode interface is provided
by the current collector, namely a nickel foam that is held to the surface of the BASE
tube with a specific corset (see chapter 5). The resulting electric contact surface to
the BASE is several orders of magnitude smaller than that of an equivalent sputtered
cathode layer with the same surface of ~45cm?. Therefore, the active surface of the
electrode is also reduced by several orders. The small current production of the cell
(mA) agrees with the small effective contact surface of the CC to the BASE. To avoid
interferences in the current signal, the sodium level sensor has been switched off during
the current measurements. The latter generates, when switched on, a current of 8 mA
in the cell.

Each measurement campaign covered 8 — 10 uninterrupted hours, including the
heating up, the measuring and the cooling down processes. The facility was main-
tained at 200 °C between measuring campaigns (during the night > 10 h).

The high resistance of the electric circuit in this particular AMTEC cell (no BASE
coating, high contact resistance) cannot be compensated by the low power delivered
by the cell alone, therefore the high electric resistance is partially compensated by the
electronic load (Electronic Load Serie ZS, Hocherl & Hackl GmbH), which generates
an additional voltage. This additional voltage reduces the net electric resistance of the
circuit and therefore a defined characteristic curve of the cell can be measured. If the
cell would have been directly connected without electronic load, the power generated
would not have been able to overcome the high resistance.

Current-voltage (I-V) measurements at Tz =400 - 500 °C. Figure 7.6 describes
the characteristic curve (I-V) of the AMTEC cell at a temperature range of 75 =400 -
500 °C and T.4 ~ 150 °C. First, the BASE has been heated up from 200 °C to 300 °C
in ~ 30 minutes, then it is kept at 300 °C during a development time of ~2.5 hours,
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7 EXPERIMENTAL RESULTS AND DISCUSSION ON AMTEC PERFORMANCE

finally the BASE is heated up to 400 °C in ~15minutes. The recording of the mea-
surement data has been started 20 minutes after reaching 400 °C. The fluctuations of
the average temperature during the measurements were ~ +3 °C at electrode L and
~ +1 °C at electrode M. The measured temperature fluctuations at electrode L were
larger than at electrode M due to a closest location of the thermocouples to the heater
wire. The recording of the measurement data at 500 °C has been started 5 minutes
after reaching the 515 °C at electrode L, which generated in combination to the tem-
perature regulation effect a large scattering of the data due to a non fully completed
steady state (< 5% temperature deviations). At electrode M data has been recorded
20 minutes after reaching 485 °C.

First observations confirm that the characteristic curve has the same behavior in
both electrodes and at different temperatures, and in all cases agrees with the literature
presented in this work: a rapid initial fall followed by a linear behavior. At low current
densities the reaction kinetics at the electrodes are slow so that a high activation energy
must be overcome. This leads to large voltage changes AV for small current variations
AJ as confirmed by the experiment. The linear behavior of the voltage starts at larger
currents J (depending on the BASE temperature). This behavior is caused by the pre-
dominant ohmic losses in this region. The obtained characteristic curve (I-V) does not
have an apparent concentration polarization region, this is due to: i) the small measured
current, and ii) the highly porous current collector used in the experiment, which does
not present a resistance to sodium vapor flow.

It can also be observed that at higher BASE temperatures, both the electric cur-
rent and cell performance increase, in accordance to the literature. Small voltage
measurements in the range of ~10mV were measured at the highest current den-
sities. Electrode L showed during the entire measuring campaign an OCV ~ 15 -
20 % lower than the theoretical value. Electrode M, however, showed a much better
agreement with the theory at a deviation of ¢ ~2% at T =400 °C and a deviation
of e ~10% at T =500 °C. As explained in the previous subchapter, this higher devi-
ation at 500 °C is likely originated by a disagreement between the measured and the
actual BASE temperature. The latter attributed to a large temperature gradient in the
cell Ty — T.;, =366 °C for electrode L and T — T..; = 320 °C for electrode M.

Current-voltage (I-V) measurements at 75 =500 - 600 °C. Figure 7.7 illustrates
the measured characteristic curve (I-V) of the AMTEC cell at a temperature range of
T =500 - 600 °C and 7., ~ 160 °C for all three electrodes (L, M, K). The cell has
been heated up from 200 to 600 °C in ~ 6 hours and the measurement data has been
recorded 20 minutes after reaching the 600 °C. The fluctuations of the average temper-
ature during the measurements at 600 °C were large (up to+ 10 °C) due to the coarse
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Figure 7.7: Measured characteristic curve (I-V) of the AMTEC test cell and cell performance for electrodes L, M and K at temperatures 75 =500 - 600 °C

and T,.; ~ 160 °C.
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regulation of the temperature at high heater power levels, which explains the large scat-
tering of the measured characteristic curve.

The data presented is recorded at a deviation of the OCV of e;, ~7%, eyy ~15%
and ex ~19% at electrodes L, M and K, respectively. The maximum power of the cell
rises to ~5mW and the maximum cell current is 36 mA. Electrodes M and K show in
graphics b) and c) a lower performance and cell current than in figure 7.6 graphics c)
and d), although the BASE temperature was slightly lower. Graphic d) of figure 7.7
was recorded while all three electrodes were connected to the electric circuit. The total
power of the cell is, however, as high as the power of the single electrode L. It was
found that there is a strong internal electric connection between the electrodes, which
may take place at the anode, where all three electrodes are electrically connected.
When only one of the electrodes is operating, the amount of electrons accumulated at
the anode is the sum of all three electrodes, therefore it can occur that electrons coming
from other electrodes are used to recombine the ions of the single connected electrode
increasing as result the current of the single electrode.

Current-voltage (I-V) measurements at Tz =700 °C. Figure 7.8 summarizes the
performance measurements of the cell at temperatures up to 7z =700 °C for electrodes
L and M. The heating up process from 200 — 700 °C has been accomplished in ~ 6.5
hours. Measurement data has been recorded ~ 15 minutes after reaching the 700 °C.
The fluctuations during the measurements on the average temperature at 700 °C were
smaller than + 5 °C. The maximum measured power of the cell rises to ~ 7 mW and the
maximum current is 52 mA. Electrode L generated at T =600 °C (figure 7.8 graphic
a)) a lower performance than during the previous measurement campaign (figure 7.7
graphic a)) . However, electrode M shows a similar cell performance at Tz =550 °C
(figure 7.8 graphic b)) than at the previous measurement campaign (figure 7.7 graphic
b)) . During the measurement campaign summarized in figure 7.8 the Nernst equation
and the OCV were in good agreement e < 10 %.

Effect of the current collector on the |-V measurements. In particular, electrode K
generated in all measurement campaigns significantly lower performance. In figure 7.7
graphic c¢) the maximum measured cell power at electrode K is > 75 % lower than that
that of electrode M (graphic b)). This can be attributed to a poor electric contact of the
current collector (e.g. through an insufficient pressing force of the corset towards the
BASE outer surface). During the measurement campaign the measured OCV at Ty <
400 °C (not represented in figure 7.7) was e > 100 % larger than the Nernst voltage,
even after ~5 hours of operation at 75 > 300 °C. This cannot only be explained due to
a poor wetting effect of the ceramic and/or impurities in the liquid sodium anode; but
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also due to an insufficient electric contact of the current collector to BASE surface.

Power reduction of the cell. After each measurement campaign a power reduction
of the cell was observed. Figure 7.9 illustrates the maximum measured cell power at
cathodes L and M as function of the BASE temperature T. Circles represent the mea-
surements at electrode L while triangles at electrode M. Different colors have been used
to distinguish the measurement campaigns (MC), which have been perform at different
days. It is expected that the cell power increases with the temperature, as observed at
electrode L. However, electrode M keeps a rather constant cell power at temperatures
> 500 °C. This may have been originated by an inefficient electric contact at the cath-
ode M given by the CC assembly and/or by the degradation of the BASE and of the
electrode (nickel foam) as reported in the literature (see chapter 3). The different CC
structures of L (low) and M (middle) positions (see figure 5.4) show different behaviors.
Based on the significantly higher cell power obtained with cathode L ( > 70 % higher
than with cathode M at 700 °C), it can be concluded that the CC structure with the nickel
knitted mesh performs considerably better than the stainless steel perforated plate and
is, therefore, recommended for further tests due to its increased surface adaptability.
Between measurement campaigns MC2 and MC3 a power reduction at cathode L of
~ 65 % is also observed in figure 7.9 at 600 °C, which was “recovered” at 650 °C. This
behavior of the CC L should be investigated after disassembling of the test cell.
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Figure 7.9: Maximum measured cell power at electrodes L and M as function of the
BASE temperature Tz contrasted for three different measurement campaigns (MC).
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Repeatability of the measurements. The cylindrical active contact area depends
strongly on the design and assembly of the CC (pressing force applied), on the geo-
metric tolerances and on the thermal expansion of the materials between the measure-
ment campaigns (thermal cycling). The larger thermal expansion coefficient of the CC
compared to that of the BASE reduces the electric contact with increasing temperature
and thus the cell performance. It is considered as one of the main responsible for the
non repeatability of the measurements.

Data reported in figures 7.6 and 7.7 have been recorded in two- different measure-
ment campaigns; the facility was cooled down to 200 °C between campaigns. A com-
parison between both measurement campaigns given in figure 7.9 suggests that the
AMTEC test cell does not provide a good repeatability. The repeatability is also af-
fected by a limited wetting of the BASE inner surface at lower temperatures.

Scattering of the measurements. In figure 7.6 electrode L (graphic c)) has a rather
scattered and slightly unstable data in comparison to electrode M (graphic d)). The
measured fluctuations of cell power, voltage and current are represented in figure 7.10
in terms of time and are compared to the fluctuations of the measured BASE tempera-
ture T. The performance fluctuations in the cell may have been caused by:

— Temperature fluctuations (< 4 %).

— Electrical resistance fluctuations of the electronic load. Since the electronic load
is designed to work at high electric current values (up to 100 A), during the mea-
surement campaign it worked at the lowest current limit (in mA). This leads to an
increased electrical resistance fluctuations.

— Not fully developed wetting of the ceramic due to an insufficient development time
(< 4 hours).

— Poor and/or unstable electric contact of the current collector.

The low precision of the recorded power at electrode L in figure 7.7 graphic a) is also
influenced by the fluctuations of the measured signals (I-V) and of the temperature
at the BASE. Figure 7.11 illustrates the temporal evolution of the fluctuations of the
measured cell power P, and average BASE temperature T_;, at electrode L.

As it can be observed the fluctuations follow a similar behavior for the temperature
and the cell power. This confirms the relevant effect of the temperature on the cell
power as explained in chapters 2 and 4. The power regulator of the BASE-heater is a
power switching device that switches on/of the at power line zero-cross in 3 AC cycles.
If 50 % of the total power output is desired, then during the first 3 AC cycles the heat
power is equal to the maximum power, and during the next 3 AC cylces the heat power
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7 EXPERIMENTAL RESULTS AND DISCUSSION ON AMTEC PERFORMANCE

is zero. As a result, the measured BASE temperature through the liquid sodium imitates
the effect of the heater power regulation, which is reflected in temperature fluctuations.
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Figure 7.11: Temporal evolution of the measured cell power and BASE temperature
fluctuations at electrode L. The average temperatures of the condenser is T.; = 144 °C.

Figure 7.12 shows the temporal evolution of the measured BASE temperature fluc-
tuations at electrode L. T5_; (Heater on) measured with the BASE-heater switched
on reflects large fluctuations coming from the power regulation device, while the T,
(Heater off) shows much smaller fluctuations. This confirms that the observed fluctua-
tions on the measured temperature are mainly originated through the power regulator
of the BASE-heater. For a finer temperature control, the power regulator of the heater
has to be optimized.

To obtain the internal resistance of the cell the equation (4.26) is used, which fits the
measurement data to obtain the 3 unknown: J¢,, K; and R.;. This model assumes
the presence of a sputtered cathode layer and therefore cannot be applied in this work.
The resistance of the cell includes i) the resistance of the current collector and the cur-
rent feedthrough, which was measured and presented in chapter 6.3, ii) the resistance
of the BASE, which can be obtained from figure 2.18 and iii) the contact resistance
between the ceramic and anode/cathode can only be measured during operation and
depends strongly on the temperature of the cell due to the different thermal expansion
coefficients.

ATEFA was operated uninterrupted during 2 weeks without failure and temperatures
up to 700 °C were reached, including several temperature cycles from 200 °C (over
night) to working temperatures. It was demonstrated that the designed AMTEC cell
is able to generate electric power even without electrode sputtered layer and that the
characteristic curve of the cell agrees with the literature. The changes in cell power
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7.3 Characteristic curve of AMTEC
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Figure 7.12: Temporal evolution of the measured BASE temperature fluctuations at
electrode L with/without BASE-heater.

and OCV with temperature, pressure and time are also in a good agreement with the

literature. If the recommended improvements and modifications are realized, the cell
should fulfill the requirements for the further development towards AMTEC 2.0.
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8 Summary and outlook

ATEFA and the AMTEC test cell, developed, constructed and set into operation as part
of this work, have been operated uninterrupted during 2 weeks and short term tests
have been successfully performed in a temperature range of 400 — 700 °C and up to
0.05MPa. A damage in the main heater of the cell lead to the termination of the experi-
mental campaign. To exclude the influence of the magnetron sputtering process on the
BASE properties (e.g. increased brittleness), the AMTEC cell module has been tested
without sputtered cathode layer. ATEFA and AMTEC test cell designs have been exper-
imentally validated and the cell behavior has been analyzed according to the AMTEC
system: temperature, pressure, electrode and current collector.

Considering a short operation time, the main cell losses in AMTEC are the po-
larization losses, which take place in the BASE/cathode/current collector system and
depend strongly on the morphology of the cathode layer and of the current collector;
and the heat radiation losses for a coaxial configuration of the cell, which can be re-
duced by installing a remote condenser. The optimum parameters of an electrode layer
(porosity, thickness and grain size) depend on the material of the layer and can only
be experimentally determined at specific operating conditions. Through a detailed lit-
erature review it was observed that despite the extensive literature available regarding
the performance of AMTEC cells, most results were analyzed based on temperature
and electrode properties and neglected the effect of the electrode-current collector sys-
tem. An optimized current collector structure can increase up to 50 - 100 % the cell
performance and therefore its effect must be considered when comparing different cell
results.

Based on this issue, a preliminary study of the current collector (CC) structure was
performed [116] focused mainly on analyzing the impact of the CC structure on the
active surface of the electrode. A large stiffness of the CC structure has shown (e.g. Mo)
to be a disadvantage, since the stiffness given by the BASE combined with the stiffness
of the CC results in a reduced electrical contact. In this sense, results indicate that
knitted mesh structures seem very promising for AMTEC cells, as they can compensate
the stiffness of a material (e.g. Mo, Ni) by the malleability of the knitted mesh and thus
reach an enhanced electric contact.

The challenging operating conditions of AMTEC devices characterized by very high
temperatures (up to 800 °C) and corrosive medium (sodium) led to various technolog-
ical developments that have been addressed previous to the cell assembly: the de-
velopment of a porous, electrically conductive, high-temperature resistant and stable
coating layer on the BASE surface utilizing the magnetron sputtering technique and the
development of a stable high-temperature resistant ceramic to metal brazing.
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The developed BASE-Nb brazing consisted of a commercial Ni base soldering paste
that was mixed with 16 wt% Nb and 4 wt% Ti powders. The gap size of the brazing was
~ 500 um appropriate for the calculated relative low shear stress at the joint. A He leak
tightness of < 10~° mbarl/s was achieved at the best ceramic-Nb joint. The developed
joint was succesfully tested in ATEFA uninterrupted during two weeks and up to 700 °C
without failure.

Mo, TiN and TiC AMTEC electrodes have been considered for the coating of the
BASE elements. A d.c. magnetron sputtering process was used to deposit the elec-
trode compounds on the BASE substrate. A microstructural and elemental analysis
of several sputtered samples were performed using respectively SEM and EDX meth-
ods to examine the morphology of the electrodes [176]. Mo and TiC sputtered layers
showed a homogeneous grain distribution and the presence of porous channels be-
tween grains; the latter is the basis for a good transport of sodium vapor during the
cell operation. A partial detachment of the TiC coating was also observed. An analysis
of the detachment process suggests to be caused by the vaporization of gases (e.g.
water or CO,) from the ceramic surface, driven by high local temperatures (> 200 °C)
originated during the sputtering process. A considerable amount of Na was also found
at the surface of the coating revealing a diffusion from the ceramic. This effect shows
consistency with the literature concerning the hydration of the ceramic. The accumu-
lation of sodium on the TiC surface proves the permeability of the TiC layer, which is
essential for a proper function of the AMTEC cell.

During the measurement campaign the changes in cell current, voltage, and power
with temperature and pressure have been recorded and are in a good agreement with
the literature. The measured OCV varied betweeen 501 — 1037 mV at 400 — 700 °C
and was compared with the theoretical voltage using the Nernst equation. The agree-
ment between theoretical and measured OCV varied strongly with the wettability of the
ceramic (up to e >100%). Under optimum wetting conditions, deviations of the OCV
were as good as e <3.5%. It was observed that the exposure time to liquid sodium
required in the tests for a good wetting of the ceramic can be accelerated by i) increas-
ing the sodium temperature over 300 °C and ii) closing the electric circuit of the cell
(electrowetting).

The small current production of the cell (up to 52 mA at 700 °C) agrees with the small
effective contact surface of the CC to BASE. The main responsible for the observed
non repeatability of the measurements is attributed to the CC. On one hand, the CC
structure has a great influence on the cell power: the knitted mesh performed > 70 %
better than the perforated plate at 700 °C; on the other hand, an insufficient pressing
force of the CC corset towards the BASE outer surface can reduce significantly the cell
power: > 75 % power reduction is reported between cathodes M and K at ~ 530 °C.

164



It was identified that the pressure of argon at the cathode side has a considerable
influence on the OCV and should, hence, not be neglected. At an Ar-pressure of ~
1.10° Pa the measured OCV deviated as much as 1V from the Nernst voltage. Small
pressure values in the order of several hundred pascals minimized this error to <5 %.
The maximum measured power of the AMTEC cell without electrode sputtered layer
rises to ~7mW at 700 °C.

This doctoral thesis serves as a starting point in the development of optimized
AMTEC cells and promotes new high-temperature materials and fabrication methods
to be applied for an optimized AMTEC 2.0 stacking design with a planar BASE. A cylin-
drical form of the BASE, used historically in AMTEC cells, becomes a drawback when
obtaining a good and homogeneous electric contact at the cathode-CC side. A planar
BASE would improve considerably the electric contact, reducing thereby significantly
the cell losses. Moreover it should help to reduce the costs, volume and weight of the
cell, by reducing considerably the sodium amount-electrode surface ratio and BASE
manufacturing costs, and increasing the power/volume and power/weight ratios.

To corroborate the reported observations regarding the porous sputtered cathode,
this work must be followed by a detailed study of the magnetron sputtering process
and further analysis of the chemical stability of the ceramic electrolyte, which seems to
influence considerably the quality of the electrode deposition (e.g. the adhesion to the
BASE surface). It is, therefore, recommended to further optimize the handling process
of the BASE in order to achieve an increased chemical stability of the BASE and, thus,
of the sputtering process too.

Moreover, further experimental tests should be performed under AMTEC conditions
to proceed performance optimizations on the electrode morphology as well as current
collector structure and materials. During the experiments, the entire system: BASE-
electrode-current collector should be considered.

Regarding long term experimental research on AMTEC cells, the degradation effect
is on focus, which takes place mainly in the BASE and the cathode layer. Such tests
will be performed in the SOLTEC-3 facility to be set into operation in 2018.
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Appendix A: Uncertainty of Nernst equation

The application of the Nernst equation to compare the theoretical values with the mea-
sured data requires the consideration of the uncertainties in the temperature and sat-
urated pressure of sodium. Therefore, this appendix calculates the propagated uncer-
tainty of the Nernst equation:

R,Ty

oc _
Nernst —

n[psat (T) /0] (A1)

To calculate the pressure at the cathode the following equation of Cole (1983) is
considered [32]:

T
Tcd

The fitted equation for the vapor pressure of saturated sodium from Browning and
Potter [180] is used:

pgc = Psat (Tcd) (A2)

Psat (T') = exp[11.9463 — 12633.73/T — 0, 4672InT] : (A.3)

which has different uncertainty ranges depending on the sodium temperature as sum-
marized in table A.1.

| Temp. Range [K] | Uncertainty [%] |

400 — 600 9-25

600 — 864 4-6
864 — 1500 3
1500 — 2000 4
2000 — 2500 5

Table A.1: Uncertainty of equation from Browning and Potter [180] for sodium vapor
pressure at different temperatures (400 — 2500 K).

It is well known that the propagated uncertainty u, of a function f (z,y, 2, ...) of the
physical variables z,y, z, ... which have uncertainties u,, u,, u.,... is derived from the
following equation:

2 2 2
u? = u? <g—£) + “Z (Z—‘;) + u? (%) +... : (A.4)

First the propagated uncertainty of p2¢ will be calculated as follows:

of 2 of \? of \?
2 _ 2 2 Y, 2
upgc = Upyy (T.q) (Gpsat (Tcd)) + Uy (aTB) + Ur., aTcd ) (A5)
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which is equal to:

2 2

T sa Tc 2 sa TC VvV T

'U/Z%oc = u?) t(T d) _B + u’_ZFB (p t ( d>) + u'_2r (_p t ( 1 5d) _B) . (A6)
¢ sente Tea 2V 1T o 2 WTq

Considering the Nernst equation as a function of the temperature at the BASE,
temperature at the condenser and the saturated pressure of sodium at the BASE the
propagated uncertainty of the Nernst equation uye.  can be calculated as follows:

af \° of  \? af \2
u%/ﬁf%rnst - U%B (@) + Ugsat(TB) (m) + uigé Wgc 3 (A.7)

which is equal to:

R Psat (TB) ? RTB 2 RTB 2
2 2 2 2
UV e~ U (f”‘T Tt \ T 1y ) e \ T - (A8)

Cc Cc

Introducing in the last equation the values of the known parameters, one can obtain
the uncertainty of the Nernst equation, which for instance at 73 =501 +2 °C and T4 =
166 £ 3 °C is equal to V¢ . . =794 +15mV, equivalent to an uncertainty of 2 %.

Nernst
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Appendix B: ATEFA facility description

Trace heating system

Sodium is kept molten at > 150 °C in tanks and piping during operation thanks to a
trace heating system; the maximum temperature of 800 °C is only reached inside the
BASE tube and therefore confined in a small volume (~0.171). Exceptionally, during
the filling process, the complete sodium system is heated up to ~ 300 °C to ensure
a good wetting. Moreover the temperature gradient between the BASE tube and the
Na-feeding pipe at the inlet of the cell is kept below 150 °C in order to avoid a thermal
shock, which may break the BASE tube. Also a large temperature gradient in the axial
direction of the BASE tube may cause a break of the BASE and is therefore monitored
by the heating system not to exceed a temperature gradient of 150 °C.

A description of the system and the installed electric power is given in table B.1. The
heat losses in ATEFA are small due to the small volume of sodium and low temperature
(<250 °C) and therefore, the required electric power for the trace heating system in
ATEFA is small too (except for the BASE). To obtain a homogeneous temperature all
over the cell it is important in order to avoid local solidification of sodium, however this
task becomes difficult due to the complex structure of the AMTEC test cell (different
diameters and wall thicknesses and large amount of feedthroughs). For this reason,
the criteria followed to determine the power to be installed was based on the geome-
try rather than on the heat losses. Therefore, the installed power is most of the cases
(central flange, lower flange etc.) significantly larger than the required power to cover
the heat losses. The estimated total power consumption of the facility is of ~1500 W
based on the correlations of [181] for heat transfer in insulated pipes with free or forced
convection and under consideration of radiation losses. Some of the heaters were con-
nected in series or parallel to the power source, depending on their power consumption
and operating temperature. The effective electric power is controlled by power regula-
tors, which are connected to the control system of the facility (see chapter 5.2).

Miniature heaters have depending on their length and thickness a specific voltage
limit. This needs to be considered when selecting the power supply and control system.
Three possibilities were observed for the power control through: phase angle, zero
cross or a variable transformer. The advantages and disadvantages of each technology
are summarized in table B.2.

The reduced available space in the experimental facility lead to discard variable
transformers due to their large sizes. Furthermore a transformer with automatic control
can become extremely expensive in comparison to phase-angle or burst-fired regula-
tors.
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Heater Component Max. temp. | Max. installed
[°C] power [W]
Hz1 BASE (anode) 800 765
Hz2 Upper flange 57
Hz3 Inlet pipe 50
Hz4 AMTEC | Valve AR-VI-08 250 80
Hz5 cell Central flange 333
Hz6 Lower flange 404
Hz7 Condenser 169
HN1 + HN2 Tank NA-ST-01 163
HN3 Piping 1 (Na-inlet) 998™*
HN4 Piping 2 (Na-outlet) 250 912**
HN5 + HN6 Tank NA-ST-02 163
HN7 Valve NA-VI-01 59
HN8 Valve NA-VI-02 59
Total [W]
4212 (installed)
Total [W]
~ 1500 (estimated)

Table B.1: Review of the heaters assembled in ATEFA. The maximum installed power
was obtained considering the maximum installed voltage. *For the particular case of HN3 and HN4
the heaters are connected to a 230 V source, therefore the installed maximum power is considerably higher than the estimated

value (67 and 129 W respectively); the final power is however monitored and reduced before reaching the heaters with a power
regulator device.

Power regulator Main advantages Disadvantages
- Very fine resolution - Higher harmonic distortion
Phase-anale - Fast responding - Radio-frequency
9 - Adequate for resistive interference (RFI)
and inductive loads
Burst-fired - Very low harmonics - Not recommended for motors
- Very low RFI - Resolution depends
(zero cross) : )
- Economic on cycle time
Variable - Output voltage regulation - Very large devices
- No harmonics / RFI - Very expensive
transformer

(automatic regulation)

Table B.2: Overview on power regulator devices.

Phase-angle controllers have a very fine resolution and fast responding, however
they generate high harmonic distortion and radio-frequency interference, which can
dismiss the sensor measurements in the facility. This is produced when closing and
opening the electrical circuit at high voltages. For that reason, zero cross devices were
preferred. In particular, zero cross regulators with variable time-base control can be
easily controlled through an input signal (e.g. 4 - 20 mA) given by the automation system
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or PC. However the resolution is affected by the looped-cycle time of the zero cross
regulator.

A transformer was used to reduce the maximum voltage applied to the heaters and
an accurate automatic control of the supplied electric power was done combining a PID
(Proportional-Integral-Derivative) controller and a zero cross device (Watlow type DIN-
A-MITE-A), which has a variable time-base control with looped cycle (minimum 3 cycles
on or off). A phase gating dimmer (Dimmtronic M1000/5.3 from EPV Electronics) was
used for controlling the cooling power of the ventilator in the condenser.

Figure B.1 shows an infra-red-photograpy picture made with the thermographic cam-
era during a test of the heating system without thermal insulation. Two spots in the cell,
the lower part of the cell and the flange, seem to have a lower temperature than the
rest of the structure, however thermocouples located directly on that position showed
a higher temperature than the measured by the camera. This is due to the modified
emissivity at of those regions, which have a more polished surface, that modified the
heat radiation effect captured by the camera. Feedthroughs at the upper flange are not
actively heated and are, therefore, colder than the rest of the cell. The metallic wall of
the facility containment located behind the cell produces a mirror effect reflecting the
heat radiation of the cell. The design of the heating system in the cell provides up to
300 °C in the ceramic even in case of a failure of the main heater, thanks to the indirect
heating system installed on the outer wall of the condenser.
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Figure B.1: Infra-red picture of the AMTEC cell made with the thermographic camera
during heater tests. Total applied power 235 W, ambient temperature 25 °C.

Mineral wool of 30 mm thickness was used as thermal insulation in the sodium sys-
tem. Additional insulation was installed on the walls of the facility containment made
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of calcium silicate, Promasil 950-KS. These calcium silicate plates located between the
walls of the ATEFA facility have multifunction: isolate thermally the sodium side from
the laboratory and make the ATEFA doors robust and lightweight.

Operation procedure

The operation procedure of ATEFA is divided in three main stages: i) cell empty, ii)
maintenance and iii) cell full (operating). The main characteristics of each stage are
described in table B.3 and figure B.2 shows the main steps of the process control sys-
tem of ATEFA.

Stage Cell empty Maintenance ( Of)z/r/;%g )
Tanks Contain cold sodium | Contain hot sodium | Contain hot sodium
(Tvg ~30 °C) (T, > 100 °C) (T, > 100 °C)
Fill-status Empty Empty Contain hot sodium
cell and piping (T'ng =150 °C) (T'v, =250 - 800 °C)

Table B.3: Overview of the main stages in the operational procedure of ATEFA.

In cell empty stage the facility is cold, depressurized and empty. During mainte-
nance the facility is still empty, however, sodium is molten in the tanks. Here transition
processes take place like pressure test and cleaning of the facility from moisture and air
rests. Cell full stage represents the ATEFA facility under operating conditions: a pres-
surized, full and hot facility. Here the filling of the cell with sodium, the adjustment of
the pressure and temperature in the cell or the recording of measurements take place.

1. Cell empty. Cell and tanks can be disassembled from the facility since sodium is at
room temperature and the facility depressurized.

2. Maintenance. First of all a verification of enough available sodium in the facility is
done. This can be carried out by weighing the tank. Once the cell and both
tanks are connected to the facility and the doors of the facility are closed, a cold
inspection is performed (pressure test). Once the facility is leak tight the cleaning
process is followed. This transition includes an evacuation of the facility at 150 °C,
which allows the vaporization of water from the inner walls of the system.

3. Cell full. The filling of the cell with hot sodium at 250 °C (Na - fill cell) is first pro-
ceeded, followed by the adjustment of temperature and pressure in the cell. Fi-
nally the electrical circuit can be closed and recording of measurements started.
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Filling process. In order to fill up the BASE tube with Na a pressure difference between
cell and tank is required. Assuming an inner diameter of the ceramic Dy =28 mm and
that the minimum volume of sodium to be pumped needs to fully cover the electri-
cal heater and the anodic current lead: H7" =97 mm (see figure B.3), the minimum
sodium amount to be pumped in the cell is Vol ~ D% Hyi" /4 =5.97x107°m?. On
the other hand, maximum volume of sodium in the BASE should not exceed the height
of the last electrode: Hye* =218 mm, Vol ~ nDLHG /4 =1.34x107*m3. Above
the last electrode liquid sodium would contact the Nb-brazing and the electrical isolation
of the anode would disappear.

Z
- o
|
TC3-1 (Max. limit) : HV\
A Q
] Nb-brazing
I
H, = 218 mm ' Na-level
|
TC8-i (Heater, anode) ' Anode
d O
A -
s . Cathode
e —
——
Hyn, =97 mm Heater
 e——
 c——
I |
» | e———
A 4 \4 . A >
I r

Figure B.3: Sketch of the BASE tube indicating two measurement points of the Na-level:
minimum Na-level (TC8-i) covers the heater and contacts the anode, and maximum Na-
level (TC3-i) allowed prevents electrical short circuit as well as over-flooding.

The storage tank has an internal diameter of Dy, =131.7 mm a width of Ly, =
315 mm. If the amount and the temperature of sodium and argon in the system (tank+piping+cell)
remain constant, the expression for ideal gases can be used to obtain the relation be-
tween volume and pressure at the different states:

p Vol = constant : (B.9)

Pumping liquid sodium from the tank NA-ST-01 to the cell requires also the consid-
eration of a hydrostatic pressure, which appears due to the height difference between
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cell and tank. The hydrostatic pressure can be calculated as follows:

Prya = Hog ; (B.10)

DPTank = PCell + Phyd ) (B.11)

where H denotes the height difference between the tank (filled state) and the cell, o
is the specific density of sodium and g is the gravity constant. If o(150 °C) = 914 kg/m3
and H =1.6m, then p,,q =0.143bar . During calculations, it was observed that if
the initial pressure of the cell is > 1.05bar, the maximum pressure allowed in the tank
(prant: > 1.5bar) is reached before the cell is completely full. Thus, the filling process
must be performed in two or more steps: first fill up the cell with sodium until ~ 1.3 bar
in cell are reached. Then close valves NA-VI-01 and open valve AR-VO-03 to release
excessive argon from the cell (pc.; = 1.05bar), this is the intermediate state. Finally,
the filling process can be finished. In the calculations not only the volume from tank and
cell were taken into account but also the piping that communicates both parts.

As soon as the tests have been finished, the facility can be drained. First of all,
electrical circuit is switched off, then the in facility is cooled down to 200 °C and the
overpressure in tank NA-ST-01 eliminated. Then, AMTEC cell is drained by means of
using the pressure difference between cell and tank, pushing simultaneously the liquid
sodium to both tanks.

Draining process. In the facility the total amount of sodium of ~ 0.28 liters is divided
between cell ~ 17 liter and piping system ~ 0.11 liter. Due to the small cross section
of the sodium piping system (4 mm inner diameter), the effect of capillary forces in the
piping needs to be considered. Therefore, the draining process is supported not only
through the gravity forces but also through a pressure gradient generated between the
cell and the sodium tanks. The sodium valves (NA-VI-01, -02) determine the draining
speed of the facility owing to their small aperture. Assuming a pressure difference be-
tween cell and tank of 0.3 bar (generated by an underpressure in the tanks), a sodium
density of 830 kg/m? and the flow coefficient of the valve given by the manufacturer
¢, =1, the sodium mass flow rate through the valve is therefore m =0.671 m3/h. Con-
sequently the calculated time to drain the total amount of sodium is ~ 2 seconds. This
rapid draining is favorably to a safe operation of the facility.

When the facility is empty, the trace heating system is switched off, sodium solidifies
and over/underpressure is eliminated.
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Emergency shut down. The facility is supplied with an emergency stop button. When
the button is pressed, power supply switches off immediately and solenoid outlet valves
(AR-VO-01, -02, -03) located at the argon system open by power disconnection. A
consequent automatic depressurization the facility occurs and the heating system as
well as any electric devices are automatically switched off. Additionally, the metallic
containment of the sodium system is flooded with argon through the open solenoid
valves.

During the experimental operation, several subroutines are executed independently
from the state or transition. This are subroutines in charge of a secure working of
the facility:

— Supervision of temperature in sodium system. Warning if temperature drops be-
low 150 °C. If temperature exceed the maximum allowed temperature in the facility
the power supply of the respective heater are switched off.

— The power control system of the heater in the BASE tube does not allow a temper-
ature gradient higher than 150 °C, to avoid a thermal shock and thereby preventing
a damage of the ceramic.

— Supervision of pressure in the sodium system. If the pressure exceeds the spec-
ified maximum allowed temperature then the outlet valves (AR-VO-02 and AR-
VO-03) open automatically to release the excess pressure. Opening of the outlet
valves is only allowed in case of overpressure, to avoid air ingress in the facility.

— Warning in case of a ceramic break. The vacuum sensor in the cell records a
rapid pressure increase indicating a ceramic failure.

— Automatic protection of the vacuum sensor by monitoring the solenoid valve AR-
VI-06. The valve closes when the maximum pressure permitted by the sensor is
reached.

In case of a ceramic break and a simultaneously open mass flow controller, the latter
is automatically closed to avoid an uncontrolled loss of sodium from the primary tank
NA-ST-01. Thanks to the pressure difference across the BASE tube, molten sodium
is automatically “pushed” into the collecting tank NA-ST-02. The temperature of the
containment box is measured and must not exceed 80 °C to ensure sodium solidification
in case of a leakage and to avoid cabling damage. The monitoring of the facility during
commissioning (pressure test, cleaning), filling up the cell, adjustment of pressure and
temperature and drainage is done combining manual and automatic actions; in any
case the manual steps are surveyed by the control system to limit possible mistakes by
the operator. In steady state conditions only PC-based (automatic) control is required.
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Safety provisions

Working with molten sodium at high temperatures requires special attention during de-
sign, construction and operation the ATEFA. The most important safety features con-
sidered are summarized here.

— Small amount of sodium in the facility of ~ 0.31 (without tanks).

— Limited pressure to ~0.17 MPa ensured by three safety valves and three outlet
valves.

— Highest temperature of 800 °C located only in the ceramic electrolyte. The rest of
the sodium system is maintained at a temperature of ~ 200 °C.

— In case of a ceramic rupture sodium is collected in the condenser containment
and secondary tank.

— Fast draining of sodium into the tanks in ~ 2 seconds.

— Several metallic filters were installed in the Ar-piping at the connecting zones with
the Na-system to protect pressure gauges and the vacuum pump from molten
sodium and to act as a barrier for sodium to avoid entering the Ar-system.

— Isolation of the sodium system by enclosing it in a metallic containment. It retains
liquid sodium inside the containment in case of a leakage and acts as a physical
barrier between the sodium system and the operators.

— Argon outlet valves release the overpressure in the containment of the sodium
system and are used to float the facility in case of a sodium leakage, to extinguish
a possible subsequent fire.

— A metallic catch pan is located on the bottom of the facility containment under the
tanks to collect liquid sodium in case of a leakage.

— Emergency stop button.

— Ventilation system in the laboratory: for aerosol/smoke and argon suction. The
latter activated through an oxygen sensor.

— Dry sand and fire blankets are available in the laboratory to stop fire from small
leakages
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Appendix C: Laboratory infrastructure

Sodium melting device

The sodium is delivered in solid ingots of around 1 kg with a protective oxide layer. Thus,
filling the tanks of ATEFA and SOLTEC facilities with sodium requires first a cleaning
and melting process. The glovebox is used for this purpose and a sodium melting
device has been constructed and coupled to the structure of the glovebox. It consists of
a glass containment of 2 liters that is placed on top of a heater plate and is connected
through a 8mm pipe with the sodium tank. First the sodium ingots are melted inside the
glass and heated up to 250 °C to ensure a good wetting of the piping system. Sodium
oxide rests are accumulated on the free surface of the melt. Then an underpressure is
generated in the tank while a valve near to the tank is closed. After opening the valve,
the pressure gradient between glovebox and tank helps filling it with molten sodium
from the lower part of the glass (clean sodium). A level sensor in the tank indicates
a full state of the tank. For safety reasons the glass containment is fixed to a static
structure and a metallic tub is placed underneath the heater plate. The sodium tank
is placed outside the glovebox on top of a second metallic tub. Figure C.1 shows the
sodium melting system. Inside the glove box a second valve is used to drain the pipe
after the filling process.

Laboratory ventilation system

The AMTEC laboratory has been provided with a ventilation system consisting of three
main loops. At floor level an argon suction system has been installed, which is mon-
itored by an oxygen sensor that activates the ventilation system for argon and gives
both acoustic and visual warning signals in the laboratory in case of emergency. At the
top of the laboratory a second ventilation system has been installed for aerosol suction.
The latter is activated only after the sodium fire has been extinguished to prevent in-
tensifying the fire. Therefore, the activation button is located outside the laboratory and
is used before entering the laboratory after a sodium fire. The third ventilation loop is
foreseen for ATEFA and SOLTEC-3 cooling systems. Figure C.2 shows the upper view
of the ventilation system located on top of the laboratory ceiling.
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Figure C.1: Sketch and picture of the sodium melting system. The picture (right side)
illustrates the system before assembling of thermal isolation.

Outlet

S<_Aerosols
\\

~

Figure C.2: Upper view of the ventilation system, located on top of the laboratory ceiling.

Cold air comes through the right window and is used to cool the AMTEC condenser
in ATEFA. The left outlet window is used to release hot air , argon and aerosols from
all three loops. Non-return valves are used to ensure the correct direction of the flow.
The mass flow rate of cooling air in ATEFA is controlled using a PID regulator included
in the LabView ATEFA control system.
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