MSR – Power Conversion System

1 Mission Statement

The goal of the power conversion unit (PCU) is to convert heat from the reactor into usable electricity. As for parameters specific to the Lunar Space Reactor (LSR), the goals of the PCU are:

1) Remove heat from the core

2) Produce at least 100kWe

3) Send excess heat to the radiator for dissipation

4) Convert the electricity produced to a voltage/current suitable for transmission

After heat is removed from the core via lithium heat pipes (see Core section), some thermal energy is converted by the PCU into electricity. The electricity then flows to the habitat, and excess heat is dissipated. This specifies three main components for the PCU:

1) Power Conversion System

2) Electricity Conversion/Transmission System

3) Thermal Coupling to the Radiator

2
Power Conversion Unit Options

This section outlines the possible power conversion options for the MSR, including a brief system description and the pros and cons for each option. Presented below are the power conversion unit (PCU) options with emphasis on the parameters of the lunar surface reactor parameters. Tables of operating parameters follow each system.

2.1
Turbomachinery Cycles for Nuclear Reactors

One of the biggest advantages of turbomachinery cycles as a power conversion unit is that they have the capacity to run at high efficiencies, approaching 50%. In space applications, however, it is important to resist the lure of a high efficiency system that would cause the radiator size to be prohibitively large. Given that radiator size scales roughly as T4, the need for high efficiency systems was reevaluated. Three turbomachinery cycles are described: Brayton, Stirling and Rankine cycles.
2.1.1
Brayton Cycle
The Brayton cycle uses a single-phase gaseous coolant to convert thermal energy to electricity. In this cycle, energy enters at a constant pressure with a rise in temperature, as shown in Figure 2.1-1.
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Figure 2.1-1 - T-S Diagrams for Brayton Cycle [1]
The Brayton cycle can operate in either open or closed mode. In open mode, a working fluid is taken in from the environment (i.e. air in the atmosphere), circulated once through the reactor, used to power the turbines and then ejected from the system. In a closed Brayton cycle, a working fluid is recycled through the system continuously by recompressing it. The only moving parts in a Brayton cycle are the shaft, the turbine and the compressor as shown in Figure 2.1-2. 

[image: image2]
Figure 2.1-1– Closed and Open Brayton Cycles [1]
Many factors determine the efficiency of a Brayton cycle. First, in order for a Brayton cycle to produce more power than it consumes, the turbine and the compressor must have very high efficiencies – over 80%. Work is also lost in compressing the working fluid, reducing the overall efficiency. The Brayton efficiency depends mainly on the inlet and outlet temperatures – higher inlet temperatures and lower outlet temperatures allow for more effective energy conversion [1]. The following equation for Brayton efficiency assumes 100% efficient turbines and compressors:
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(2.1-1)
where ηe is the efficiency, Wnet is the work out, Qout is the total energy used in the cycle, and Tin & Tout are the inlet and outlet temperatures, respectively. Typical efficiencies for Brayton cycles routinely approach 70% Carnot efficiency.

There are advantages to using a Brayton system, the most notable of which is the large experience base. In addition, the use of inert gaseous coolants such as CO2 or helium makes them attractive from a materials standpoint, where corrosion is effectively a non-issue in choosing structural materials. Brayton cycles can also be built very compactly – one multi-megawatt system designed using dual Brayton cycles occupied the space of a cylinder 1.8m in diameter and 1.2m high [2]. This cycle can also accommodate high inlet temperatures, leading to higher efficiencies, or higher outlet temperatures for the same efficiency. This is especially useful when dealing with the hot working fluid in a fast reactor. Finally, using an open CO2 cycle, the Martian atmosphere can serve as a coolant if NASA’s Planetary Protection Policy allows for it.

There are however many disadvantages to a Brayton system in the context of space reactor design. The most notable disadvantage is the large mass required. While Brayton systems can be very light and compact, a heat exchanger is necessary to remove heat from the primary coolant, because the system uses a gas and therefore must be physically isolated from the primary coolant system. This will result in a decreased efficiency and a massive heat exchanger. The reason for this is that the thermal conductivity of metals is approximately 30 times greater than most gases, so a very large surface area is required for an effective heat exchanger from liquid metal to gas. Another disadvantage, as with any turbomachinery, is fast-moving parts. For the turbine to produce enough electricity, it must spin about 40,000rpm. These very high speeds introduce mechanical stresses to turbine parts, increasing the possibility for turbine failure. Such a failure is difficult to fix, as it requires shutting down the reactor for maintenance. Finally, in order to achieve even modest efficiencies the Brayton cycle demands a very high inlet temperature, further stressing moving materials already at high temperatures. The combination of rapidly moving parts and high temperatures, both producing physical stresses, presents quite a difficult problem to the engineer.

One Brayton cycle that seems promising in the context of a lunar or Martian reactor is the supercritical-CO2 cycle. Using CO2 instead of helium allows for much lower inlet temperatures (~830K for CO2 compared to 1170K for He) at the tradeoff of a much higher pressure of ~10-30MPa. Such a high pressure in a near-vacuum atmosphere presents a challenge to structural materials once again. The main advantages of this system are its efficiency and its size – cycles with inlet temperatures of 830K have shown efficiencies of up to 50%, and as an example, a 300MWe turbine was designed with a diameter of only one meter. This could potentially decrease in size much more to accommodate our 100kWe system. An example CO2 cycle complete with heat exchanger, recuperator and turbine designed by Dostal resulted in a cylindrical Power Conversion Unit (PCU) 18m high and 7.6m in diameter, all components inclusive. The PCU had a net efficiency of up to 49%, produced 246Mwe and was 54% the size of an equivalent PCU for a helium cycle [3]. Scaling this design down to a 100kWe, extremely compact design seems feasible. The system will likely not scale linearly, but it seems feasible to design a Brayton PCU with dimensions on the order of one meter for a 100kWe system.

The other possible coolant would be a mixture of helium and xenon. While xenon is expensive, using a mixture of He-Xe with an equivalent molecular weight to s-CO2 system would provide a more inert working fluid with a higher thermal storage capacity.

Each of these cycles has been tested on some level, showing proven technology. However, using any of the available Brayton cycle options will require a heat exchanger, adding mass. More significantly, the size of the radiator given the low output temperature will most likely be too massive to justify using a Brayton system.

Table 2.1-1: Estimated System Parameters for Brayton Cycle for 100kWe System

	Inlet Temperature
	830K-1170K

	Outlet Temperature
	300K-500K

	Operating Efficiency
	>30%

	Working Fluid
	CO2 or He-Xe

	Pressure
	10-30MPa

	Mass
	~2MT + heat exchanger + transmission cable


2.1.2
Stirling cycle
The Stirling cycle also uses a single-phase gaseous fluid to convert thermal energy to electricity. The four steps in the Stirling cycle are isothermal compression, constant volume compression by energy input (i.e. the reactor), isothermal energy rejection through the turbine and finally constant volume heat rejection to a regenerator or radiator.
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Figure 2.1-2– T-S and P-V Diagrams for Stirling Cycle [1]
The main advantage of the Stirling cycle is that it can achieve nearly Carnot efficiency even at relatively low temperatures. Also increasing the pressure of the inlet gas can increase Stirling efficiency, which in turn stresses materials more. Systems have been tested in the range of 1-2kW, with efficiencies of up to 50% [1]. However, there are many disadvantages to this system. Systems in the 1kWe range also have been prone to leaking at pressures of 4MPa. A 100kWe system will have similar leakage concerns. Finally there is the issue of having two heat exchangers: one to get the heat out of the primary core coolant and one to get the heat to the radiator. This adds mass to the system.

Recently, NASA has exerted much effort to develop Stirling systems for space applications. As part of NASA’s 25kWe Advanced Stirling Conversion Systems Program (ASCS), two companies created two different Stirling engine designs. They were the Cummins Engine Company (CEC) design and the Stirling Technology Company (STC) design. Their operating specifications were very similar and are displayed below.

Table 2.1-1: System Parameters for One 25kWe Stirling Engine

	Inlet Temperature
	980K

	Outlet Temperature
	330K

	Operating Efficiency
	>20%

	Working Fluid
	Helium Gas

	Pressure
	10-18 MPa (but hermetically sealed)

	Mass
	0.8MT [4] + 2 heat exchangers + transmission cable


Using four 25kWe Stirling engines converts the requisite 100kWe while providing a mechanism against single point system failures via redundancy. The mass of each of the conversion units in the ASCS program was about 800kg. Four units would be 3200kg, which is not prohibitively large. However, the low output temperature is a problem from a heat radiation perspective. By raising the outlet temperature to 500K (and the inlet temperature to 1200K), the radiator size becomes more reasonable. This high-temperature system is unproven from a materials and reliability standpoint. However, given that NASA has deemed this technology worthwhile to develop thus far, further development may not be out of the question. 
2.1.3
Rankine cycle
The Rankine cycle employs a phase change to aid in extracting energy from a system. This cycle takes a liquid or gaseous working fluid, heats it to the boiling point, and adds energy to turn it into a vapor. At this point there is an option to superheat the fluid, as is often done in the case of steam – superheating at a fixed temperature can be employed by reducing the pressure, and often results in a slightly higher efficiency. After heating the fluid rejects heat isentropically. Finally the fluid is cooled by means of a secondary coolant or a radiator.

[image: image5]
Figure 2.1-3– Diagram Showing Carnot T-S, Rankine T-S and P-V, and Cycle [1]
The work involved in condensing the working fluid is very small. Also, because heat is added and rejected at nearly constant temperature (due to the phase change), efficiencies approaching Carnot efficiency are possible. 

Some advantages include the non-reactivity of NaK (our most viable working fluid) with structural metals, its low vapor pressure at high temperatures, the high thermal conductivity of liquid metals when compared to gases, and the lower turbine speeds due to higher working fluid density [6].

Disadvantages of the system include how to condense the liquid coolant in the microgravity of the moon and Mars. Normally gravity separates the phases, but the reduced gravities of Mars and the moon presents a challenge. This separation is especially a problem in light of the fact the coolant must remain gaseous in the turbine, as high-speed droplets damage turbine blades.

Table 2.1-2: Estimate System Parameters for NaK Rankine Cycle for a 100kWe system

	Inlet Temperature
	1000K-1200K

	Outlet Temperature
	700K-900K

	Operating Efficiency
	15-25%

	Working Fluid
	NaK

	Pressure
	3atm

	Mass
	1MT + heat exchangers + transmission cable


2.2
Solid State Power Conversion

One of the major design goals of the MSR is high reliability and therefore no required maintenance. Given the violence of launch, the high operating temperature of the core and the five year lifetime, picking a PCU system that excludes moving parts is quite advantageous respective to reliability. Following are a few solid state PCU options.

2.2.1
Thermophotovoltaic Cells

Thermophotovoltaic (TPV) cells work on the same principle as traditional solar cells. Photons impinge on the semiconductor device, promoting some of the electrons to a conduction band, thereby driving an electric current. Power drawn from the TPV drives a load across the photovoltaic device. TPVs have a lower bandgap energy than solar cells in the converting semiconductor, so they can operate at the temperatures of hot, radiating bodies, rather than at the energy of visible light photons [7]. A diagram of the workings of a TPV cell is shown in Figure 2.2-1, and an example of a TPV cell is shown in Figure 2.2-2.
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Figure 2.2-1 – Operation of a TPV Cell [16]                      Figure 2.2-2 – A TPV Cell [17]
Everyday solar cells must be very large to produce a reasonable amount of power. This is because of the relatively low energy flux of the light from the sun. Positioned only a small distance from the heat source, TPVs experience a much higher energy flux than solar cells. 

These units work best at higher temperatures, since this creates higher energy photons. This ensures that the device does not require a small bandgap to operate efficiently [7]. Because of the specific bandgap energy of the semiconductor device, the TPV cells are not able to use the radiation of the entire blackbody spectrum. Photons with energies lower than the bandgap energy are not able to promote an electron to the conduction band, and photons with energies higher than the bandgap energy give the electron extra kinetic energy, which heats the TPV cell. Thus, the TPV cell is inefficient for photons with energies not equal to its bandgap energy. 

The specific photon energy needed for high cell efficiencies does not match well with the broad blackbody spectrum produced by radiating bodies. One way to combat the inefficiency is to use a narrow band optical filter in front of the TPV cell [8]. The filter transmits photons with an energy equal to the bandgap energy and reflects all other photons back to the blackbody. This raises the efficiency of the conversion device, since the energy from these other photons is returned to blackbody rather than simply being lost as radiation out from the TPV. 

The efficiency of the TPV system also increases by using a selective emitter, such as ytterbia [8]. There is a class of rare earth metals, which instead of emitting a normal blackbody spectrum, emit spectra that resemble line radiation spectra. This allows the relatively narrow emitted energy spectrum to be matched very closely to the bandgap of the TPV cell. Using a ytterbia emitter at 2000K and a silicon TPV cell, researchers have been able to build a system with a total efficiency of just over 10% [8]. Evidence of higher efficiencies have not been presented, but higher efficiencies of up to 40% of the Carnot efficiency are not out of the range of the theoretical possibilities [8]

 REF _Ref88131918 \r  \* MERGEFORMAT [10]. To achieve such efficiencies would almost certainly require substantial developmental work.

Below is a description of an ideal GaSb (Gallium Antimony) cell. At 1500K, there is an ideal efficiency of 2.13W/cm2 [8]. For scaling the reactor to 200kWe, the design requires 105 cm2 of TPV material. This could be satisfied by a modestly sized cylinder of height 2 meters and diameter 2 meters. 

Table 2.2-1– System Parameters for TPVs

	Operating Temperature
	1500-2000K

	Efficiency
	10-20%

	Power Conversion Density
	2-2.5 W/cm2

	Approximate Dimensions
	2 meters x 2 meters

	Approximate Weight
	100s of kilograms


The fact that TPVs are solid state brings a number of advantages to the system. It ensures the system is lightweight and therefore small in mass. Also solid-state devices, having no moving parts, are reliable when compared to turbomachinery systems. The TPV also acts as its own radiator as it rejects frequencies not in its range. Finally the materials used to manufacture TPVs are inert and cheap due to current advances in solar cell technology. However, in order to justify using TPVs efficiencies of well over 10-20% would be required. In addition more development by NASA will be required to figure out how to deploy the large TPV panels.

2.2.2
Thermoelectric Conversion

Thermoelectric conversion uses a solid slab of semiconductor material to convert thermal energy directly to electricity. This energy flows from the core through the thermoelectric converter into a heat sink at a lower temperature. The temperature difference in the semiconductor produces a voltage difference across the two ends [12]. A diagram of a typical thermoelectric cell configuration is shown in Figure 2.2-3.
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Figure 2.2-3 – Thermoelectric Cell Configuration [18]
Commonly used materials in space systems are various alloys of silicon and germanium (SiGe), lead-telluride (PbTe), and lead-silicon-telluride (PbSnTe). The PbTe systems are limited to a low temperature (~800K) by sublimation and have a theoretical conversion efficiency of 15% of the Carnot efficiency [12]. GeSi systems have a lower conversion efficiency of 10-15% of Carnot.

Most thermoelectric conversion studies involve very low power systems. The systems used in space have been at about 2 kWe, with total system efficiencies of 5-10% [12]. Because of the low efficiency and low operating temperature of the system, a large radiator is required, adding to the size of the system.

The total system size is manageable for low power levels, but for high power levels the size and mass of the system are substantial. At low power levels, the net power of the system scales approximately linearly with the weight. Assuming that the system continues to scale linearly to high power levels, the total mass of the system could be on the order of ~30 tons. 

There is a lot of research currently being done on thermoelectric conversion, but again, it is mostly limited to very small power system (like using waste heat to power MEMS devices.) It has proved difficult to find plans for a high power thermoelectric generator.

Table 2.2-2– System Parameters for Thermoelectric Devices [12]
	Operating Temperature
	~1000K

	Efficiency
	5-10%

	Power Conversion Density
	Low

	Approximate Dimensions
	Prohibitively Massive

	Approximate Weight
	10s of tons


Again using a solid-state device such as thermoelectrics ensures reliability. Also, these systems employ proven technology, as they have been used in space before. However, these devices require a low operating temperature, have an inherently low efficiency and are actually quite massive. Finally scaling of this technology is unproven over the range of 1-2kWe.

2.2.3
Thermionic Power Conversion

Thermionic conversion uses heat from the power source to boil electrons off a hot filament in a small vacuum device. The electrons flow to a cold electrode, where they are collected and provide current to the load hooked across the electrodes [12].

For a vacuum diode, where a vacuum separates the anode and the cathode in the thermionic diode, the required spacing is several tenths of a millimeter. If the intermediate region is filled with positive cesium ions, the space requirement is less stringent, and the system operates at a higher efficiency [12].

Using a cesium diode, these systems can operate at emitter temperatures of 1500-3000K, power densities of 5-15W/cm2 and efficiencies of 6-18% [12]. Higher temperatures are required to achieve the highest power densities, since at lower temperatures thermal radiation dominates over the electron boiling mechanism. Higher temperatures also lead to the highest system efficiencies [12].

These systems have the possibility of scaling to high power levels. A radiator would be necessary to regulate the core temperature and to cool the collector anode of the device, but the radiator would most likely cool the anodes of the thermionic devices and not the reactor itself. It is possible to raise the efficiency of the entire system by using a bottoming cycle to convert some of the heat from the thermionic anodes into additional energy. However, this option, for a space system, is not desirable because the benefits do not outweigh the extra radiator cost for radiating at lower temperatures.

An appropriate choice of electrode materials increases the robustness of this system against the effects of high neutron flux. The only requirement from the perspective of thermionics is a cathode with a relatively low electron work function. In principle, any metal can work. In fact, in the case of an in-core system, the fuel elements themselves make possible cathodes, with a cooled metallic rod inserted into the core acting as an anode.

There has already been considerable development of thermionic conversion schemes in the space industry and in private industry. General Atomics has worked on thermionic fuel elements for satellites, and could be expected to have some expertise in creating elements for a space reactor [13].

Table 2.2-3– System Parameters for Thermionic Devices

	Operating Temperature
	~1500-3000K

	Efficiency
	6-18%

	Power Conversion Density
	5-15W/cm2

	Approximate Dimensions
	10,000 cm2 of cathode surface area

	Approximate Weight
	Low (100s of kilograms)


These systems exhibit very high reliability, they are very well understood, and development is easy. Because they can be made of metal instead of semiconductors they can be designed to resist damage from high neutron fluxes, making them especially robust for a fast reactor. Finally the thermionic converters are very small in both size and mass. The only drawback is that they require a high operating temperature, but this may be attainable in a fast reactor.

2.2.4
Magnetohydrodynamic Power Conversion
Magnetohydrodynamic (MHD) power generation is a method of power generation based on passing a plasma (high temperature ionized gas) perpendicularly through a magnetic field [14]. In accordance with Faraday’s law of induction, this process generates a current perpendicular to both the gas flow and magnetic field. Figure below illustrates this concept. The biggest advantage in using MHD technology in space is that it operates at high temperatures, 2000 – 3000K, and at high efficiencies, 70% [19].
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Figure 2.2-4: Schematic of Magnetohydrodynamic Power Generation Concept [15]
For this technology to work, a super-cooled magnet must be employed and a plasma maintained. This sets up a 2000+ degree gradient in a small space, sustained for 5 years without maintenance to ensure proper operation. This technology is currently under development for space applications; however, it is still at the stage of development where a majority of the research is unpublished, proprietary information. Thus, in addition to the extreme complexity of the system, the level of development of this technology (and access to information regarding this technology) limits MHD viability as a PCU option in this project.

2.3
Electrochemical Cells

2.3.1
Voltaic cells

Voltaic (Galvanic) cells operate via a spontaneous oxidation-reduction reaction, which takes place in a split cell (see Figure 2.3-1). One example of the basic governing reaction type is a zinc/copper sulfide battery; stated below are the reaction equations.

Zn [image: image10.png]


Zn2+ + 2e- 0.76V




Cu2+ + 2e- [image: image11.png]


Cu +0.34V




____________________________


(2.3-1)
Zn + Cu2+ [image: image12.png]


Zn2+ + Cu + 1.10V [20]





In order to use this type of system as a power conversion unit, the energy from the reactor would oxidize the copper, recharging the battery. The use of voltaic cells as a power conversion unit has been ruled out because the mass/power output ratio is too high (i.e. 225g of raw material per volt for Zn/CuSO4).
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Figure 2.3-1 - Voltaic Cell: Each zinc atom donates two electrons to the copper ions via a connecting wire, thus generating a current through that connecting wire [20]
2.3.2
Electrolytic Cells

Electrolytic cells are non-spontaneous. They require an ionic bond to be broken, the ions drift to the appropriate terminal (cation to drift to the cathode and the anion drift to the anode), to create a current. Figure 2.3-2 clearly illustrates this process. Electrolytic cells have been ruled out because they put out a low power density (order of a few volts), but also because (while it is possibly scalable without running into mass problems) they are a completely unproven technology.
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Figure 2.3-2- NaCl is electrolyzed to form liquid sodium and chlorine gas. The sodium ions migrate toward the cathode, where they are reduced to sodium metal. Similarly, chloride ions migrate to the anode and are oxidized to form chlorine gas. This type of cell is used to produce sodium and chlorine. The chlorine gas can be collected surrounding the cell. The sodium metal is less dense than the molten salt and is removed as it floats to the top of the reaction container [20].

3
PCU Decision

Above are all the possible PCU options; from those options, the design team selected an appropriate system, which is justified here. First, the each option passed through the litmus test, and then the remaining options underwent further scrutiny using the extent-to-which test. Thus, using the decision methodology laid out in Section X.X, thermionics emerged as the chosen power conversion unit.

3.1
Litmus Test

Through the litmus test, the design team eliminated the following four (of eight) power conversion options: Rankine, TPVs, electrochemical cells and MHDs. The Rankine cycle failed the safety test. The working fluid for the Rankine cycle, NaK, is extremely reactive with water and thus would be unlaunchable from a safety perspective. In addition, there is high risk associated with the possible leakage of gaseous NaK. Further problems with this system include working fluid activation and difficulties of phase separation in little/no gravity environments. 

Thermophotovoltaics also failed the litmus test on the concerns of safety and materials issues. The semiconductors are quite susceptible to damaged by high neutron flux – a sufficiently damaged PCU system in this case would be the equivalent of a loss-of-coolant accident in the core. Furthermore, this technology has very low efficiency and requires much more development to work at lower band gap energies. 

Electrochemical cells failed because they do not meet the 100kWe criterion. They have too low power densities and voltages to provide 100kWe realistically. 

Finally, the design team rejected the magnetohydrodynamic power conversion system because it also failed the safety litmus test. The system is too complex and too unproven to function as a reliable power conversion unit over five years. Another, specific, concern regarding the MHD is maintaining a superconducting magnet in the Lunar environment which can reach up to 670K.

3.2
Extent-to-Which Test

Having ruled out the majority of power conversion options, we can now apply the extent-to-which test on the remaining options: Stirling, Brayton, thermoelectrics and thermionics. Table below illustrates the extent-to-which test:

Table 3.2-1: Power Conversion Unit Decision Methodology
	
	Brayton
	Stirling
	Thermoelectrics
	Thermionics

	Small Mass and Size (Cost) - 1.35
	
	
	
	

	Actual PCU
	2
	1
	2
	3

	Outlet Temperature
	3
	3
	3
	3

	Peripheral Systems (i.e. Heat Exchangers)
	1
	1
	2
	1

	Launchable/Accident Safe - 1.13
	
	
	
	

	Robust to forces of launch
	1
	2
	2
	3

	Fits in rocket
	3
	3
	3
	3

	Controllable - 1.14
	2
	2
	2
	2

	High Reliability and Limited Maintenance - 1.00
	
	
	
	

	Moving Parts
	1
	2
	3
	3

	Radiation Resistant
	2
	3
	1
	1

	Single Point Failure
	1
	2
	3
	3

	Proven System
	2
	2
	2
	2

	Inlet Temperature
	3
	3
	1
	1

	Total
	23.77
	26.55
	27.38
	28.51


3.2.1
Small Mass and Size
In order to be able to rank the three systems based on mass and size, the design team designated three subcategories effecting size and mass of the system: actual PCU size, size of peripheral systems and outlet temperature. 

For actual PCU size, thermionics is the best and Stirling is the worst. A 25kWe Stirling engine, operating at 25% thermal efficiency, weighs roughly 800kg. A 100kWe Stirling PCU system would simply be four 25kWe engines strung together, thus weighing 3200kg. However, eight engines are required in order to reduce the lunar radiator size and to make the Stirling option scalable to 200kWe for Mars. This brings the actual PCU mass of Stirling closer to 6.5MT. Thermionics weigh on the order of 100kg, and a Brayton system would fall somewhere in between these two systems.

Each of the PCU options has accompanying accessories required to operate. Both Brayton and Stirling require two heat exchangers: one on the reactor side and one on the radiator side. The thermionics system requires a cesium reservoir (of negligible mass), DC-to-AC conversion unit (or direct transmission to the lunar mission site which would require shorter distances and thus more shielding) and a possible heat exchanger for the radiator. To the first approximation, the peripheral systems for all three options seem to be equally massive.

The outlet temperature is part of the mass metric because it dictates the radiator size. Radiator mass roughly halves for every 100 degrees higher the temperature is radiated at, with a reference mass of about 2MT for radiation of 900kWt at 1000K. For thermionics and thermoelectrics, inlet temperatures must be on the order of 1800K, giving an outlet temperature of roughly 1000K at 10% efficiency. For Stirling with an inlet temperature of 1800K, assuming 85% of Carnot efficiency [5], the outlet temperatures would be 1650K and 1400K respectively for operation at 10% and 25% efficiency. However, the highest temperature at which these Stirling temperatures have been tested was about 1000K [4]. It was unreasonable to assume that moving parts at such high temperatures (1800K) would be reliable, and so for calculating the output temperature for Stirling we used the more conservative estimate of an inlet temperature of 1200K – still a stretch from proven technology. With this inlet temperature, outlet temperatures were calculated at 1100K and 950K respectively for operation at 10% and 25% efficiency. Radiating at 1100K instead of 1000K saved approximately 1MT of mass off the radiator, but at a cost of 6.5MT from the actual PCU system. A Brayton cycle has a lower percent of Carnot efficiency than Stirling engines and so a slightly worse outlet temperature might be expected. When taking into account appropriate inlet temperatures, all four options had an outlet temperature of roughly 1000K, and are equal in this category.

3.2.2
Launchable / Accident Safe
Assuming a helium working fluid for Brayton and Stirling, none of the systems had toxic components that could release into the environment in the case of a launch accident. Therefore, the only two criteria of launchable / accident safe are: if the system is robust to forces of launch and if the PCU can fit inside the rocket. The robustness to forces of launch is directly proportional to the number and precision of moving parts in the system. This ranks Brayton behind Stirling. Thermionics and thermoelectrics are solid-state technologies, and thermionics are insensitive to the violent vibrations and large forces associated with launch. 

Does the system fit in the rocket? The multiple Stirling engines take an estimated 5% of the rocket volume (assuming rocket dimensions: 5m tall, 5m in diameter). Thermionics and thermoelectrics take almost no volume and Brayton lies somewhere in between. However, they all fit in the rocket with plenty of room for the rest of the system and so were equally weighted.

3.2.3
Controllable

All four systems relied upon simple methods of control. Brayton and Stirling systems needed to control pressure (especially if there is a small leak), and Brayton needed to control turbine speed as well. Because cesium thermionics undergo transmutation to barium when bombarded with neutrons, it was necessary to have a cesium reservoir and control system for proper operation.

3.2.4
High Reliability and Limited Maintenance

In order to compare the reliability of the four systems, five criteria exist, determined according to possible weaknesses in each system. Mechanical strains were the primary concern in the reliability question, and so four of the five reliability criteria address this issue: number of moving parts, radiation resistance, effects of a single point failure, and inlet temperature. Finally, technology readiness was also included as a measure of reliability because, for obvious reasons, there is a much larger risk associated with untested technologies.

Brayton engines had more moving parts than Stirling engines, and thermionics & thermoelectrics have essentially none; therefore, these last two are inherently more resistant to mechanical breakdown. However, cesium thermionics undergo transmutation to barium in a neutron flux, and thermoelectrics (employing semiconductors) are the least radiation resistant. Brayton turbine blades and Stirling metal flexors can become embrittled by radiation. However, in Stirling engines one can use gas bearings to enhance the radiation resistance of the system significantly. 

Single point failures are when one part of the system fails, causing the entire system to fail. The first three systems are equally susceptible to single point failures in the peripheral systems (i.e. heat exchangers), but in the actual PCU systems, thermionics are essentially unaffected by single point failures. The wiring scheme of thermionics is such that if one thermionic cell fails then the system only looses a small fraction of its power conversion capabilities. Stirling also has a bit of flexibility when it comes to single point failures. There are several Stirling engines, and if one fails then only 10–25% of total power conversion capabilities are lost. The Brayton option consists of one turbine, so a single point failure in this system would result in total decommissioning of the PCU.

By NASA standards, using proven technology is important to reduce both risk and cost. In regards to space applications, Stirling engines have undergone a lot of testing, and industry has adequately demonstrated 25kWe engines [4]

 REF _Ref88125667 \r  \* MERGEFORMAT [5]. Thermionics have also undergone much development in the context of space application. The Russian Topaz II and the American SNAP-10A (flown in Earth orbit) used thermionics as their PCU [22]. In addition, the DOE currently has a program underway to develop and test a 40kWe thermionic conversion unit for space applications. Brayton cycles have also been tested for space applications, but as a terrestrial technology it is the most well known of the three options. In absence of a readily available Technology Readiness Level designation for the four systems, they received equal rankings for the extent-to-which test.

Finally, the last measure of reliability was inlet temperature. Higher temperatures leads to more mechanical stress on the system – both in the PCU and, perhaps more importantly, the actual reactor core. Thermionic cells require a much higher hot-side temperature than the turbomachinery systems can stand (1800K versus 1200K). Therefore, thermionics are worse than both Brayton and Stirling in terms of inlet temperature needs as relevant to reliability.

3.3 Thermionics as the Power Conversion Unit

The overall score of the extent-to-which test led to thermionics as the power conversion unit for the reactor system, with thermoelectrics coming in second. Overall, thermionics were smaller and more launchable/accident safe that the other systems. Thermionics, however, ranked lowest in reliability, specifically ranking lowest in radiation resistance and inlet temperature. To keep thermionics as the chosen PCU, these reliability concerns must be addressed.

In terms of radiation resistance, cesium thermionics undergo transmutation to barium in the presence of neutron flux. Placing light neutron shielding between the core and the thermionic cells, in addition to having a cesium reservoir to replace the transmuted cesium, alleviates this problem. Section 4 provides further discussion of radiation effects on the thermionics.

A high inlet temperature of 1800K presents more of a problem for the core materials than for the thermionics themselves. The chosen thermionics were designed to operate at these temperatures. Over five years at 1800K, ceramic spacers resolve the issue of creep in the thermionic cells, if it is an issue [23]. To circumvent other problems that may arise due to high temperatures, the design team chose appropriate core materials to withstand 1800k and Mo/Li heat pipes for reliable cooling. See Section Z for discussion on core temperature, integrity and cooling.

An important concern facing thermionics that is not well captured in the extent-to-which test is power transmission. Solid state PCUs output direct current. DC-to-AC conversion is generally very inefficient, and DC transmission losses over long distances are great. Section 5 addresses the problem of power transmission in more detail.

4 Design and Analysis of Thermionic PCU System

In the previous section thermionic emitters were chosen as the most feasible PCU system. Now the PCU must be designed and tailored to fit our many requirements for the system, such as low mass and production of 100kWe. In addition the thermionics must be designed to easily fit around the geometry of the core heat pipes, and must be able to couple thermally to the radiator.

In this section an introduction to the workings of thermionics is presented first. The design parameters to be chosen are described in detail, showing relationships between parameters. Finally the system designed by the investigators is described in detail, with key parameters outlined.
4.1 Introduction to Thermionic Technology

Thermionic converters convert thermal energy directly to electrical energy. The device is a diode in which a vacuum or a very low-pressure cesium gas separates the two electrodes. Heat is applied to the cathode of the device, causing electrons to boil off of the surface of the cathode. The anode collects these electrons. The cathode and anode are connected electrically across a load. The electron boiling mechanism is a current source, and is therefore the mechanism for the heat-to-electricity conversion [27]. A basic schematic is shown in Figure 4.1-1.
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Figure 4.1-1 – Schematic of a Thermionic Device [26]

The thermal energy in the system is the only energy available to eject an electron from the emitter surface. Thus, temperatures in thermionic converters must be high enough to eject an electron from the surface of the emitter. Inefficiencies in thermionic systems arise because of the constant thermal energy loss mechanisms of thermal radiation between the diodes and heat losses through the supporting structure and electrical leads connected to the system. It is therefore necessary that the work function of the thermionic emitter be sufficiently low that cooling of the thermionic cathode through electron boiling occurs at a rate comparable to the other thermal dissipation mechanisms. In order to have a thermionic converter with conversion efficiency above a few percent, the work function of the cathode must be low, on the order of a few eV.

Vacuum diode thermionics are the simplest diode design. In these systems, the two electrodes of the thermionic are simply separated by a vacuum. These systems work well for very low power levels, but since they provide only on the order of 1-2 W/cm2 of power, vacuum diode thermionics do not provide the power density that is required for this system [27]. The difficulties in producing higher power vacuum diode thermionics come about because of space charge within the thermionic converter. Electrons flowing across the gap between the thermionic diodes produce a net negative charge within the gap, repelling other electrons that are emitted by the cathode. Because of this phenomenon, the diodes must be placed extremely close together and the current density must be low in order to limit the number of electrons in the gap. These devices require relatively low temperatures (1000-1200K) when compared to cesium thermionics.

Both power density and efficiency can be raised significantly by introducing cesium vapor into the gap between the diodes [27]. The vapor deposits itself in a monolayer on the cathode surface, and cesium ions are emitted from the hot surface, forming a low-density cesium plasma in the inter-electrode gap [24]. The positive cesium ions cancel out the space charge caused by the electrons flowing across the thermionic diode gap. This allows cesium diode thermionic converters to have a larger gap and to be able to sustain higher current densities. These devices require emitter temperatures between 1500-2200K to operate effectively.

The cesium deposited on the cathode surface also has the effect of dramatically lowering the work function of the emitter surface [24]. A tungsten emitter, for example, normally has a work function of about 4eV, but this number can drop to 1.8eV when the surface is coated with a monolayer of cesium. This allows cesium diode converters to operate at a much higher efficiency than vacuum diode converters, up to 25% for cesium diode converters compared to 2-6% efficiency for vacuum diode converters [27].

Thermionics require a high cathode temperature to be able to operate efficiently [27]. When thermionic technology is applied to nuclear reactor power conversion, the high temperature demands that the thermionics be physically close to the reactor core in order to minimize temperature drop between the reactor core and the emitter, and to maximize efficiency [24]. Thus, thermionics in previous designs have typically been located inside the core itself, an in-core thermionic design, or directly outside of the core, an out-of-core thermionic design. Examples of power densities for different designs are shown in Figure 4.1-2.
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Figure 4.1-2 – Examples of Calculated Power Densities for Thermionic Systems [29]
Thermionics bring several benefits to the design of the power conversion unit. They are solid-state devices, so there is no opportunity for failure of moving parts. A relatively small surface area of the thermionic devices is necessary to convert the power for the system, so the mass of the thermionics themselves is quite low [24]. They have been used in systems with efficiencies up to 25% [24], and they have a high operating temperature. These characteristics lower the required radiator mass for the conversion system.

Thermionics also have several drawbacks that must be addressed in the design of the system. The thermionic devices require sub-millimeter separation of the electrodes in order to operate efficiently [27]. This leads to the possibility of electrical shorts in the system which would render the thermionic useless. Careful decisions must be made when choosing the electrode materials, electrode spacing, and cesium pressure to assure that the system will operate above the design threshold of 10% efficiency. These issues will be discussed further in this section.

4.2 System Description and Specifications

The thermionic power conversion system was designed to meet the design criteria outlined in the decision methodology section (Section 3.2). The thermionic cathodes ran at a temperature of 1800K, and the anodes at a temperature of 950K to increase efficiency of the system while still cutting down on radiator size. The system used an out-of-core thermionic design in order to simplify the reactor core design and minimize radiation damage to the thermionic system. Heat pipes transported heat from the reactor to the thermionics. In order to minimize the temperature drop between the core and the thermionic conversion system, the surface of the heat pipes was in direct contact with the thermionic cathode. The heat pipe material need not necessarily be the thermionic emitter material, since a different material can be deposited on the heat pipe to form the emitter surface, as shown in Figure 4.2-1.
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Figure 4.2-1 – Schematic of Thermionic Emitter As Deposited on a Core Heat Pipe

The thermionic anode formed a cylinder surrounding the heat pipe/thermionic cathode. The anode was machined to the correct dimensions such that after the thermal expansion of the materials, the correct inter-electrode spacing will exist in the thermionic device. The inter-electrode spacing was on the order of 5 millimeters post-expansion; however, determining the exact spacing of the thermionic system is best determined experimentally and was delegated to future work.

The heat pipe cathode design also placed requirements on the power density of the conversion system. The system must have a power density high enough that the heat pipes from the core will have sufficient surface area to convert the 100kWe demanded from the system. This goal specified a target power density of 10 W/cm2.

4.2.1
Diode Type

Because of the high power density requirement and high operating temperature of the reactor, a cesium diode design was chosen. A cesium reservoir was located near the thermionic devices to provide cesium vapor to the gap between the electrodes. The pressure of cesium between the electrodes was a function of the reservoir temperature, and this temperature can easily be maintained with a heating coil and a small microcontroller [24]. The optimum cesium pressure can most easily be determined experimentally with a prototype thermionic converter manufactured with the materials and dimensions described here.

In addition to the electrical benefits of a cesium diode device, cesium diodes also permitted a wider diode separation. The positive cesium ions cancel some of the space charge caused by the electron current, allowing a wider space between the emitter and the collector. Because of the wider diode separation, cesium diodes were less prone to electrical shorts in the thermionic diode. A comparison of vacuum diodes and cesium diodes is shown below in Table 4.2-1.

Table 4.2-1 – Typical Thermionic Converter Performances [12]
	
	Vacuum Diode
	Cesium Diode

	Emitter Temperature (K)
	810-1310
	1700-2200

	Collector Temperature (K)
	644-866
	866-1033

	Interelectrode spacing (mils)
	0.3 to 0.5
	2 to 5

	Power Density (watts/cm^2)
	1 to 2
	5 to 15

	Efficiency (%)
	2 to 6
	6 to 18


As is shown in the table above, cesium diode thermionics offer many advantages over Vacuum Diode thermionics. Cesium diode thermionics operate at a higher temperature, meaning that the output to the radiator is also at a higher temperature. The interelectrode spacing is typically greater, which decreases the possibility of developing electrical shorts between the thermionic diodes. The power density is greater, allowing a smaller power conversion unit to be constructed. In addition, the efficiency of the systems is typically greater.


One issue to be noted with using a cesium diode is the transmutation of cesium to barium by high-energy neutrons. Since the core gives off a fast spectrum of neutrons many high-energy neutrons will be entering the thermionic device. These neutrons can transmute the cesium in the diode and the cesium adsorbed on the electrode surfaces to barium, increasing the work function. However, this is not considered to be too detrimental of an effect for two reasons. First is that each thermionic device will have a cesium reservoir which continually replenishes the cesium plasma in the diode. These reservoirs are shielded to prevent transmutation of the cesium inside. The second reason is that the work function of barium is also quite low – studies have shown that transmutation of all the barium in a cesium diode will only increase the work function by 0.8V [28].

4.2.2
Emitter Material

In order to increase thermionic emission from the emitter diodes, the emitter must have as low a work function as possible, with the additional requirement that the emitter must be able to withstand the high temperature produced by the reactor core. Refractory metals are able to withstand the 1800K temperatures without melting, and their work functions are reasonably low. Electro-etched rhenium has the potential for the highest power density of the refractory metal emitter materials at 1800K [24]. Because we employed a cesium diode design, the emitter surface was coated with cesium. The work function therefore approached 1.81eV, the work function of pure cesium, as the degree of coverage of the emitter surface increased [24]. Thus, an electro-etched rhenium surface fulfilled all of the requirements for the emitter material.

Rhenium is notably difficult to machine, but in the thermionic design presented, the rhenium does not need to have a great deal of structural integrity. Rhenium can be deposited on the outside of the heat pipe to form the emitting surface, and the heat pipe will provide structural stability to the rhenium emitter. The rhenium does not need to be machined to form a separate structure.

4.2.3
Emitter Temperature

In general, higher emitter temperatures produce better thermionic performance, producing dramatically increased power density and conversion efficiency with increased temperature in the range from 1600K-2000K [24]. This fact is dictated by the electrical characteristics of thermionic conversion systems. As temperature increases, the increased rate of electron boiling more than compensates for the increased losses through radiation and conduction caused by the increased operating temperature [26]. An example graph of electron current vs. temperature is shown in Figure 4.2-2.
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Figure 4.2-2 – Example Curve of Electron Current vs. Emitter Temperature [29]
For our applications, the emitter temperature is dictated by the temperature of the reactor core and cannot be pushed higher than the maximum core operating temperature. The emitter temperature is thus specified to be 1800K.

4.2.4
Collector Material

The work function of the collector material gives an approximate determination of the output voltage of the thermionic converter [24]. In reality, the output voltage will depend on several complex interactions with the cesium plasma between the diodes and on the output current density of the thermionic device. For an emitter temperature of 1800K, the investigators chose the work functions of the emitter and the collector to be separated by about 1eV [24]. The same requirements of resistance to high temperature apply to the emitter. There is an additional requirement that the material be structurally sound, since the collector material will be required to form a separate structure on the outside of the thermionic device. The high operating temperature and low work function requirements steer the decision again towards refractory metals. Molybdenum met these needs as well as the needs for structural integrity and machinability. Therefore, molybdenum was chosen as the collector material for this design.

4.2.5
Collector Temperature

The collector temperature has an effect on the electrical characteristics of the system since increased temperature lowers the collector work function, and, therefore, the thermionic output voltage, as will be shown in the equations below [25]. The work function (φE) of a surface is given by equation 4.2-1.
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(4.2-1)

where k is Boltzmann’s constant, TE is the temperature of the surface, and J is the current leaving the surface [24]. It can be extended from this equation that lowering the collector surface temperature is advantageous, for this increases the work function of the collector. This in turn lowers the electron emissivity of the surface, increasing the emitter to collector current and therefore the efficiency of the device.

For low collector temperatures, the back emission of electrons is negligible [25]. While lower collector temperatures are preferable from the thermionics standpoint, the radiator mass grows substantially as the collector temperature decreases, and thus a balance must be met.

The ideal collector temperature is extremely difficult to calculate from first principles, and, in general, can only be accurately determined by experimentally measuring the electrical characteristics of a thermionic system for a range of collector temperatures. For a system similar to ours, with an emitter temperature of 1800K, an ideal collector temperature of 950K was experimentally found to be optimal [25]. This temperature is not prohibitively low from a radiator mass perspective, and so the investigators chose 950K as the collector temperature.

4.2.6
Electrode Spacing

The electrode spacing of the thermionic device affects the electrical characteristics of the device as well as the efficiency. Again, the effects of the electrode spacing can most accurately be determined by experimentation, and an optimization of the electrode spacing could easily be performed in the manufacturing phase of the thermionic converters. An example curve of electrode spacing vs. output voltage is shown in Figure 4.2-3.
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Figure 4.2-3 –Output Voltage vs. Inter-electrode Spacing of a Thermionic Device [29]
For similar systems, the optimum electrode spacing was found to be 5 millimeters [24]. It is reasonably expected that this will also be the optimum electrode spacing in our system.

4.2.7 Estimate of Cesium Reservoir Size

The cesium vapor is expected to have a pressure of no higher than 10 torr with a temperature of no lower than 650K. The volume of the vapor space of the system is approximately
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(4.2-1)

which is the approximate volume of 127 hollow cylinders with a 1.5 cm radius, 16 cm length, and 5 mm wall thickness.

Using the Ideal Gas Law, PV=nkT, 1.21*1021 atoms of cesium are required in the system. This translates to 2*10-3 moles of cesium. Cesium has a weight of 132.9 g/mol and a density of 1.873 g/cm3. So, the system requires 0.14 cm3 of cesium in order to operate. There is some additional cesium in the tubing connecting the cesium reservoir to the thermionic units. A reservoir with a volume of 10 cm3 would contain more than enough cesium for the entire power conversion unit.

4.2.8 Cesium to Barium Conversion Rate

Cesium-133, the only stable isotope of Cesium, can undergo a reaction in the presence of a neutron flux, namely the following:
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(4.2-2)

A significant fraction of a barium impurity in the thermionic system would lower the efficiency of the system since barium's work function is larger than that of cesium.

The neutron current coming out of the top of the core will be 4*1012 neutrons/cm2 with an average energy of 500 keV. At this energy, the cross-section of Cs133 for the (n, γ) reaction is 0.111 barns1. The maximum cesium pressure will be 10 torr, and the minimum temperature will be 650K. Using an ideal gas model for the cesium vapor, the number of particles per cubic centimeter is determined:
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(4.2-3)

The reaction rate was calculated based on the cross section, the neutron current, and the number of target nuclei.
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(4.2-4)

Over the entire operating lifetime of the reactor, 1.577*108 seconds, 1.1*1013 particles of barium were expected to be produced per cubic centimeter of thermionic gap. Since there will be 1.49*1017 particles of cesium in the gap, the barium will account for a maximum impurity of 0.01% in the cesium system.

4.3 Expected Performance Characteristics

4.3.1
Efficiency

Examples of thermionic efficiencies are shown in Figure 4.3-1.
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Figure 4.3-1 – Maximum Efficiencies for Thermionics at Various Temperatures [26]
The figure above shows the results of one calculation for the maximum efficiency from thermionic devices. The figures show that 1800K is close to the minimum input temperature required for a system efficiency of greater than 10%.  Performance improves dramatically for small increases in input temperature in the range from 1600-2200K. Thus, small increases in the output core temperature can translate into greatly improved power conversion. Our system was expected to have an efficiency of about 10%, as can be inferred from the above figure. More detailed efficiency calculations are shown in Appendix A.

4.3.2
Mass and Area

The thermionics require 10,000 cm2 of surface area in order to operate at a power density of 10W/cm2. Since there will be 127 heat pipes, each heat pipe will need to have 80 cm2 of thermionic surface area. The total mass per thermionic device is approximately 2.4 kilograms, yielding a total system mass of 240 kg. Detailed mass calculations are shown in Appendix B.

4.3.3
Other

Extrapolating data from a similar system using an etched rhenium emitter, molybdenum collector, and having a collector temperature of 973K, the system should be able to produce approximately 10.5 W/cm2 with a terminal voltage of 0.5 Volts at an efficiency of 10% [24]. These numbers meet the design criterion of our thermionic system.

The calculated thermionic efficiency for this system is 25%, which is significantly higher than the experimentally determined efficiency cited above. The calculated efficiency does not account for power losses within the electrical conversion system, such as from voltage drops across the electrical leads. Even so, the calculated efficiency suggests that it will be possible to manufacture a thermionic converter with an efficiency higher than the experimental efficiency cited. Since our design goals specified a conversion efficiency of 10%, we are safe in assuming that our design will meet or exceed this goal.

4.4
Failure Modes and Redundancy

Thermionic devices rely on the electrical isolation of the two diodes to be able to convert thermal energy to electrical energy. In the event of an electrical short in the thermionic device, the device will no longer be able to perform that conversion. It should be noted, however, that this would not lead to a complete loss of heat sink accident. The mechanisms of thermal radiation and conduction to the collector surface will still be operational in the event of an electrical short, so the thermionic device will still be capable of removing 85-90% of the power that it removes when fully operational. See section X and Y on the heat exchanger and radiator for a more detailed analysis of this accident scenario . Although creep in the thermionic devices can render the thermionic incapable of power conversion, the thermionic device will still serve as a heat sink for the reactor core.

In order to lessen the possibility of a short in the thermionic system, ceramic spacers can be inserted between the thermionic diodes when they are manufactured. The spacers should have axially milled slots to permit the free passage of cesium gas within the diode. The spacers will help maintain the inter-electrode gap in the event of material bowing at high temperatures [24].  

It should be noted that an electrical short in the system does not constitute a thermal short. Any contact between the diode surfaces is enough to render the thermionic converters electrically inoperable. However, small contact areas between the diode surfaces still provide a significant thermal resistance. This means that the thermionic anode will be at a temperature very near the temperature of a fully operational device. A thermal short of the system would require large-scale contact between the thermionic diodes, which is unlikely to occur because of the ceramic spacers in the thermionic design.

Additionally, the thermionic system may be rendered inoperable by a loss of vacuum accident. If the integrity of the vacuum between the thermionic diodes is breached, the system will no longer operate correctly. If this accident were to happen on the moon, the space would be completely evacuated of cesium, causing the electrical efficiency of the unit to drop significantly. If this accident happens on Mars, the space between the diodes will be filled with CO2 from the Martian atmosphere, rendering the system inoperable. In both cases, the system continues to act as a heat sink for the heat pipe, since thermal radiation is still present in both cases, and convection is present in the case of the Martian accident.

4.5
Scalability

A thermionic power conversion unit offers scalability that is approximately linear in the size of the thermionic units. Increased power conversion can be attained if the size of the thermionic units is increased. In the core designed for use with 127 heat pipes of radius 1 centimeter, 16 centimeters of the heat pipe length will need to be covered with thermionics in order to produce the 100kWe required. For the Mars mission, we could require up to twice as much power. This could easily be accomplished by covering 32 centimeters of the heat pipe length with thermionics. This will produce a power conversion unit that produces the same output voltage but twice the output current.

Because of the high sensitivity to input temperature of the thermionic system, increased system performance might also be obtained by operating at a higher input temperature. This, of course, depends on the capabilities of the reactor core. Assuming that the core is operating at its maximum temperature, the easiest method of scaling the power conversion unit is through increased surface area of thermionic converter.

4.6 Discussion

The system described in this section more than meets the criteria outlined by the mission plan. However, the true beauty of this system is its robustness. First of all the system has no moving parts, drastically lowering the possibility for material failure. This greatly reduces the probability that maintenance will have to take place, as performing maintenance on a fast reactor would be quite difficult from a safety standpoint.

Since each core heat pipe has its own thermionic emitter, failure of one of the heat pipe lowers the total power output by less than 1kWe. Then the heat pipes surrounding the failed one pick up the extra heat and deliver it to their thermionic devices. Since both the heat pipes and the thermionics are operating with ample design margins no loss of power will be experienced even should multiple non-adjacent heat pipes fail. In addition, should a thermionic device fail or drop in efficiency during operation almost no change is noticed by the radiator. This means should part of the PCU fail for an unknown reason heat is still reliably removed from the core.

With such a redundant system as this there is no possibility for single-point failure, since there is no single-point where all the heat or electricity passes through.

All these reasons indicate a very robust and well-designed system.

4.7
Summary

The thermionic conversion system will consist of electro-etched rhenium cathodes attached, outside of the core, to the heat pipes. Key parameters are summarized in Table 4.6-1.

Table 4.6-1 – Key Parameters for Thermionic System

	Emitter Temp
	Collector Temp
	Operating Voltage
	Electrode Spacing
	Power Density
	Output Current
	Surface Area
	Efficiency

	1800K
	950K
	50V
	5 mils
	>10W/cm2
	2kA
	10,000cm2
	>10%


5 D-A Power Conversion & Transmission System

After conversion of the reactor’s thermal energy into electricity, this power must be sent to the habitat. However, due to safety concerns the habitat was placed a kilometer away from the reactor (see Section X on shielding).  Since electricity exits the thermionics at 50VDC with 2kA, the power must be converted in order to efficiently transmit power. First the electricity must be converted to AC to reduce attenuation. Second, the power must then be transformed to a higher voltage to limit current-carrying losses. The system for doing this is described in this section.

5.1 DC-AC System

5.1.1 Options

A D-A converter must efficiently convert DC voltage to AC voltage to be considered for this system.

The first system to consider would be to use a motor-alternator configuration where a DC motor turns a shaft that couples to another motor run in reverse. This will generate AC electricity. The problems with this system include high mass and low efficiencies of the motors. This system was not considered in the final analysis.

The second system would be to hand-design an inverter. This may have ultimately led to a very efficient design, but many technical challenges must be overcome to design such a system, such as radiation damage, temperature concerns, reliability, etc. Therefore this option was rejected.

The third option is to use an existing inverter. This presents the most appealing option, for the system is already in place, well studied, and modular. The investigators called many companies to find possible systems and found a variety of options.

It should be noted that adding a moderately heavy transformer may drastically reduce the weight of the transmission cable. Since the habitat is located a kilometer away from the power conversion system it is the weight of this cable that is the deciding factor in the weight of this subsystem.

5.1.2 D-A System Selection & Analysis

The investigators decided to use Belham Electronics’ 5kVA system, which consists of two of their 2.5kVA systems mounted together in a rack. The systems can each accept 100A at 50VDC and output electricity at 120VAC with 90% efficiency [30].



Twenty-five of these systems were used, attaching five thermionic emitters to each 5kVA unit. This ensures that should a transient occur and the thermionics deliver more power than normal, the DC-AC system will not fail. This also includes a 25% design margin in this component of the system – the D-A systems do not run at full capacity.
Thick wires exit each thermionic emitter at the top of the emitter in the core’s inverted configuration. These wires then exit the reactor area in a large bus and enter the 5kVA D-A converters, which are located behind shielding to reduce damage to the electronics. The system is placed as close to the reactor as possible to reduce DC losses.

5.2 Transformers

In order to reduce transmission losses we will include a transformer with a turn ratio of 83.5 : 1 in order to provide a transmission voltage of 10kV. This will step up the voltage over the transmission lines so that very little total current (~10A) is flowing. Each 5kVA system had its own transformer to eliminate the possibility for single-point failure.

The weight for an individual transformer carrying 120VAC at 60Hz with 48A of current is estimated at about 20kg, putting the total transformer weight at 0.5MT. Weights were estimated using 10m of 10 AWG wire, whose current carrying capacity is 55A (well over our load of 48A) [31].

5.3 Transmission Cable

In choosing the transmission cable a low resistance was desired to minimize dissipative losses. A thin wire is also desired in order to keep the mass of the cable down. The investigators chose a 22 AWG copper wire to transmit the electricity to the habitat. This wire gives a resistance of 52.94 ohms over the entire transmission line [31]. This gives a voltage drop of 52.94V across the transmission cable, giving a total voltage loss of 0.53%. The weight of one cable is calculated at 21kg per kilometer, bringing the total weight of 25 cables to 525kg., wi
5.4 Discussion

The investigators chose to include the transformers and smaller cabling instead of one large cable. While the voltage drop across the cable may be a bit larger, when compared to the transmission voltage of 10kV it is negligible. In addition using transformers and smaller cables instead of one large 4/0 AWG cable gives the same mass, but no probability of single-point failure, making the system more robust. A final fact to note is that the habitat now only needs to step down the voltage as it enters the habitat and it will have 25 separate 120VAC lines running at 48A, instead of having to divide the voltage. This will lead to less losses and a lower mass of the electrical systems in the habitat.

The mass breakdown for the conversion / transmission system is as follows:

Mass of DC-AC inverters:  360kg

Mass of transformer:  500kg

Mass of transmission cable:  525kg

Total mass of electricity conversion/transmission system:  1.385 MT

6 Heat Exchanger to Radiator

While the thermionic emitters can convert 10% of the heat produced in the reactor into electricity, the rest of the thermal energy must be removed from the PCU and dissipated into the radiator. This heat is mainly due to radiative losses in the PCU. Therefore, even if the PCU is not operating coolant must continue to flow and cool the PCU to dissipate the heat produced by the reactor.

6.1
Options

The investigators recognized two possibilities for methods to get heat from the PCU to the radiator. These are working-fluid heat exchangers and heat pipes.

A working-fluid heat exchanger includes any of a number of geometries designed to maximize the flow of thermal energy from one fluid to the other. These include plated-fin exchangers, spiral designs, printed circuit designs and many more. Each has its own advantages and disadvantages – for example printed circuit heat exchangers can be very compact, but often have a high mass. The main disadvantage to all of these designs is that at some point the working fluid must be pumped out of the heat exchanger, introducing another location for single-point failure. Should this heat exchanger fail, cooling to the PCU will cease, overheating it and eventually leading to overheating of the core. Therefore a more robust and modular design is required for this reactor. In addition, a working fluid-based heat exchanger will experience a temperature drop across the body of the heat exchanger, leading to inefficiencies in the system.

Any of these designs would require a form of interface to the radiator, which uses embedded heat pipes to distribute heat across the surface of the radiator. The other choice the investigators saw was to use these radiator heat pipes and couple them directly to the thermionic emitters, adding an annular section inside which each thermionic would have a direct thermal connection.

6.2 Annular Heat Pipes – Concept


Heat pipes remain nearly isothermal if properly designed. Pressurizing the heat pipes so that the working fluid boils at the temperature we wish to radiate at, ensures that all the heat undergoes a phase change, vastly increasing its efficiency.

Each heat pipe contains an annular section, in which the heat pipe fits around a thermionic emitter as shown in Figure 6.2-1. Above the height of the thermionic emitter the heat pipe gradually decreases in radius until it is that of the radiator heat pipes.

[image: image25.png]eRE RSP

Thermionic
ey

Cs Reservoir




Figure 6.2-1 – Annular Heat Pipe Sketch

6.3 Heat Pipe Design

Each heat exchanger heat pipe is designed to match the specifications of a core heat pipe as closely as possible. In this case, each heat pipe must only transport 9kW of thermal energy, since 1kW of energy is converted into electricity by each thermionic device. Designing the heat pipe to transport 10kW introduces a larger design margin, which is useful since more inefficiency will be introduced when the heat pipes are bent in the radiator.

The collector wall of each thermionic emitter will be in direct thermal contact with the inside wall of each annular heat pipe.

Potassium is used as the working fluid, as its boiling point is very close to the temperature to which we wish to cool the thermionics. A 20 layer, 400 mesh titanium wick will be used to keep the liquid potassium in contact with the wall of the heat pipe. The annular heat pipes will have a 2cm outer radius on this annular section, with a wall made of a niobium-zirconium alloy. The heat pipes will be slightly evacuated in order to reduce the boiling point of the potassium to 950K.

The heat pipe is annular as long as it fits over the thermionic emitter, giving an evaporator region of 40cm. The condenser region consists of the entire length of the radiator, with an adiabatic region in between. This includes the section with the 180 degree bend before entering the bulk material of the radiator.

The wick structure will lie along the entire inner wall, so that capillary action will bring the liquid potassium down from the outside section of the inner wall to the inside one, where the potassium will boil. The outer walls of the heat pipe will be thermally insulated so as not to impede liquid flow to the thermionics due to boiling on the wall.

6.4 Thermal Analysis

Using the equations outlined in the Core Heat Pipe section X.Y, i X.Y, it can be shown that once again the capillary limit is the limiting factor. Assuming the parameters in Table 6.4-1, the capillary limit was found to be 13.758 kW per heat pipe. 

Table 6.4-1 – Parameters for Annular Heat Pipe Heat Exchanger to Radiator

	Heat of vaporization (J/kg)
	Liquid Density (kg/m3)
	Vapor Density (kg/m3)
	Liquid Viscosity
	Liquid Surface Tension (N/m)
	Annular Outer Radius (m)
	Annular Inner Radius (m)
	Length
	K x10-10

	1938000
	675.4
	0.00486
	0.12
	0.0672
	0.02
	0..014
	~7
	0.302


Similar studies have shown similar parameters [32]. Because each heat pipe must only transfer 9 kW this gives us enough of a design margin. For example, should the heat pipe at the hot spot fail, the potassium heat pipes around the failed lithium heat pipe will each have to transfer 7/6 of their normal load, or 13.125 kW per heat pipe. This gives us a design margin of 4.6% in a worst-case analysis, which leaves little room for transients. However this also assumes that only the nearest neighbors of the failed heat pipe remove the excess heat, which is itself a conservative assumption.
6.5 Coupling to Radiator

The heat pipes will gradually change radius until they match those installed in the radiator. This ensures fast and reliable thermal coupling between the PCU and the radiator, with no room for single-point failure. This is quite an improvement when compared to traditional heat exchangers, which employ a single working-fluid loop.

6.6 Discussion

The system described above employed one heat exchanging heat pipe per core heat pipe. This ensures that should one or multiple heat pipes fail cooling to the PCU and core still occurs, and the PCU still generates nearly full power. The system is robust, dependable, includes ample design margins, and technologies involved have been well developed. The only aspect about the heat exchanger system that is not well developed is the annular section of the radiator heat pipes. However, capillary action still pulls liquid potassium to the evaporator region, and boiling still takes place. Therefore the annular section should not noticeably affect heat pipe operation.

7 Future Work

While the power conversion system is well designed to meet and exceed all specifications, there are a few optimizations and analyses that remain to be done.

The thermionic emitters work quite well in this system. They can certainly work better, in terms of efficiency and maximum heat flux. Research in thermionic emitters is not as extensive as the researchers would like. Actual efficiency curves and calculations are difficult to determine, and few fully developed systems are documented. Qualitative effects of varying system parameters are developed, but there are no standard formulas or calculations to determine the optimum parameters for a given system, such as diode spacing, cesium vapor pressure, or collector temperature.

The power conversion/transmission system leaves much room for optimization. The investigators decided to use existing systems, while designing an inverter/amplifier tailored to our specific system may prove to be slightly more efficient and less massive. In addition studies must be done on the possible damage to the electronics due to radiation even behind the shielding. While the transformer basics are outlined in the description, exact parameters such as wiring scheme, core size & material choices, and total number of turns are yet to be decided.

The transmission cable underwent many iterations, but a few parameters still need to be selected. These include the type and thickness of the insulator (since we are transmitting 10,000 volts), the exact wiring configuration out of the transformers, and the metal to use. For example, while aluminum is a far lighter metal than copper it is also more resistive, so studies must be performed that address the tradeoffs between wire material, gauge and resistivity. In addition there may be a more optimum transmission voltage, but increasing the transmission voltage also increases the weight of the transformer.

Finally the issue of scalability must be addressed. Assuming the core power were to be doubles to 2.4MWth, more thermionics would be placed over the heat pipes, and double the number of transformers and inverters would be used. Otherwise the PCU will remain the same. The only analysis that remains to be done in order to scale up to a 200kWe system is how to improve the heat pipes between the PCU and the radiator to handle the elevated heat flux.

8 Conclusion

The power conversion system outlined in this report provides no single location that induces failure of any system, let alone the entire reactor. In fact, the largest power drop should any one component fail is 4%. The core still cools effectively, and nearly full power is still delivered to the habitat.

Should an inverter, a transformer or a transmission cable fail, the power level and cooling rate drops by 4%. Should a core heat pipe or an annular heat pipe fail, the power level drops by less than 1%. And finally, should one section of a thermionic diode fail the power level drops by about 0.1%, assuming 10 sections in each diode.

This system is modular enough for easy assembly, is resistant to neutron and gamma radiation, and is robust enough to withstand transients and hot-spot failures at the same time. In terms of safety analysis, the only releases that can occur are release of lithium or potassium from core and radiator heat pipes, and release of cesium from the thermionics. However, the amount of these materials used in this design is very small. In addition should these metals be exposed to the ambient temperature they will solidify.

The total mass breakdown of the power conversion system is as follows:

Mass of core heat pipes:

Included in Core analysis (section X.Y)

Mass of thermionic emitters:

240kg

Mass of inverter/transmission:
1,385kg

Mass of annular heat pipes:

Included in Radiator heat pipe mass (section X.Y)

Total mass of PCU:


1,825kg
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Appendix A - Calculated Efficiency for Thermionic Systems
1  Objective

We will develop a model for estimating the efficiency of a thermionic system based on several parameters, includingits emitter temperature, collector temperature, electrical characteristics, diode spacing, and cesium gas pressure. 

2  Energy Conservation Analysis

The calculated efficiency for a high-pressure cesium diode thermionic system is given by 
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where V is the voltage at the electrodes, VL is the voltage drop across the leads, J is the measured current density, and qin is the input heat-rate density.

The term  is itself the sum of several terms, 


[image: image27.wmf]2

1

d

L

r

V

k

E

in

q

q

q

q

q

q

q

-

+

+

+

+

=






(A-2)

where qE is the energy flux from the current J leaving the emitter, qK1 is the heat conduction rate through the thermionic structure, qV is the heat conduction rate through the vapor, qr is the energy flux associated with thermal radiation into the inter-electrode space, and (qL – qd/2) is the heat rate through the leads.

The term  is the term describing the electron cooling of the emitter, and can be expressed as 
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where φE is given by 
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The heat conduction rate through the vapor can be determined by 
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                              λ
where TE and TC are the emitter and collector temperatures in Kelvin, pCS is the cesium pressure in torr, d is the diode spacing in centimeters, and λm is the thermal conductivity of the cesium vapor in watts per degree Kelvin per centimeter, evaluated at the mean vapor temperature given by 
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The interelectrode thermal radiation rate per unit area is given by 
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For refractory metal electrodes, it is reasonable to assume a value ε = 0.2.

Thermal conduction through the supports and through the electrical leads and the supports is difficult to calculate theoretically, but as a convservative approximation can be taken to be 30% of the other thermal loss mechanisms.

3
Analysis of Efficiency for Proposed Thermionic System

The calculated efficiency will be determined for a system with a rhenium emitter at 1800K, a molybdenum collector at 950K, a diode spacing of 5 mils, and a cesium pressure of 10 torr.

The electron cooling of the emitter is taken as an experimentally determined value. Extrapolating data from systems similar to the proposed system, the system can be expected to produce  of electric power qE = 10W / cm2. 

For TE = 1800K and TC = 950K, the mean vapor temperature TM = 2045K . At this value, 
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. The interelectrode spacing, d, is specified in the design to be 5 mils, or 0.0127 centimeters. The cesium vapor pressure pCS will ber taken to be 10 torr as a conservative estimate. These numbers produce a heat conduction rate through the cesium vapor of qV = 4.5 W/cm2.

For the given electrode temperatures and an estimated emissivity of 0.3, the thermal radiation loss is determined to be qr = 16.5 W/cm2 . The thermal losses through the leads and other structure and approximated to be 9.3 W/cm2.

The calculated efficiency of the electrical system is therefore determined to be 24.8%. This calculation does not take into account the voltage drop across the leads of the system. This loss mechanism and other inefficiencies within the system could easily bring this number down, but the efficiency will almost certainly stay above the 10% demanded by the project’s goals.

[1]
Hatsopoulos, H.N., & Gyftopoulos, E.P. (1973). Thermionic energy conversion volume I: processes and devices. Cambridge, MA: MIT Press

Appendix B – Thermionics Mass Calculations

The thermionics require 10,000 cm2 of surface area in order to operate at a power density of 10W/cm2. Since there will be 100 heat pipes, each heat pipe will need to have 100 cm2 of thermionic surface area.

The heat pipe is a cylinder of radius 1 cm. This means that 16 cm of the heat pipe surface must be covered with thermionics. The thickness of rhenium deposited on the thermionic walls will be at most 1 millimeter. The volume of rhenium will therefore be approximately 1.6 cm3 of rhenium per heat pipe. We will assume that the outer portion of the thermionic has an average radius of 1.5 cm. We will assume a molybdenum thickness of 5 millimeters, leading to a volume of 75.4 cm3 of molybdenum per heat pipe. We will assume that the stainless steel outer cylinder has the same volume. 

Additional mass for each thermionic device is added in the form of ceramic spacers, electrical leads, and cesium reservoir tubing. A reasonable upper bound on the mass of all of these items is 1 kg per thermionic device.

The density of rhenium is 21.02 g/cm3, yielding a total rhenium mass of 33.6 grams/device. The density of molybdenum is 10.22 g/cm3, yielding a total molybdenum mass of 770.59 grams/cm3. The density of stainless steel will be approximately that of iron, 7.874 grams/cm3, yielding a total stainless steel mass of 593.70 grams/cm3.

The total mass of each device is therefore:


Rhenium 

33.6 grams

Molybdenum

770.59 grams

Stainless Steel

593.60 grams

Auxiliary Parts
1000 grams

Total


2397.8 grams/device

The total mass per thermionic device is approximately 2.4 kilograms, yielding a total system mass of 240 kg.  

�A picture or sketch with dimensions should go here.


�Put this with the options description above.
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