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Chairman: Dr. Samim Anghaie
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Thermionic energy conversion is one of the many concepts
which make up the direct power conversion technologies.
Specifically, thermionics is the process of changing heat
directly into electricity via a material's ability to emit
electrons when heated. This thesis presents a broad overview
of the engineering and physics necessary to make thermionic
energy conversion (TEC) a practical reality. It begins with
an introduction to the technology and the history of its
development. This is followed by a discussion of the physics
and engineering necessary to develop practical power systems.
Special emphasis is placed on the critical issues which are
still being researched. Finally, there is a discussion of
the missions which this technology may fulfill. These three

sections will give the reader enough background to begin
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reading the myriad of technical documents available within
this research area. The list of references concentrates
mainly on research which has been conducted within the United

States of America since 1960.




INTRODUCTION TO THERMIONIC ENERGY CONVERSION

Direct energy conversion is the process of turning raw
energy, heat, into a more usable energy, electricity. This
thesis will concentrate on thermionic energy conversion
(TEC), a specific branch of the direct energy conversion
technologies. Thermionic emission was first discovered by
Thomas Edison and is the process heating a metal surface to
produce electrons.

A basic understanding of the thermionic conversion
process can be stated very simply. When heated, the
electrons within any metal will exceed a barrier index energy
such that electrons near the surface which are at energies
higher than this barrier index are emitted from the surface.
These electrons are subsequently collected onto another metal
surface having a lower barrier index energy. The flow of
electrons is the current in the system. The motive, or
potential, is provided by the energy necessary to overcome
the original barrier energy minus that lost when the
electrons are collected. When the circuit is connected to a
load, the energy conversion process is complete.

The concept of thermionic energy conversion is of
interest for a number of reasons. In its basic form it is a
simple, static system; i.e., it uses no moving parts. This

leads to better inherent stability and maintainability than




comparable dynamic systems. TEC can generate power from a
wide range of heat sources with temperatures from 800 to 2600
K. This ability to utilize high temperature sources and the
inherent property of thermionic emission (where the power
density is proportional to the temperature squared) provide
greater power densities and higher efficiencies than
comparable concepts.

Thermionic converters are usually modular units of
fairly small size and weight. Their size and modularity
encourage research and development. It is relatively easy to
fabricate individual units for testing under varied
conditions and the results are scalable from the laboratory
to practical systems. The modularity and ability to adapt to
different system geometry also make it easier to integrate
thermionic conversion into systems where size and shape are
driven by other factors.

These characteristics and others make thermionic energy
conversion a good option for missions with limited space or
weight, with high temperature heat sources, or where
maintenance and lifetime are critical factors. A more basic
introduction to thermionic power conversion can be found in
Ram93. This thesis is an in-depth overview of the thermionic

technology available for these missions.




HISTORY OF U.S. THERMIONIC ENERGY CONVERSION RESEARCH

The study of thermionics within the United States of
America began in 1957 with the creation of a practical
cesiated thermionic converter with substantial power output
capability. This original research was spawned from programs
at Los Alamos National Laboratory , General Electric, and RCA
among others. The first converter to show promising results
was installed into the water moderated core of the Omega West
Reactor in April of 1959 and, despite a rather large emitter-
collector separation distance of approximately 6 mm, it
produced a short circuit current and open circuit voltage of
35 A and 3.5 V respectively. With the publication of these
results, there began a systematic investigation into the
potential of this new technology. This section is devoted to
describing the history of the programs which have developed
thermionics into a working practical engineering task.
Concurrent with the beginning of the U.S. effort and in the
time since, research programs within many other countries
have flourished. However, these programs will be mentioned
only where they overlap or provide significant advancements
to the U.S. programs.

The first effort to coordinate and develop U.S.
thermionic research took place during the 1960s (Ran90a).

During the heyday of the U.S. space program this effort




focused on applications for space power systems and in
particular nuclear power systems. Among the many programs
during this time frame was the SNAP-2 reactor which was
flight tested in 1965 (the only nuclear reactor the U.S. has
ever orbited). The system was based around radiator-mounted
Si-Ge thermoelectric converters (another direct power
conversion technology) producing half a kilowatt of electric
power. The original thermionics programs concentrated on
integrating converters directly into a reactor core design
similar to those of the SNAP program.

The in-core thermionic element design which resulted is
commonly referred to as a "flashlight" type thermionic fuel
element (TFE). This description refers to the cylindrical
shape of the fuel element with the nuclear fuel in the center
of the thermionic converter producing the electrical output
all within the reactor core. From 1962 to 1968, research
sponsored by NASA and the AEC concentrated on development of
this fast spectrum, in-core "flashlight" type TFE for use in
a 100 kWe space nuclear power system (SNPS). During this
time frame, much of the research was focused on finding the
best solutions to the materials problems involved in making a
long-life converter.

Research broadened during the 1968 to 1972 time frame,
as alternate concepts were explored for placing the
thermionic converter outside the reactor core. These new
studies looked at thermally coupling the thermionic

converters to the reactor core either through radiative




emissions or conduction. At this same time, in-core
thermionics advanced to a multi-cell TFE design using
tungsten-clad UO2 emitters operating at 1800-1900 K.
Prototypes of this design began experimental testing in 1970
and had met performance and lifetime objectives of 10,000
hour lifetime and two to five watts electric per square
centimeter in multiple in-reactor tests by late 1972.

The next logical step was to build a full scale system.
A request for proposals was announced detailing a desire for
a 100 kWe space power system using a thermionic reactor.

This sparked a competition between General Electric and
General Atomics. However, even though the contract was won
by General Atomics, the program was ill-timed. Changes by
congress and the executive branch in national priorities were
shifting funding out of the space power field. These changes
resulted in the cancellation of all U.S. space reactor
programs in early 1973. This was a major setback in
thermionic research.

It should be noted that this change in U.S. policy had a
significant impact on research into thermionics in many other
countries. One example of this was the cancellation of a
German project aimed at producing a 20 ke SNPS for use in a
direct broadcast television satellite. The project used an
in-core thermionic reactor with UO2 fueled molybdenum
emitters operating near 1800 K and had achieved its goals for
lifetime and performance. Even though the project was

canceled when the U.S. declined to commit to providing a




launch vehicle, it accumulated more than 23,000 hours of
testing. The only bright star within thermionic research at
that time was the USSR's TOPAZ project.

In 1970, the USSR orbited the first of three TOPAZ type
thermionic space nuclear power systems. A second system was
launched in 1972 and TOPAZ-3 followed in 1975. This system
was comprised of a NaK cooled, Zr moderated fast-spectrum
reactor utilizing a 5-cell "flashlight" type thermionic fuel
element. It generated between 5 and 10 kWe with lifetimes
between 3000 and 5000 hours. These remain the only
thermionic reactor systems which have been flight tested.

The first relief for U.S. research projects came late in
1974 when NASA sponsored a joint effort at the Jet Propulsion
Laboratory and Los Alamos National Laboratory. This effort
was to research small nuclear reactor out of core, heat pipe
fed thermionic systems. Heat pipes, a recent (1963)
innovation of the Los Alamos laboratories, were designed to
conduct heat from one location to another with as little
temperature loss as possible. However, little funding was
available and most research was limited to conceptual
studies.

From 1973 to 1979, most of the major advances within
thermionic research came from groups studying terrestrial
applications under Department of Energy projects. These
groups were concerned with developing a practical thermionic
combustor (Mer80). Specifically, they were designing a flame

fired thermionic conversion unit for use within conventional




coal or gas power plants or any other manufacturing
environment where combustion is used to produce high
temperatures. Basic research during this time into the
thermionic emission process and electron transport resulted
in significant advances for the thermionic cell lifetime and
performance.

In 1979, the Department of Energy, the Department of
Defense and NASA launched a joint space power system study
known as SPAR. The program used heat pipe technology to fed
an out of core conversion system. Thermionics was chosen as
the conversion technology to deliver power at levels over 100
kWe. This study was later broadened into the SP-100 program
in 1982.

The SP-100 program goal was to design a 100 kWe space
nuclear power system. General Atomics submitted essentially
the same thermionic reactor design concept which had won the
earlier contract in 1972 and it was given approval as part of
the phase I effort within this new program. A three year
effort (1984 to 1986) produced advances in understanding the
system design but the final phase of the contract was awarded
to a thermoelectric based design. However, a rebirth of the
space program was being brought about because of interest in
the national Strategic Defense Initiative.

A number of new programs were initiated under this
initiative. The concept called for extremely high power

space-based systems capable of sustained power outputs from

100s to 1000s of kWe with burst power outputs one to two




orders of magnitude higher. Much of the basic research
needed to develop a practical thermionic power system was
carried out during this time.

Over the next decade, a number of major initives were
undertaken (Dah93). The Thermionic Technology Program and
the S-Prime Design TFE(1984 to 1986) focused on the emitter
electrode and the insulator materials (Mil93 and Roc93). The
Thermionic Fuel Element Verification Project (TFE VP) (1986
to 1994) focused on demonstrating performance and life-time
characteristics of TFE components in a multi-MW reactor
environment (Gen94, Sam87, Sam89 and Sam90). The Multi-
megawatt Design Effort (1986 to 1994) evaluated several
technologies to determine their ability to provide several
megawatts of power for an SDI burst power space based defense
platform. The Advanced Thermionic Initiative (1989 to 1993)
concentrated on an advanced TFE with a single long cell
design (Lam9%4).

Most of these programs included a third phase of their
respective programs in which a prototype reactor would be
built and flight tested. However, no recent U.S. program has
been carried to this stage so we still have not gained any
first-hand experience from flight testing a thermionic
design. The TSET Program (1991 to 1996) sought to circumvent
this lack of system engineering level data by studying the
TOPAZ program. It focused on reviewing and integrating into
the U.S. programs the information available from the Russian

(former USSR) TOPAZ thermionic power system. Findings from




the study include Agn94, Bel90, Bog90b, Bog920c, Bog90d,
Mal95, Par94, Pon9l and Vib92.

In addition to these programs, many small business
innovative research (SBIR} grants and several smaller scale
USAF/DOD/DOE/SDIO/BMDO programs have continued research in
new concepts and system integration. Due to the inherent
ability to build and test thermionic converters at a unit
level, much research has been done by individual researchers
or small groups working outside the bounds of the large

programs.




CRITICAL ISSUES IN THERMIONIC ENERGY CONVERSION

Background: The Basic Thermionic Cell

All power conversion systems have one goal in mind; to
bring in raw energy and convert it into a more useful form.
With this in mind, any thermionic converter can be reduced
into a basic cell concept. A supply of energy is provided to
the cathode, also called the emitter, in the form of heat.
The Edison effect dictates that electrons gain energy
reaching higher levels of excitement until the electrons
close to the surface undergo thermionic emission. This
occurs when the energy level of the electron exceeds the work
function, equivalent to a binding energy, of the surface.

The remainder of the thermionic converter cell is then
dedicated to collecting and using these emitted electrons
with minimal loss in bias (voltage) and minimal back current
(flow of electrons back into the cathode).

After emission from the cathode, the electrons must
traverse across a gap and be condensed onto an anode surface.
This series of processes represents most of the key issues in
making the thermionic conversion process viable. The
remainder of the power conversion system is fairly simple in
comparison. After the electrons are collected by the anode,

the excess energy is taken from the collector to a heat sink.

10




11

Vacuum or Interelectrode
Vapor Enclosure Gap
Heat
Source

Collector
(Anode)

Emitter
(Cathode)

Electrical
Load

Figure 1. The basic thermionic cell.
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The electrons are drawn through a circuit, usually a power
conditioning system to transform the high current, low
voltage signal into a more usable voltage-current range. The
useful power having been extracted, the electrons are
returned to the cathode to complete the circuit. The concept
of the basic thermionic cell was introduced in by Drs.
Hatsopoulos and Gyftopoulos in Hat73 and later refined in
Hat79. Other full texts on this subject include Ang76,
Bak78, Hané7 and Kal89.

At this point the common units used to discuss
thermionic systems should be introduced. These include mils
(milli-inches) or micrometers (um) for dimensions of
thicknesses (note that 1 mil is 25.4 micrometers), inches or
centimeters for other dimensions, amperes per square
centimeter (A/cmg) for current, electron volts (eV) for work
functions, volts (V) for potential and Kelvin (K) for
temperature. Thermionic energy conversion devices come in
such a variety of sizes and shapes, the common dimensions and
operating conditions will be discussed as each type of system

is described.

Interelectrode Gap

With the basic cell in mind, it is time to examine the
critical issues that make the engineering of thermionic
converters challenging. The goal of thermionics is to
produce electrical power. As such, the production of

electrons and their transport across the gap becomes the
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first key issue. It is important to optimize both the
current, or number of electrons, and the voltage, or motive,
that is produced.

The defining equation for computing the electron current
leaving the surface of an emitter is credited to Richardson
and Dushmann. This equation is derived from the Dirac's

model of electron behavior and states:

J. = AT? (-iJ
s exp kT

(J, is the saturation current leaving the surface, 4 is the

Richardson constant:

=120

A= d7m ke
- 3 Cm2K2

T is the material temperature, k the Boltzmann constant and
¢ is a material dependent work function). Notice that the
output current density, and thus the final output power
density, is dependent on the square of the temperature.

It is interesting to note here that no matter how
complex the problems of transporting and collecting the
electrons, the overall effect can be lumped into a generic
"resistance" for the gap. This gap resistance can be
introduced as a simple modifier in the derivation of the
Richardson-Dushmann equation in combination with the material
work function. The set of equations thus derived to describe
the system can be used with fair accuracy in hand

calculations. A full description of this concept can be
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found in Thermionic Energy Conversion: Volumes I & II by Drs.
Hatsopoulos and Gyftopoulos (Hat73 and Hat79). However, the
issues hidden in this generic term are worthy of further

elaboration.

Space Charge Effects

First consider an emitter cathode isolated in a vacuum.
The electrons emitted soon fill the space near the emitter
surface with a highly charged negative electric field. This

field builds up according to Poison's equation:

8271

Viy =Ll
v £

o

where Y 1is the electron motive, e the basic unit of charge,
n, the number density of electrons and ¢, the dielectric
constant of vacuum. Since all the terms on the right hand
side of the equation are always positive, it can be seen that
the force on the electrons near the emitter surface increases
directly with the number density of electrons. This effect
is known as space charge. It severely limits the amount of
current that can be produced from an emitter. All thermionic
converters can be classified depending on how they reduce

this effect.
Vacuum_Thermionic Converters

The first broad category of thermionic converters are

vacuum filled. These converters maintain a high vacuum on
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Figure 3. An example design of a close-spaced
thermionic converter. (SAVTEC design by Lutch)
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the interspacial gap and counter the space charge effect by
controlling the gap size, the overall electric field within
the gap or some combination of both.

Since the space charge effect depends directly on the
number density of the electrons, one solution is too limit
the number density of electrons. This can be doné by using a
very closed-spaced converter, e.g. less than one milli-inch
separation between emitter and collector (Dic83, Fit93 and
Nyr84). This has been accomplished to some extent by making
use of the difference in materials coefficient of thermal
expansion.

In close spaced converters, the spacing between the
emitter and collector is maintained by the difference in
thermal expansion of the two materials. As the support
structure for either the emitter or the collector is heated
up to operating temperatures, the thermal expansion of the
material provides the spacing between the emitter and
collector. However, it is a very difficult engineering task
to maintain such an extremely close spacing at high operating
temperatures without warping the surfaces involved causing
short circuiting (see Figure 3). Practical converters of
this type are typically half an inch in diameter.

A second method of reducing the space charge is to
modify the electric field within the interelectrode gap.

This can be accomplished by applying either an external
magnetic or electric field. However, this adds to the system

complexity by adding new sub-systems. This field is often
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generated by adding a third diode to the cell. Even if this
is unnecessary, the amount of energy that is needed to create
the field can have an adverse effect on the overall system

efficiency.

Plasma Converters

The second category of converters are those in which the
interelectrode gap is filled with a gas or vapor. The
difference is that a vapor filled system derives the
interelectrode material from the partial vapor pressure over
a liquid or compound reservoir. A gas filled system derives
the material from an external fully gaseous source.

This vapor or gaseous (from here forward referred to
only as vapor) interelectrode material is then ionized,
producing a positive field to counter the negative field of
the space charge effect. In a vapor filled system these ions
are produced either by surface ionization or volume
ionization. Surface ionization occurs by a process similar
to electron emission. This process can occur at either the
cathode, the anode or an auxiliary electrode. Volume
ionization is the production by inelastic collisions between
free electrons and atoms within the volume. Though it is
apparent that both surface and volume ionization will occur
to some degree at all times, one effect is usually more
dominant.

When ion production occurs mainly through surface

ionization, the converter is said to be operating in the
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unignited, or extinguished, mode. If ion production is
mainly by collisions within the volume, the converter is said
to be operating in the ignited mode. A third method of ion
generation is available whereby a high voltage arc is
produced by an external source across the interelectrode gap.
This creates a pulse of ions and the converter is said to be
operating in a pulsed mode.

During operation the vapor filled system reaches an
equilibrium plasma state where the conditions within gap are
self regulating. If the balance of ions and electrons begins
to shift towards ions, a positive electric field is felt by
the emitter allowing a higher emission of electrons. If the
balance shifts towards a higher density of electrons, the
field becomes more negative and retards the emission of
electrons. Local imbalances within the field are minimized
due to the high mobility of the electrons in comparison to
the ions.

The transition from the unignited mode to the ignited
mode of operation is characterized by a steep drop in voltage
followed by a sudden jump in current and voltage (see Figure
4). However, notice the overall higher voltage of the
unignited mode over the ignited. Surface ionization is a
thermal effect. Thus, the production of ions by surface
ionization is only limited by the thermal energy available.
As the thermal energy available also produces electrons, and

produces them at a higher rate, the unignited mode eventually
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transition.
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reaches a saturation level where the space charge effect
again dominates.

However, as the density of the electrons increase within
the gap, volume ionization begins to produce more ions. This
is seen as a voltage drop as the electrons traversing the gap
give up energy to the ionization process. As more of the
electron motive is used for producing ions, a critical point
is reached where the system becomes unbalanced. The
converter "ignites" as the current from the emitter increases
dramatically to balance the higher number of ions.

Once the converter has reached the ignited mode, it no
longer takes as much energy to maintain the number density of
ions and the system voltage is seen to increase. This energy
can then be traded between ion production for higher currents
or system voltage for powering external loads. Therefore,
the current and voltage must be balanced to achieve an

optimum operating condition.

Ultra-High Temperature Converters

Traditionally, the ignited mode of operation has been
the mainstay of thermionic power conversion technology.
However, recent advances in materials have seen operation of
converters at high and ultra-high temperatures where surface
ionization becomes more effective at space charge
neutralization. This is due to the temperature squared
dependence (see the Richardson-Dushmann equation in the basic

cell section) of ion or electron emission from the surface.
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This mode of operation, at ultra-high temperature, is
also known as Knudsen operating mode. Its primary advantage
over the ignited mode is that the electrons traverse the gap
in direct flight. This saves approximately one-half of a
volt of potential which is necessary to maintain volume
ionization in the ignited mode of operation (Bab90). Thus,
system efficiencies are much closer to the Carnot limitation
for energy conversion at operating temperatures. In
practical operations, this can represent an efficiency gain
from 10-15% for ignited mode to 20-30% for Knudsen operating
mode or possibly more. Issues concerning the Knudsen
operating mode are discussed further in End88, End94, Kuz88

and MorS8é6a.

Heat Source

The next concern that must be addressed before material
selection can begin is what heat source is being used.
Thermionic systems have been proposed for use with combustion
heat sources, solar concentrators, radioisotope thermal
generators (RTGs) and nuclear fission reactors. Each
involves a different set of system concerns which have a
pronounced effect on material selection due to the unique
engineering problems that must be solved. This section will
set down the general problems faced by each type of system
but defer discussion of the solutions until the next section.

Combustion systems face the hostile environment of open

air, flame-fired combustion. The whole system, particularly
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the emitter, must be protected from the corrosive nature of
the combustion gases and particles. As with solar thermionic
systems, heat distribution is a design task. In this case,
it is necessary to effectively spread a concentrated flame
over the feed area of the emitter.

Solar powered thermionics is focused around the study of
solar concentrators and thermal cavities. The primary
advantage is the unlimited supply of free, weightless fuel,
i.e. solar radiation. However, it has a number of
disadvantages including the availability of solar radiation,
due to distance or shadow effects, the necessity to
concentrate the collected radiation and the non-uniformity of
the focused radiation delivered to the solar thermal cavity.

Radioisotope thermal generators (RTGs) are the easiest
heat source to incorporate into the thermionic system. They
provide a very constant heat flow, both in uniformity of
distribution and in temperature, with minimal side effects.
The only disadvantage to RTGs is the lack of readily
available material. This leads to a high fuel cost which
prohibits large systems of this type.

The nuclear fission thermionic reactor system has been
the subject of the majority of research to date. This is
mainly due to thermionics strong ties with space power
systems. Nuclear fission reactors are able to produce high
power densities for extended times with minimal fuel and
continuous heat source availability. The system is also able

to operate in almost any location. The disadvantages of the
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nuclear fission heat source are the radiation effects, the
non-uniformity of the distribution and the material

compatibility issues.
Materials

There is no inherent limit on the production of energy
from a thermionic energy conversion process. The limitations
on lifetime come from the inability of materials to maintain
their properties under the operating conditions required.

The primary consideration in the selection of materials is
the necessity to maintain thermionic emission properties as
well as structural integrity over a finite lifetime. Again,
it should be noted that the each class of converters--vacuum
or vapor; solar, RTG, combustion, or nuclear; high
temperature, ultra-high temperature, diode, triode, pulsed,

etc.--have both unique and common concerns.
Vacuum Converters

Vacuum thermionic converters greatest challenge is to
balance electron production against space charge limitations.
There are three key elements necessary to achieve this goal.
These include proper control over the work functions,
maintaining the interelectrode gap distance and controlling
the mass transfer between the collector and emitter.

The work functions of the emitter(¢,) and collector(¢,)
are integral within a very non-linear system which dictates

the power output. The balance must be struck between voltage
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and amperage produced. In doing this it is necessary to

balance three goals: maximize the emitter thermionic electron

emission by minimizing ¢,, minimize the collector thermionic
electron emission by maximizing ¢, and maximize the system

voltage by maximizing the difference ¢,—¢ . More information

on surface work functions can be found in references Agad0,
Che80, Cho93, Cul90, Dan80, Dav80, DCr93c, Des90, Des92,
Fom66, Goxr90a, Gor90b, Gub88, Gun80, Jas80, Kal922, Ken?90,
Kor90b, Kor90c, Kor92, Kuz90, Lee94, Mag94, Ram87a, Ram87b,
Ras64, Ras92, Sav90, Sen89, Smi84, Sto80, Tru88, Viz90,
Wal90, Wol83, Yar92b and Yas90.

The interelectrode gap spacing is a struggle to maintain
structural integrity. Cycling within a thermionic system can
produce changes in temperatures of as much as 2000 X. This
can produce extreme stresses on the materials if their
thermal expansion properties are not well matched.
Experiments to fabricate high strength emitters have been
conducted by Amm89, Bol90, Dav90, DCr93b, Gro89, Luo93,
Mor83, Moxr84, Mor85, Mor88, Ran90b, Tit89 and Tsa90

Some of the innovative ways to maintain this small
spacing (on the order of a few to several hundred
micrometers) include rigid structures, ceramic spacers and
floating gaps. Rigid structures approach the problem in a
brute force manner. However, this often leads to warping of
the emitter or collector due to the high induced stresses.
Ceramic spacers encounter similar problems in that they are a

brute force method. One of the failure modes induced by the
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this method is shorting due to the turning up of a small
sliver of either emitter or collector material which then
bridges the gap. Floating gaps are designed to minimize
stresses at operating temperatures by designing around the
thermal expansion properties of the various materials. In
this way, high stress is only a problem during temperature
cycling. Other novel ideas to reduce space charge within the
interelectrode gap are discussed in Fit90, Lee90, Lun88,
Mai83 and Zhe90a.

The most subtle issue which must be addressed is mass
transfer (Kor90d, Lub90 and Pon93). This effect is primarily
due to the vapor pressure of materials at high temperatures.
Though these vapor pressures are relatively small, over
significant lifetimes there is often a significant mass
migration of material from the emitter across the gap. This
material slowly coats the surface of the collector. As the
effective collector work function increases, the typical
effect is a decrease in overall system performance.

With the previous discussion in mind, tungsten and
rhenium have become the emitter materials of choice. Both
have suitable work functions which can be optimized through
grain orientation or doping. They have high creep
resistance, high melting temperatures and low vapor
pressures. Most other promising candidates lack either the
creep resistance or low vapor pressure which are essential to
long life converters. Collector materials operate at much

lower temperatures and stresses and are therefore usually
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chosen more to match a specific work function. As such, the

options are many and varied.
Plasma Converters

Vapor filled thermionic converters balance the same
factors as vacuum converters but with the added reduction in
the space charge effect by ionizing a gas within the
interelectrode space. This involves several changes to the
system. The surface work functions are changed due to
partial coverage by the vapor. The space charge effect is
reduced through ion interactions lessening the need for such
close interelectrode gap spacing. Chemical compatibility
becomes a concern for all materials which border the
interelectrode space.

The vapor ions undergo a process of deposition and
ionization from both surfaces. BAs more lons are deposited on
a surface, the effective work function of that surface shifts
towards the work function of the vapor material. By
understanding the processes involved it is possible to
compute a surface coverage and an effective surface work
function. With proper optimization this effect can be used
to tune the work functions to more precisely control the
thermionic processes.

The introduction of ions into the interelectrode gap
gives greater flexibility in the gap spacing. The reduction
in space charge produces wider gaps at the same emission

levels or higher electron emission at the same spacing as
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with vacuum systéms. This gives an additional parameter
which can be used when designing the system. Wider gaps mean
less problems due to warping of emitter or collector
components and extension of component lifetimes. Maintaining
the same tolerances gives higher performance which reduces
system and fuel inventory size.

Material chemical compatibility becomes an issue because
cesium is the material of choice for plasma converters.
Cesium has the lowest ionization potential of any element.
This is balanced by the fact that this leads to a high
chemical potential which makes cesium corrosive to most other
elements. However, tungsten and most of the collector
materials used are very resistant to corrosion by tungsten.
The remaining materials surrounding the interelectrode gap
can be specified such that this is not an issue.

The vapor pressure within a thermionic system must be
closely controlled for optimal efficiency of the converter.
In the case of ignited mode thermionics, this means
maintaining from one to ten torr of cesium within the
interelectrode gap. Ultra-high temperature Knudsen
converters need less cesium but it must still be maintained
at a few tenths of a torr.

The cesium vapor pressure is maintained by one of two
reservoir types: an external liquid reservoir or an integral
compound reservolir (see Figure 5). An external liquid
reservoir can hold vast quantities of cesium such that closed

or open loop cesium supply is possible. However, it requires
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many additions to the basic thermionic cell. An external
tank must be provided along with the heaters and control
system to see that it maintains the correct cesium pressure.
An integral reservoir makes use of the cesium compounds CsxCy
which can control the cesium pressure by means of temperature
and vapor pressure. The disadvantage to this system is it
must be closed loop and it does not provide a large cesium
reservoir in case of leakage from the interelectrode gap.
Another vapor material that should be mentioned is
barium. There have recently been a number of studies using
barium in addition to cesium within the interelectrode gap.
This has a two-fold effect. The first is better control over
the emitter and collector work function due to better control
over the deposition of cesium and barium on the materials.
The second effect is better ion retention within the
interelectrode gap due to the reduced mobility of the ions by
collision with barium atoms. The critical issues related to
vapor control systems and their effect on the system are
discussed in DCr93a, Kal89, Mis94, Ras90, Sin93, Smio0,

Uso93b, VvVel92 and Wit93.
Combustion Converters

A thermionic combustor must isolate the converter from
the corrosive gases of a combustion atmosphere while
maintaining a heat conduction path to the emitter. This has
led to the construction of a hot shell which encloses the

thermionic conversion unit. These are normally constructed




31

Silicon Carbide (SiC)

Graphite

%

Tungsten (W)

Figure 6. Cross-sectional view of a
SiC/Graphite/W "Hot Shell".




32

in either a hemispherical or torispherical geometry to match
the geometry of the normal burner which they will replace,
hence the name thermionic combustor.

The outer layer of the hot shell must be very resistant
to corrosion from the combustion gases. Early experiments
used superalloys to form the outer layer of the shell
(Gub86). They were bonded to the emitter either by brazing
or explosive bonding. However, the difference in thermal
expansion coefficients often causes separation of the layers.
Additionally, above 1500 K transport of hydrogen and other
trace elements to the emitter occurs causing changes in
thermionic emission properties.

The solution has been to use chemical vapor deposition
(CVD) techniques to form a trilayer shell. A graphite shell
about 40 to 50 mils thick is machined (see Figure 6). This
provides a solid base for structural properties. The emitter
material, usually tungsten or a tungsten-rhenium compound, is
deposited (10 to 15 mils thick) onto the inner surface to
form the emitter. Silicon carbide is then deposited to form
the outer layer (10 to 15 mils thick). Prototype combustors
of this type have been successfully tested for over 5000
hours with negligible transfer of elements past the silicon
carbide layer (Goo80, Goo8l and Hen80).

The other concern for combustion thermionics is proper
heat distribution to the emitter. The long lifetimes so far

have come from one inch diameter converters. Heat conduction

within the shell and emitter of these smaller converters is
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such that the emitter temperature remains near uniform.
Additionally, the stresses to the collector and emitter are
of lesser concern for smaller diameter converters. Both
emitter/collector deformation failure and performance loss
due to non-uniformity of emitter temperature are issues for
larger diameter converters. However, these concerns can be
overcome to a degree by careful design to control heat
distribution and stress within the converter.

A final area of concern within thermionic combustors is
the ceramic to metal seal at the insulator. Typically
aluminum oxide has been used as the insulating material.
This insulator usually plays a key role in maintaining the
spacing between the emitter and collector. As such, it is
important to maintain the brazed seal between the metal and
ceramic to insure that failure due to shorting does not
occur. This is a fabrication issue which has not been

discussed in detail within the thermionic research community.

Solar Converters

The greatest challenge in solar energy thermionic
converters is the proper concentration and distribution of
the solar energy flux. Typical values of solar flux are on
the order of tenths of a watt per sgquare centimeter.
Therefore a theoretical 100 kWe system with an overall
efficiency of 10% needs roughly 7 million square centimeters

(that is a three meter diameter mirror) of collector area.
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The process of focusing and distributing solar energy
has been studied intensively but few experiments directly
involving thermionics have been done. The two broad
approaches to focusing the energy are reflectors and lenses.
Each has advantages and disadvantages in weight, size,
structural integrity and focal ability. Practical
efficiencies for collecting and focusing the solar flux range
from 80 to 95%. Distribution of the focused beam is done by
the receiver.

The receiver for a solar thermionic conversion unit is
typically a cavity with a small aperture opening. The focus
of the beam is usually set to coincide with the aperture such
that the opening is as small as possible. This is important
to minimize the back radiation and thus energy losses from
the cavity. The design of the cavity (its shape) and its
subsequent integration with the converter is an area still
open for new innovations. Proposed designs include concepts
from multiple cavities each with their own thermionic
converter which is heated directly by the focused beam to
large cavities lined with thermionic converters heated by
secondary radiation within the cavity.

Solar thermionics also suffer from the disadvantage of a
source which is not constant. For a variety of reasons,
solar radiation is usually available only for certain periods

of a cycle. For example, a converter may receive energy for

60 minutes of every 90 minute orbit or for 12 hours of the
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day. This can lead to thermal cycling which causes stress
and may deform the active converter area causing a short.
Additionally, it also creates times when no power is
available unless it was stored.

Two options exist to solve the thermal cycling and need
for constant energy problem. The first option is to attach a
thermal reservoir between the receiver and the emitter. This
can be done by taking advantage of the high latent heat
stored during a phase transition of a material. The material
ig chosen such that the transition temperature is just above
the desired operating temperature of the converter. The
other option is to design the converter to withstand the
expected deformations and store the electrical energy

produced.
RTG Converters

Radioisotope thermal generators are the easiest heat
source to integrate into a thermionic conversion unit. RTG
heat sources can be integrated easily into planar or
cylindrical converter desings. The only concern in
integrating the heat source is chemical compatibility between
the heat source and the emitter. This can be solved by
putting a cladding material between them, e.g. creating a
cylindrical converter with space for a replaceable RTG heat
source in a thermionic battery. Radiation effects from the

RTG on the converter are negligible.
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Nuclear Fission Reactor Converters

Thermionic converters can be integrated into nuclear
fission reactors either within the core (in-core) or external
to the core (ex-core). In-core thermionics are cylindrical
in design such that the emitter, collector and other
converter components are built around the fuel rod. This
type of design is known as a thermionic fuel element (TFE).
Exﬁéore thermionic converters are located outside the core
boundary and are either radiatively or conductively coupled
to the. core.

In-Core Thermionic Fuel Elements

Thermionic fuel element reactors present a number of
unique prcoblems. These issues center around chemical,
thermal and nuclear compatibility with the fuel. The issues
directly effect the converter performance and are the
limiting factor for the lifetime of the TFE. There have been
a number of excellent studies on the life limiting factors
for TFEs including Beg84, Bog90a, Can89, Dun85, Fit86,
Gon%0c, Gon93, Hol72, Hol84, Hou94, Men90, Nik90a, Gen94,
Sam87, Sam89, Sam90, Tsa93, Vec89, Yan72.

A thermionic fuel element is built around the fuel rod.
The first step is to clad the fuel with a layer (a few tens
of mils) of the emitter material. This imposes the
requirement that the two materials be chemically and

thermally compatible.
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Chemical compatibility is important for two main

reasons. Mass migration from the fuel to the emitter can
lead to performance losses due to work function changes in
the emitter material. Also, the introduction of other
elements to the emitter material can lessen the structural
integrity of the emitter leading to deformation and possible
shorting. Analysis of various fuel and emitter
compatibilities has been made by Deg90a, Gon90a, Gon9%4,
Kaz90, Kuc90b, Lan90, Lun86, Nik90b and Plo90.

Thermal effects include effects caused by differences in
thermal expansion and conduction. A high variation in
thermal expansion coefficients can cause the emitter to peel
away from the fuel. This can cause emitter deformation
either directly from stresses created as the fuel expands or
from "thermal ratcheting." Thermal ratcheting is caused by
variations in the axial temperature distribution causing fuel
to redeposit (the fuel typically operates in regimes where
the vapor pressure is significant) in the warmer central
region. During thermal cycling this can cause significant
stress on the emitter cladding. Deformation and subsequent
shorting of the converter can result.

Fuel swelling and the bladder effect can also cause
emitter deformation. Fuel swelling occurs due to the build-
up of fission products within the fuel over time (Beg90 and
Deg90b). This increase in total volume of the fuel must be
planned for in the design. The bladder effect is due to the

fission product gas pressure. A number of the fission
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products produced are gaseous and if they do not have a way
to easily migrate out of the fuel region area, they can
produce tremendous radial pressure on the fuel. Two methods
have been suggested to counter this problem. The first
controls the porosity of the fuel and the second alleviates
the pressure by using a snorkel to vent the gases.

Thermal conduction within the fuel also affects the
converter performance. The thermionic process is best
optimized when the emitter has a uniform temperature
distribution. It is therefore important to flatten the axial
power distribution or provide enough thermal conduction to
achieve the same effect.

Another crucial nuclear related issue is that of
reactivity (the measure of how long a nuclear fission reactor
can produce heat). By introducing the thermionic converter
into the core area, the fuel volume fraction has been
decreased. Additionally, materials which may be strong
neutron absorbers have been introduced into the core. This
creates a decrease in the reactivity available for lifetime
or power distribution flattening which may be countered by an
increase in the fuel inventory.

An operating nuclear reactor core is a hostile
environment for materials. The effects of neutron
bombardment on many materials include loss of structural
integrity and changes in electrical properties. Due to the
close tolerances demanded by the thermionic conversion

process, the key structural materials should be insensitive
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to neutron embrittlement. Maintaining the electrical
resistance of the insulators within the system is wvital.

There are two main insulators in a thermionic fuel
element: the insulator sheath and the insulator seal (Bri85,
Fed93, Ser9%0a, Smi80, Tra90, Uso93a, Vas9l and Wu94). The
sheath insulator separates the collector from the rest of the
system. It is under a maximum 2000 volt per centimeter
electric field (approximately 50 volts of potential on a few
tenths of a millimeter of material). The moderately high
electric field and the very high operating temperature
combine to make electrolysis a concern for degradation of
insulator performance.

The insulator seal serves to isolate the emitter and
collector and in some designs functions as a structural
support member. It sees on the order of one volt of
potential and thus does not suffer from any electrolysis
effects. However, both insulators are also subjected to a
high fast neutron fluence.

The insulators also suffer volumetric swelling effects
due to neutron bombardment. Aluminum oxide has been the
standard insulator in thermionic converters but it suffers
from neutron induced swelling. Yttria oxide is radiation
resistant but suffers from electrolysis degradation. Recent
studies have shown that yttria aluminum garnet or YAG
(Y3A1l5012) has shown promise at minimizing both of these
effects. However, most converters continue to use aluminum

oxide matched with niobium collectors (they have similar
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expansion characteristics) and design around the expected
degradation.

Uranium dioxide, tungsten, niocbium and aluminum oxide
have proven to be an effective and workable set of materials
in TFEs. There is no material transfer from the fuel to the
emitter. Tungsten and niobium provide good work functions in
a low pressure cesium vapor atmosphere. The thermal
expansion coefficients are within acceptable ranges and the
poor thermal conductivity of uranium dioxide can be
circumvented by flattening the power distribution. Other
materials and designs may prove valuable in future TFE
converters but these have and can provide near term

solutions.

Ex-Core Thermionic Fuel Elements

Ex-core thermionic reactor systems are similar to in-
core systems except that they do not suffer from the fuel
related compatibility issues (Jen94, Roc93 and Tha94b). One
important gain for ex-core systems is that the radiation
induced problems are similar to in-core systems but at a much
reduced level. The new challenge for ex-core systems is
moving the heat from the core to the converters.

Several options exist for transferring the heat from the
core to the converters. Sodium potassium (NaK) coolant loop
systems are the éasiest conceptualize. Heat pipe thermionic
reactors function in a similar manner but make use of the low

temperature drop across the heat pipes. These are both
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conductively coupled systems. A radiatively coupled system

has been proposed using graphite trays to conduct the heat
radially outward from the center of the core to the edges.
The radiation from the core then heats a set of hot shoes

which are conductively coupled to the thermionic emitters.

Power Conditioning

The final challenge in thermionic energy conversion is
providing usable electric power. A typical single thermionic
cell produces from a few to a few tens worth of current per
square centimeter at half to one and a half volts. This high
current, low voltage power source suffers high ohmic losses
and is not immediately useful for most needs. It is
therefore important to quickly convert this source into a
more usable energy supply.

The most common method to convert the power coming out
of the cells is too link them in a series-parallel fashion
(Mcv81l). Specifically, chains of converters are linked in
series to prbvide a higher overall voltage. These chains are
also cross-linked in parallel with each other to provide
redundancy within the circuit in case of a short in one cell.
However, this output is usually passed through another power
conditioning unit to provide the final form of electricity
for the system.

The pulsed thermionic systems offer two other solutions
to the power conditioning problem (Ant93, McV90, Nik90c and

Ras86). Pulsing the converters at a high enough rate results
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in a near continuous power supply that can be conditioned via
the series-parallel method. However, the large currents are
good candidates for an inductively coupled system. In this
case, all the converters are linked to a common potential and
each converter is linked to the output load through induction
(i.e. a miniature transformer). By pulsing sets of
converters at specified intervals with preset windings, an AC

current of any arbitrary voltage can be produced directly.




APPLICATIONS OF TEC TECHNOLOGY

Now that all the components necessary for a working
system have been discussed, the next step is to apply the
solutions to specific applications. Two broad categories of
application areas will be discussed: terrestrial and
extraterrestrial. The discussion will focus on missions
thermionic power systems could fulfill and the parameters

inherent in performing those mission.

Terrestrial Applications

The major interest in terrestrial applications has been
to make more efficient use of the high temperatures produced
during combustion (Huf83, Kle92, Nik92, Nik94 and Nyr84). 1In
particular, most industrial and power production facilities
produce heat at much higher temperatures than they actual
need. For these systems, thermionics represents a means to
maximize system efficiency. The dual or combined thermionic
system takes heat produced at high temperature as its input
and returns electricity and heat at the appropriate lower
temperature for further use within the system.

One of the areas this would be of great use is in
combustion power production facilities (Dic80a, Dic84,

Fit8la, Fit81lb, Goo82b, Goo83, Goo84, Mi=s80, Mis81, Mis82,

48
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Mis83, Mis84 and Yar92a). In particular, gas turbine systems
usually produce heat at over 2400 K but due to material
limitations, the gas temperature at the turbine input must be
below 1400 K. Céal fired and other power production
facilities have similar limitations. Numerous studies have
been conducted in this area showing that the overall system
efficiency can be improved on the order of 2 to 10 percent.

These studies all make use of the thermionic combustor
concept where the thermionics package is self-contained
within the burner unit. The lower increases in efficiency, 2
to 5 pefcent, are typically older units where normal burners
have been replaced with thermionic combustors. In these
units, fuel savings justifies the conversion costs within one
to three years. In combustion furnaces which are designed
and optimized for thermionic combustors, the increase in
overall system efficiency can be as much as 10 percent. The
same type of results apply to approximately 60 percent of
industry which use high temperature flue gases (greater than
800 K).

The other terrestrial area of interest is small or
remote power systems. Many systems call for a small battery
to supply low voltage, low current power for extended periods
of time. These systems are a good match for a RTG thermionic
unit with its small size and consistent, constant power
output. Lifetimes on this type of low power system can be
very long due to the low temperature regime and thus low

stress on the thermionic conversion package. Remote power
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systems are portable units where weight and lifetime are the
key issues. The solution to these problems in the
terrestrial environment is similar to the extraterrestrial

concepts.

Extraterrestrial Applications

Space power systems require optimization for weight and
size. The high cost per kilogram and the limited space
available for boosting these systems into orbit or beyond
determine the maximum power output available to the mission.
Therefore, thermionic systems provide a number of advantages
over other power systems (AndS1l, Bri82, Fit73, Fit94, Huf82,
Jos86, Ken88, Kir86, Mah81, Mor82, Sny86, Wet83, Wet85, Zha93l
and Zub94) .

These advantages include higher system performance,
higher power density and higher waste heat temperature. For
the equivalent electric output, high system performance
reduces the need for input heat energy. This translates to
smaller collectors for solar systems, less material needed
for a RTG or a smaller fuel inventory for a fission reactor.
The higher power density produces similar reductions in size
and weight. However, the higher waste heat rejection
temperature is the most important advantage.

The only means to reject waste heat in space is
radiation. Because heat loss by radiation is proportional to
the fourth power of the temperature, it is important for the

thermal cycle to have as high a heat sink temperature as
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possible. Thermionics fulfills this requirement with
collector temperatures that can be optimized in the range
from 800 to 1400 XK. This vastly reduces the size of the
radiator, which has traditionally been one of the largest
subsystems in weight and size.

Thermionic space power systems can be effective at low
power outputs but excel at higher levels. Solar and RTG
powered thermionics are capable of producing power systems in
the watts to kilowatts regime but this area has been
traditionally covered by photovoltaics or thermoelectric
systems. These technologies have produced mature, proven
systems which have been in operational use since the 1960s.
However these systems are limited in their scalability to the
power production regime of below the megawatt regime.
Additionally, thermionic systems are comparable or better
beginning at the power production level of tens of kilowatts
and above.

Thermionic fuel element reactors have been extensively
studied due to their compactness and ability to produce high
power output. Reactors are inherently compact due to the
high power density available from nuclear fuel. Integrating
the power conversion package into the core (i.e. through
TFEs) helps further minimize the overall size of the system.
It does this by minimizing the space used for power
conversion and by making better use of the available heat
through direct coupling to the fuel. The high power output

is a product of the high heat source temperatures available
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from nuclear fission and the high efficiencies and power

density this generates in thermionic conversion.

Thermionic power systems are therefore the best choice
for missions which require a high electric power output.
These applications include direct broadcast and
telecommunications satellites which can provide larger
coverage areas with smaller receiver options. More power can
be distributed over a larger bandwidth for faster or more
detailed communications. Weather and reconnecience
satellites can use more powerful radar imaging systems to
provide greater image resolution. With the addition of
electric propulsion thrusters, satellites can be quickly and
efficiently placed in new orbits including fast transitions
from low earth orbit (LEO) to geosychronous earth orbit
(GEO) .

The main motivation behind high power space systems
during the 1980s was the desire for a spaced based defense
system. The concept called for megawatt power supplies
capable of burst power an order of magnitude higher. This
systems would be capable of tracking inter-continental
ballistic missiles and disabling them through the use of
either a laser or particle beam.

Other missions include space exploration and habitats.
Space exploration satellites will benefit from thermionic
power systems for all the same reasons as earth bound
satellites. In addition, nuclear fission power sources

enable high power satellites enable longer and more in depth
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missions for the exploration of the outer solar system.
Future space stations and lunar or Mars bases will need large
power supply systems which again are ideal candidates for
thermionic power conversion. Overall, any system which can
benefit from higher available electric power is a possible

mission for a thermionic conversion system.
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CURRENT AND FUTURE DIRECTIONS IN THERMIONIC RESEARCH

With the end of the cold war in the early 1990s,
congress and the executive office began rethinking and
restructuring the research and development goals for the
country. As with the shift in orientation during the 1970s,
this one brought about the ending of many projects before
they completed their full proposals. Thermionic research has
been tied in with government sponsored space power system
research to such an extent that the overall health of this
research community is dependent on government support.

Before the end of the major programs, thermionics was
ready to show its potential through flight level testing.
Specifically, all the engineering of the sub-systems for a
complete thermionic system have been developed. Also,
extensive research has been done for the next generation of
thermionic converters. All of this technology is presently
being converted into "off-the-shelf" concepts.

The "off-the-shelf" concept is to continue research at
the component level. This basic research is cheaper and
easier to fund than major programs. The goal is to create
components that can be easily integrated into a system
design. However, this whole concept overlooks the fact that

system level design is often difficult and all the sub-
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component research and validation is incomplete without
system level data to prove system validity.

The integration of components into at least prototype
systems should be a primary goal of future thermionic
research. While the technology has been demonstrated to some
degree by the TOPAZ program, the issues and difficulties of
manufacturing and integrating an advanced system will remain
unknown until such time as a prototype is constructed and
tested. This goal will not be undertaken by the industrial
community without government support due to the risk
involved. However, with this done, thermionics can be put
forth to the industrial community as an operational system
capable of expanding space systems capabilities dramatically.

This should respark interest in the technology among the
major industrial researchers. Within the program for testing
a prototype system, a facility for system level testing will
have to be constructed. This facility can then serve as a
testbed for new concepts. In today's markets, ideas which
are years down the road are taking a back seat to what is
available now. Advanced nuclear power thermionic conversion
systems are available today. Next generation converters are
not far behind. Demonstration of these technologies at full
scale within their specific mission applications could open
up a whole new era of space exploration and commercial use.

It should be noted here that thermionic research has
also produced or helped further several other technologies.

Multi-foil insulation is commonly used in thermionic systems
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to shield parts of the system from the high emitter
temperature. Chemical vapor deposition (CVD) is used for
forming emitters with very precise grain structures. It has
also been used for manufacturing trilayer hot shell
technology for thermionic combustors and heat pipes for use
in atmospheric conditions. The study of the thermionic
emission process has lead to a better understanding of
electron production for use in everything from free electron
lasers to better electron beams for microscope or lithography
purposes. On top of these, there is also the whole wealth of

data which has been gathered on high temperature material

properties.




CONCLUSIONS

The main purpose of this thesis is to show that the
state of the art in thermionic research is a mature
technology. The basic research necessary to develop and
produce working thermionic system is available today. A
space power system in the kilowatt to megawatt range of
electric power production with a 7 to 10 year lifetime could
be orbited within a few years. A full scale thermionic
combustor system capable of giving up to 10 percent
efficiency gains in numerous industrial processes could be
running in as less than two vears.

The next generation of thermionic conversion units are
showing even higher performance. Recent results with cesium-
barium vapor converters and Knudsen ultra-high temperature
converters have shown the potential to have twice the
efficiency of the units available today. In addition, since
they are working at much higher temperatures, the
corresponding output power density will be much higher (due
to the output current density being proportional to the
square of the operating temperature). It it these high power
density options which make thermionics promising for future
space missions where high power in a compact unit are wvital.

However, the current research outlook within the

thermionic community is in a downtrend. Thermionic power
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conversion's close association with space power systems has

meant that the funding for the major research programs has
been through national initiatives. These initiatives have
all stopped short of their final flight phases.

For thermionics to really become a workable system, a
full scale prototype must be demonstrated under flight
conditions. The commercial use of these systems will not
occur until (1) they show that they can meet the parameters
and goals established for the different missions, (2) they
are proven reliable, and (3) the political issues involved
with launching a space-based nuclear power system are
decided. To some degree, these first two issues have been
addressed. However, without the third requirement,
thermionics will remain only a novel concept. Until such
time as the government takes the lead and sets in place the
standards for such systems, thermionics cannot advance and
the industry cannot begin to look at turning out commercially

viable thermionic space power systems.
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