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Chapter 1: Background
Cubesats, or miniature, 10×10×10 cm satellites, have become increasingly 

popular in both academic and private spaceflight and space exploration pursuits. Cubesat 
missions range anywhere from amateur radio pursuits to earth observation and weather 
studies. These satellites contain basic command, control and telemetry systems, usually 
along with a research payload of some kind. Cubesats can be custom sized depending on 
payload requirements, with 1U being a ten centimeter cube, 2U being a 10×10×20 
centimeter prism, and so on with 3U and 1.5U chassis. Dozens of these cubes will then be
loaded onto NASA or ESA flights when extra space is available and sent into orbit. This 
idea was first proposed by professors at California Polytechnic State University in 1999 
in order to explore new space technologies, preform research, and promote the skills 
necessary to design and build satellites[1]. 

Figure 1.1: A standard 1U cubesat

Currently, most cubesats are powered via either solar power or battery power. 
Batteries convert stored chemical energy into usable electricity. The useful lifetime of a 
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battery is determined by the amount of stored chemical reactants. This means that the 
weight of the battery is proportional to it's operational lifetime. This weight, and hence 
the battery life, is severely limited by the small payload area of the cubesat (2). A power 
source with greater longevity is needed for more lengthy and extended missions. The 
need for long-term sustained power on spaceflights is usually fulfilled by solar power. 
Solar panels affixed to some or all of the six sides of the cubesat convert solar energy to 
electrical energy using the photoelectric effect. Electrons present in the photovoltaic 
material absorb incident photons and are then excited enough to escape and create an 
electric current [20].

Figure 1.2: A 3U cubesat with extending solar panels
 Solar power is indeed very useful when in orbit around Earth, but the flux density

of solar photons decreases with the square of distance from the sun. This means that at 
distances beyond the orbit of Jupiter it becomes very difficult to harvest a useful amount 
of solar energy [4]. Additionally, the small surface area available on the six faces of the 
cubesat limits the total amount of power that can be generated. In the past, when neither 
solar nor battery power was determined to be adequate for a mission, space agencies such
as NASA and the ESA have turned to radioisotope thermoelectric generators, or RTG's, to
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power spacecraft [3]. 

Radioactive elements and compounds produce decay heat due to the effects of the 
radiation they release. The radiation given off by the source either impacts or interacts 
electromagnetically with atoms in the medium and in the source, releasing energy. Alpha 
and beta particles transfer their energy via the coulomb effect, while gamma particles 
interact mainly via the photoelectric effect, Compton scattering, or pair production. A 
portion of the energy from these various incident particles is then converted into thermal 
movement of the atoms [3]. Radioisotope thermoelectric generators harness this decay 
heat and convert it to electricity. 

Figure 1.3: A plutonium238 fuel pellet glowing red-hot from its heat generation
The part of an RTG that converts thermal energy to electrical energy, the 

thermoelectric generator, is a relatively simple device. Documented by Thomas Seebeck 
in 1821, it was observed that if two wires of dissimilar metals were joined at a junction 
with opposite sides kept at different temperatures an electric current would flow from the 
hot end of the junction to the cold end [2]. This effect is executed on the atomic scale by 
heated charge carriers diffusing from the hot side to the cold side [3].  The typical 
efficiency of modern thermoelectric generators, or TEG's, is less than ten percent. The 
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efficiency depends on various material properties of the semiconductor in the TEG, as 
well as the temperatures of the hot and cold side of the system.

An RTG supplies the heat for the thermoelectric effect using the decay heat of a 
radioisotope deposited into the described junction. Although these devices have low 
efficiencies, they use no moving parts for this power conversion, and are consequently 
very reliable. Usually the RTG is limited only by the lifetime of the radioisotope used. 
RTG's have been used in 26 US spaceflight missions and many more Russian missions 
over the past forty years, in a variety of orbital, lunar, and interplanetary operations [3]. 
Pioneer 10 and Pioneer 11 were powered by RTG's for nearly 30 years each, and Voyager
1 and 2 remain operational as they reach the boundary of the solar system [3]. More 
recently, the New Horizons Pluto flyby probe and the Curiosity Mars rover are also 
powered by RTG's.

An RTG powered cubesat could potentially be used for missions that require both 
a small satellite and have requirements for which solar or battery power would be 
impractical. An example of one such mission would be as an auxiliary payload on the 
NASA Europa mission currently under consideration. NASA's Jet Propulsion Laboratory 
in Pasadena has accepted ten proposals regarding cubesat concepts that could enhance a 
potential mission to Europa [5]. The cubesats would be stowed aboard the primary vessel,
then released into the Jovian system in order to take measurements and gather additional 
data about Europa. This mission proposal could be greatly enhanced with the introduction
of RTG power systems for cubesats. Europa is far enough away that solar power will not 
be nearly as effective as it is near Earth, and RTG's could prolong the lifetime of each 
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cubesat significantly as compared to battery based systems.

The purpose of this thesis is to describe in detail the specifications and design of a
small cubesat powered by a milliwatt scale radioisotope thermoelectric generator. This 
generator would harness the thermal energy released from a radioisotope such as 
americium or strontium and convert it into usable electricity. Such a design would have a 
niche in space exploration missions where solar or battery power would be unfeasible or 
impractical. This thesis will also include a physical test of this design to validate the 
computational design.
Chapter 2: Literature Review

Currently there has been very little research into or development of such a 
cubesat, as most cubesats have so far been confined to low earth orbit, where solar energy
is plentiful. Although this area of research his very immature, there have been a few 
initial forays into the subject. One conceptual design study was undertaken by researchers
at the University of Leicester in 2011 [6]. Their aim was to develop a small RTG that 
would both provide electrical power to a small satellite and assist in controlling the 
temperature of the craft while exposed to the vacuum of space. The paper identifies a 
need for RTG's with outputs between 0.1 and 10 watts electric, as current US fuel 
assembly designs would not be able to supply power at these levels without significant 
and costly redesigns [6]. 

The Leicester researchers decided upon a spherical fuel pellet and assembly to 
minimize parasitic heat losses, in addition to a cylindrical base to accommodate the flat 
surface of the thermoelectric generator. The final fuel assembly was a layered cylindrical 
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towards the insulation model and TEG efficiency could be made, and that a three 
dimensional finite element approach would be more accurate than their one dimensional 
iterative model [6].

Solidworks simulation software will play an important part in simulating and 
testing this model. This software calculates mechanical loads, heat transfer, and fluid 
flows using a computational method called finite element analysis. The basis of this 
method is to subdivide a large, complex problem into smaller, simpler sub-domains, 
called finite elements [7]. For example, the circumference of a circle can be 
approximated by measuring the perimeter of a polygon inscribed in the circle with a 
large, but finite, number of sides. Each of these finite elements will be represented by a 
set of element equations to the original problem [7]. In the case of this paper, the 
equations in question will be Fourier's Law of Conduction and the Stefan-Boltzmann 
Law of Radiation. These smaller, simpler problems are then combined into a global 
system of equations for the final calculation. This system of equations can be solved 
numerically given that the initial and boundary conditions of the system are known [7].
Chapter 3: Objectives

The first objective of this thesis will be to model three different RTG fuel 
assemblies in a fully functional cubesat. Of the three, two will be modeled after the 
University of Leicester Americium RTHU's, each aimed at producing one and two watts 
of electrical power, respectively. The third model will be similar to the Leicester fuel 
assembly but will use a two-watt-electric strontium source rather than americium. The 
one-watt americium model will be the primary focus of this paper. Solidworks Simulation
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software will then be used to analyze these models using finite-element steady state heat 
transfer analysis. Important values such as the change in temperature across the 
thermocouple and the thermal load to electronics will be gathered from the computational
analysis.

The second objective of this thesis will be to test the accuracy of the digital model
in the physical world. A 1:1 scale model will be constructed for this purpose, using as 
many of the same materials as possible, and approximating any of the more complex 
parts or exotic materials of the assembly. A testing chamber will then be made for this 
scale model to approximate the boundary conditions encountered in space travel. The 
same key parameters gathered from the computational model will then be measured using
the physical prototype to verify the results of the initial analysis. The physical results will
also be compared to the results predicted by the University of Leicester to observe how 
accurate this test was to their predictions.
Chapter 4: Assumptions and Limitations

There are a few important assumptions to be made and limitations to be applied to
this project. The theoretical cubesat in question will have the minimum amount of 
electronics required to function. A simple motherboard will suffice to approximate the 
typical electronics aboard the spacecraft. This will simplify the numerical simulation and 
allow simulations to prioritize modeling the heat transfer from the fuel to the TEG and 
the waste heat to the structure and electronics. This is not a wholly unrealistic 
assumption, as it is envisioned that this 1U cubesat could be a modular part of a larger 
assembly. For example, the 1U fuel satellite could attach to another 1U or 2U cubesat and
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used to power additional mission equipment such as radio communication equipment, 
cameras, or gyroscopes.

While it would be most accurate to model the cubesat in deep space or the outer 
solar system considering it's intended purpose, the cubesat will be simulated to reflect the
conditions of the physical experiment. Due to the limitations of this experiment, it is 
unlikely that the test chamber will be able to reach the 3 Kelvin background temperature 
of space. The coldest temperature that could be reasonably obtained would be by cooling 
the test chamber with liquid nitrogen, which has a boiling point at 77 Kelvin. Cryogenic 
coolants may be prohibitively expensive for the available budget of this project, so the 
cubesat will also be simulated with an ambient temperature provided by a more 
conventional coolant such as ice or a commercial freezer.

Some of the more exotic materials present in this design will have to be 
approximated by materials that are thermally similar but easier to obtain. Acquiring 
multilayer insulation and zirconium cladding as called for by the University of Leicester 
design would be prohibitively expensive. The purpose of the cladding is to prevent 
dispersal of the fuel in case of a crash, so a low-cost alternative would be high-strength, 
impact-resistant alloy steel. Likewise, alumina insulation would be easily acquired for 
only a small decrease in quality compared to the multilayer foam. Both the MLI 
insulation and alumina blanket insulation have similar thermal conductivities, about 0.07 
W/mK at 200 °C [6,21]. The primary advantage of MLI over alumina insulation is its 
additional protection against radiation heat transfer [6].

The radioactive sources will also have to be simulated using a more realistic 
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substitute. Because the heat radiated by the source is the primary energy source, not the 
radiation itself; the fuel can be approximated by a metallic sphere with an embedded 
cartridge heater to supply the thermal energy. Due to the low thermal resistance of these 
materials, the heat will conduct without much impedance through the core but will be 
restricted normally in the cladding and aeroshell. This is a good approximation of the 
americium sources because the alpha radiation will be attenuated inside the fuel sphere or
very close to its surface due to the high probability of interaction. This may be a less than 
ideal substitute for the strontium fuel sphere, as the more penetrating beta radiation and 
bremsstrahlung may deposit kinetic energy further from the core. 
Chapter 5: Theoretical Design

In order for an isotope to function well as a power source, it must meet several 
requirements. Any electronics aboard will require a consistent level of electricity for the 
entire journey, so a relatively stable isotope with a long half-life is required [3]. The 
material must have a long enough half-life that it will release energy at a relatively 
constant rate for most or all of the mission duration. Specifically, the isotope should have 
a half-life as long or longer than the intended mission lifetime [3]. For this reason, most 
RTG power sources have half lives on the order of ten to one-hundred years. A short-
lived isotope like radon222 would exhaust itself long before the cubesat could arrive at it's 
destination, due to the 4-day half-life of the material. On the other hand, an isotope with a
half-life of many billions of years such as uranium238 would decay so slowly that no 
appreciable energy could be extracted from the process.

Presently, spaceflight is an expensive and risky venture. It costs approximately 
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ten-thousand dollars to launch one pound of payload into low earth orbit using current 
launch technologies [8]. For this reason, the fuel must have a high power density to 
reduce the amount of mass in the payload and the amount of chemical fuel needed to 
deliver the satellite to it's destination. This is especially important for a cubesat power 
source, as all components must fit in a space of about 1000 cubic centimeters. A radiation
source with a high power density will take up less space and allow more room for 
instruments and other electronics.

The radiation given off by the source must be able to be easily absorbed and 
converted into thermal energy [3]. For instance, a source that emitted primarily gamma 
rays would not be ideal because the gamma particles would be very likely to escape the 
satellite without hitting the structure and being converted into thermal and electrical 
energy. Additionally, highly penetrating radiation would require heavy shielding to keep 
the electronics safe, which would require more rocket fuel to push into space [3]. Alpha 
radiation emitters are an excellent solution to this problem. Alpha particles do not 
penetrate most materials easily, which means little or no additional shielding is required 
and most of the radiation will be converted to thermal energy in or near the fuel pellet. [3]

In addition to having poorly penetrating decay radiation, the ideal isotope must 
have easily manageable daughter products. A pure alpha emitting parent with a gamma 
emitting daughter would face the same shielding issues as a gamma emitting parent. The 
daughter gammas would be at risk of escaping the containment shielding and damaging 
the satellite electronics. The ideal isotope would then either decay into a stable isotope or 
have a decay chain with only alpha emitters.
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In summary, the ideal isotope must have a half-life on the order of ten or a 

hundred years, have a relatively high power density, and primarily emit alpha or beta 
radiation. Traditionally, space agencies have found plutonium238 to fill all of these 
requirements. This isotope has a half-life of 90 years and emits exclusively alpha 
radiation. Pu238 decays into uranium234 and Thorium230, two comparatively long-lived 
isotopes that emit primarily alpha radiation with some weak gammas [10]. It also yields a
respectable power density of about 0.5 thermal watts per gram [9]. Unfortunately, 
governmental production of plutonium has ceased and supplies are dwindling. It is 
unlikely that the academic or private owners of this theoretical cubesat would be able to 
acquire any of this rare and highly-controlled isotope. Alternatively, the isotopes 
americium241 and strontium90 fit these requirements. Americium241 has a half-life of 432 
years and decays primarily via alpha decay, with some weak gamma products [10]. This 
lengthy half-life could potentially allow a cubesat to run for several centuries. The 
primary disadvantage of using americium is the relatively poor power density. Compared 
to plutonium238, americium produces less than one quarter the decay heat, 0.11 watts per 
gram [11]. This low power density is mostly due to the longer half-life and lower decay 
energy of Am241. 

A potential solution to this low power density would be strontium90. The power 
density of Sr90 is comparable to that of Pu239 at 0.453 watts per gram [12]. This would 
allow for a smaller fuel assembly, which would be especially advantageous for the 
already cramped cubesat interior. This isotope also has a similar half-life of about 30 
years. Strontium does not come without disadvantages, however. Strontium decays via 
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beta emission, which raises several shielding concerns. Although the beta particles 
themselves can be shielded effectively with a few millimeters of aluminum, they have the
tendency to emit highly energetic photons due to the bremsstrahlung effect [12]. When 
the emitted beta particle passes too close to a heavy nuclei, it decelerates due to the 
coulombic interaction. In order to maintain conservation of energy, this lost energy is 
released as a highly charged photon. These particles would not be absorbed into the fuel 
assembly and thus would not be converted into electricity, lowering the overall efficiency
of the system. Additionally, these charged particles would represent a safety hazard to 
anyone handling the cubesat and also could potentially damage nearby electronic 
components. 
Chapter 6: Computational Model Design

The fuel assembly surrounding the radioisotope was based off of the fuel 
assembly created by the University of Leicester and is outlined in the literature review 
section, with a few material changes. The fuel pellet is surrounded by a thin steel 
cladding. The primary purpose of this steel is to prevent dispersal of the radioisotope in 
case of a catastrophic failure. Next, a graphite aeroshell entombs the cladding, the top 
half of the shell being spherical and the bottom half being cylindrical in order to better 
accommodate the flat face of the thermoelectric module. Enclosing the graphite and TEG 
is a thick layer of insulation. This insulation reduces heat escaping from anywhere except 
the bottom, where the TEG will convert this heat to electricity. The final piece of the 
assembly is a thin aluminum casing surrounding the assembly with a square plate at the 
bottom to aid in mating the fuel assembly to the cubesat structure.
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For finite-element steady-state heat transfer analysis, Solidworks requires the 

thermal conductivity, density, and constant-pressure specific heat of each material in the 
assembly. These material properties, along with other physical quantities such as a 
material's Poisson's ratio, Young's modulus, and Biot number are stored in the Solidworks
material library. Solidworks only stores values for common materials such as steel, 
polyurethane foam, or wood. These pre-assembled values were available for the carbon 
steel used in the fuel cladding, the general purpose 6061 aluminum used in the frame, and
the graphite fuel enclosure. 

For the more exotic materials used in the assembly, material properties must be 
gathered manually. The americium oxide fuel properties were acquired from an article in 
the Journal of Nuclear Materials which discussed in detail the specific heat and thermal 
conductivities of different americium compounds at different temperatures [13]. 
Likewise, the strontium oxide quantities were retrieved from the Journal of Applied 
Physics and the NIST Material Measurement Webbook [14, 15]. The thermoelectric 
generator used in the physical model was essentially a wafer of bismuth telluride 
enclosed by two thin plates of graphite with wires protruding from the sides. This was 
simplified in the computational model by modeling the TEG as a solid block of bismuth 
telluride. The properties of this semiconductor were approximated using data from the 
MIT and Powder Metallurgy Journals [16, 17]. The insulation was modeled using the 
polyurethane insulation already present in the Solidworks material library. The specific 
heat and thermal conductivity were similar to the alumina insulation used in the physical 
model. The circuit board was simulated using physical values of FR4 plastic, a common 
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circuit board component. The copper wire incident on the surface of the circuit board was
considered small enough to be negligible. The FR4 plastic values were acquired from a 
journal article published by the Institute of Electrical and Electronics Engineers and from 
a Mitsubishi Gas and Chemical company datasheet [18, 19]. 

No instrument wires or ports were included in the model in order to simplify the 
heat transfer calculations. This simplification is not likely to affect the outcome 
considerably, as most wires will most likely be very small compared to the overall size of
the assembly. All wires and thermocouples that ended up being used in the physical 1:1 
scale model were exceedingly small, being less than one eighth of inch in diameter.
Chapter 7: Initial Solidworks Results

Solidworks Simulation Overview
Two different environmental conditions were tested using Solidworks.  One 

simulation will radiate heat to a background temperature of 0 ºC to approximate a test 
apparatus cooled with ice, while the second will radiate to -160 ºC to resemble a 
cryogenic coolant. It was unknown at the time whether there would be enough of a 
budget to accommodate cryogenic coolants such as liquid nitrogen or only conventional 
ice cooling, so both situations were tested for. These environmental constraints are not 
particularly indicative of the conditions the real cubesat would undergo in space. Each 
simulation neglects any radiance from the sun and radiates the cubesats heat to ambient 
environments at higher temperatures than the cosmic radiation background. However,  
the conditions tested for are representative of the conditions the physical cubesat model 
will withstand during the testing done in the second half of this thesis. The physical 
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model will be in a vacuum and in a relatively high-temperature environment compared to 
space. Since the magnitude of the heat flow between a heat generator and a colder heat 
sink is proportional to the temperature difference between them, the cubesat's ability to 
dispose of its heat will be hindered. It is the aim of this thesis to show that the cubesat 
will maintain survivable temperatures even with this handicap and therefore prove 
conclusively that it can survive in space, where it's abilities to dissipate heat are 
improved.

Using the exotic material values outlined in the preceding section, the Solidworks 
model was properly meshed. The thermal resistances at material interfaces were 
neglected. Along with simplifying the calculation, any thermal resistances are likely to be
low or negligible in space. Most thermal resistances are caused by microscopic pockets of
air between adjoining parts, which would be minimized in the vacuum of space. 

Cryogenic Coolant Results
The cryogenic coolant simulation was the first to be tested. The ambient 

temperature for radiation calculations in this test was taken to be 113 Kelvin.  This 
radiation condition would simulate a coolant such as dry ice or liquid nitrogen. The 
radiation view factors for all of the outward facing surfaces were taken to be one. The 
inner surfaces that could still possibly radiate from inside the cubesat, such as the 
circuitboard and the aluminum fuel casing, were also considered. Since they are partially 
blocked by the outer structure, the view factors for these parts were approximated as 0.5. 

Radiative heat transfer between parts was limited to only the most crucial 
components, as this type of heat transfer was by the far the most computationally 
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americium sources, as well as concerns of properly shielding against the bremsstrahlung 
radiation that would be emitted.

 After the solution for the one-watt americium design was calculated, several 
flaws in the design became apparent. The temperature differential across the TEG was 
only 32 K, much lower than the 180 K predicted by the university of Leicester. The most 
serious flaw was the temperature of the circuitboard. Due to the differing coefficients of 
thermal expansion of the constituent materials, circuitboards cannot withstand high 
temperatures without melting. Most circuitboards cannot operate beyond 70 degrees 
Celsius, with some specialized boards being able to withstand temperatures up to 100 ºC. 
The edges of the simulated cubesat board reached temperatures in excess of 200 ºC, far 
above safe levels. In light of these results, the ice-cooling simulation for this design was 
not run. It would likely have had even less survivable temperatures, as the ambient 
environment was over 150 degrees hotter. It became apparent that a redesign to make the 
one-watt americium design functional was more important than testing it in even more 
unfavorable conditions. 
Chapter 8: Revised Design

The second configuration of the assembly implemented a few notable changes in 
the interest of reducing the peak temperature of the circuit board. First, the fuel assembly 
was inverted so that the flat bottom was in contact with the top of the frame, rather than 
the rounded side. This decreases the temperature of the circuit board because the 
insulation in the fuel assembly minimizes heat transfer in all directions except through 
the thermoelectric generator. By rotating the fuel assembly so that the thermoelectric 
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the heat radiating from the test chamber would be enough to damage the plastic interior 
of a commercial freezer. In addition, the slightly decreased temperatures that a freezer 
would provide would be a trivial improvement considering the conditions in space are 
over 200 ºC above either coolant temperature. For these reasons ice was chosen to be the 
coolant modeled in Solidworks. To simulate an ice coolant, a background temperature of 
zero degrees Celsius was used in the software.

The results for this simulation were intriguing. Although the background 
temperature for radiation heat transfer was increased from 113 Kelvin to 273 Kelvin, the 
Circuit board temperature did not rise nearly as much. The circuitboard was between 90 
and 114 degrees Celsius, depending on the local variances on temperature on the board. 
This is only just slightly above the maximum allowable temperature. With some changes 
to the design, the circuit board could potentially survive in this environment. The center-
point temperature of the fuel was 214 ºC, and the hot and cold side TEG temperatures 
were 212 ºC and 180 ºC, respectively. Below is a table of the results from the three 
simulations:

Design #1,
Cryogenic Coolant

 Design #2,
Cryogenic Coolant

Design #2,
Ice Coolant

Ambient Temperature (ºC) -160 -160 0
Circuitboard Max Temp (ºC) 216 69 114

TEG Hot-side (ºC) 297 195 212
TEG Cold-side (ºC) 265 158 180

TEG ΔT (ºC) 32 37 32
Fuel Center (ºC) 300 198 214
Insulation (ºC) 257 156 173

Table 9.1: Compiled results from the three simulations
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Chapter 10: Physical Model Design

Three alterations to the original Leicester fuel assembly design were made to 
replace some of the more rare and exotic materials called for in the design. The 
americium power source was replaced by a steel ball-bearing with an embedded cartridge
heater to simulate the thermal output. The zirconium cladding was replaced by high-
strength A516 alloy steel. This steel will provide some of the protection that the 
zirconium would while being more easily acquirable and malleable. The final change was
to replace the multilayer insulation with readily available alumina insulation.

The parts required for the physical model were acquired from a number of 
different sources. The central ball-bearing was salvaged from spare material in the 
Nuclear Science and Engineering department surplus, while the cartridge heater was a 
thirty-five watt resistive heater, procured from Sun Electronics for $39.95. The heater 
will be tuned to output thirty watts using a 120 VAC variable power supply. 

The impact-resistant cladding was originally going to be made from impact-
resistant A516 steel, but generic low-carbon steel can be bought from Mcmaster-Carr 
more cheaply with very similar thermal characteristics. The steel sheet bulk cost was 
$15.09. The graphite casing was made by Electro-Tech machining. This is the same 
company that made all of the graphite components for the High Temperature Test 
Facility, and were willing to make the piece for no charge due to goodwill from previous 
business. 

The Thermoelectric Generator is a Tegpro brand thermoelectric module. The 
bismuth-telluride based module was designed with power generation at high temperatures
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in mind. It is specified to maximum outputs of either 5 volts or 5 watts, and can withstand
temperatures of up to 330 °C.  The simulation calculated the hot side temperature of the 
thermoelectric generator at approximately 200 °C, which allows for a large margin of 
error. Graphite sheets attached to both the hot and cold sides provide low thermal 
resistance, which prevents the need for thermal paste at the contacts. The cost of the 
module was $ 26.67.

The insulation used was left over alumina insulation from the High Temperature 
Test Facility.  The outer aluminum fuel shell and frame structure was machined in the 
Radiation Center machine shop from flat aluminum stock from Mcmaster-Carr. The total 
cost of the various aluminum sheets and shims was $37.10.
 The circuit board was salvaged from an old computer. A roughly ten centimeter 
square was cut out of the board and used as a thermal approximation of the cubesat's 
motherboard and communication equipment. Data will be collected from six 
thermocouples, placed on the hot and cold sides of the TEG, the center-point, the vacuum
chamber, the insulation, and on the circuit board. An additional thermocouple will be 
placed in the ice to assure that the ambient temperature is monitored properly. These 
thermocouples are surplus units from the HTTF instrumentation plan and are K-type 
chromel-alumel thermocouples. The K-type thermocouples in the HTTF are exposed to 
conditions of up to 800 °C, and K-type thermocouples in general can withstand 
temperatures of up to 1350 °C, well above any temperature expected in this experiment.

The vacuum necessary for testing will be supplied by an industrial vacuum 
chamber. The chamber in question is eight inches in diameter and one foot deep. The 
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chamber itself is a relatively simple aluminum bucket. The original lid for the chamber 
was unfit to use because it had no way to pass the thermocouple wires through the 
vacuum seal. A suitable lid was manufactured using department surplus steel. A small 
hole was made in the center for the eleven wires in the cubesat assembly. To prevent 
leakage, the instrument pass-through was closed with RTV sealing rubber. The force 
necessary to rarefy the chamber volume is provided by a vacuum pump connected to the 
lid of the chamber via plastic tubing. The Bacharach model QV2 pump removes the air 
from the chamber at 1.7 cubic feet per minute.

The cold temperatures necessary for the test will be provided by commercially 
available ice. The vacuum chamber will be cooled to 0 degrees Celsius by the ice before 
the test begins. The total expected cost of these materials was 129.57, minus shipping and
handling expenses. The authorized budget of the project was $200, allowing for an 
adequate margin of error. A table of costs is provided on the following page.
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Item Cost ($)
Steel Ball-Bearing 0.00
35W Cartridge Heater 39.95
120VAC Variac Power Supply 0.00
0.031” Steel Shim 15.09
Graphite Cylinder 0.00
Tegpro Thermoelectric Generator 26.67
Alumina Insulation 0.00
Assorted Aluminum 6061 Alloy Sheets 37.10
Circuit board 0.00
Industrial Vacuum Chamber 0.00
K-Type Thermocouples 0.00
Ice 10.76
Total Cost 129.57
Allotted Budget 200.00
Predicted Budget Surplus 70.43

Table 10.1: The various costs involved in assembling the test apparatus
Chapter 11: Manufacturing

The physical assembly required many raw materials, such as alumina insulation, a
steel ball bearing, aluminum and steel stock, and graphite to fully approximate the design.
The ball-bearing used to approximate the fuel was heated by a blowtorch and left to cool 
slowly in insulation in order to anneal the material. This annealing softened the material 
and expedited the process of drilling a 1/4” hole in the ball bearing. A cartridge heater 
was inserted into this hole to supply the 30 watts of thermal power necessary to mimic 
the heat from a sphere of Americium Oxide. An additional 1/8” hole was drilled from the 
opposite side in order to make room for a thermocouple to measure the center-line 
temperature.
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Figure 11.1: Clockwise from top left: annealing insulation set-up, the heating process,
and drilling the heater hole

The cladding was simulated by 0.031” thick generic low carbon steel. Most steels,
including A516, have similar thermal characteristics. The cladding was initially cut from 
flat steel shim. The original plan was to create two half-spheres, each one formed by 
placing the steel core on one side of the cladding and a pipe fitting of a slightly larger 
diameter than the core on the other side. This arrangement would be placed in a vice and 
compressed until the core was forced through the pipe with the steel shim on top of it, 
forming the half sphere. The steel shim was annealed prior to the process, and was heated
with a blowtorch during compression in order to further soften the material. 

Unfortunately, the steel had a tendency to fold over itself during the compression 
process. It became apparent that the excess material must be dealt with by trimming relief
cuts into the steel prior to bending. Initially, the exact width needed for each relief cut 
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hemisphere. The two individual graphite pieces were then cut from the cylinder. In order 
to create the inner spherical hole of the graphite, a half-sphere shaped cutting implement 
was cut from tool steel and used on the lathe to cut out each indent.

Figure 11.4: Clockwise from top left: the graphite powder catching apparatus,
incremental cuts into the graphite, the half-sphere cutting tool, and the finished product.

The outer casing was constructed from flat aluminum stock. A flat rectangle of 
aluminum was hammered into a cylindrical shape, welded onto a square bottom plate, 
and topped with an aluminum hemisphere cut out and shaped in much the same way as 
the steel cladding. The relief cut equation was re-purposed for use on a larger diameter 
circle and the updated pattern was cut into the flat stock. 
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Figure 11.5: From left to right: The aluminum bending process and the finished products.
The skeletal frame was initially a piece of rectangular aluminum, cut into six 

equally sized squares. The squares were glued on on top of the other to form a uniform 
stack, with the pattern for each piece printed onto paper and glued on top. The next step 
was to cut out the bulk of each cut using an air-powered reciprocating saw. Roughly an 
eighth of an inch of material was left on the inside of each cut to be smoothed out. This 
smoothing out was done on a CNC mill. A program was made which consisted of running
a one-eighth inch carbide end mill along a trapezoidal path to clear off the extraneous 
material and give each plate a smooth finish. The plates were then soaked in xylene 
overnight to dissolve any remaining adhesive.
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Figure 11.6: Clockwise from top left: The initial rough cuts, the milling process,
and the finished plates.

After all the individual parts were completed, the full satellite was assembled. 
One-eighth inch holes were drilled in the steel cladding, graphite, and casing to 
accommodate the cartridge heater and center-line thermocouple. The cladding halves 
were welded together around the core. To join the graphite aeroshell, three vertical bolt 
holes were drilled through the graphite and #10 bolts were used to press the shell snugly 
to the cladding. The TEG, alumina insulation, and aeroshell assembly were inserted into 
the aluminum casing with the casing half-sphere welded on top to finish the fuel 
assembly. Five faces of the outer structure were welded together and the fuel assembly 
was placed inside. Finally, the circuitboard and outer insulation were packed in and the 
final structure face was welded into place.
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Chapter 12: Physical Simulation
Method of Thermocouple Data Acquisition
Special care was taken to acquire the temperature data from the thermocouples. 

Using data acquisition software such as the National Instruments DAQmx application 
proved to be unwieldy due to the massive portion of memory these programs would 
occupy in the commercial computers that were available. It was decided that a multimeter
would be used to read the voltages given off by the thermocouples. There is one primary 
disadvantage to using a multimeter. Thermocouple wires are different than standard 
copper electrical wires. The K-type thermocouples used in this thesis use one chromel 
wire and one alumel wire, alloys of chromium and nickel and aluminum and nickel, 
respectively.  The heating of the junction between the two allows is what causes the 
Seebeck voltage to flow through the wire. Directly attaching a multimeter to these wires 
with copper leads would create two new junctions of dissimilar wires, these ones being 
chromel-copper and alumel-copper junctions. These new junctions would skew the 
reading because they are now also adding their own Seebeck voltages into the loop [22]. 

Figure 12.1: The Fluke 179 multimeter used to take measurements
To counteract this effect, the voltage read by the multimeter was tested at various 
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temperature.

In addition to this translation error, there is also inherent error in digital 
multimeter readings. These values are typically given by the manufacturer and were 
readily available online. For the Fluke model 179, this error is “±0.09% of the reading + 
2 counts” [23]. “Two counts” means that the final digit on the display can vary ±2 from 
its value in addition to the ±0.09%. For example, a 100.0 Volt reading would have an 
associated error of ±0.29 Volts, the ±0.09 coming from the plus-or-minus percentage and 
the 0.2 coming from the plus-or-minus 2 counts. The error associated with each has been 
attached to each measurement in the physical results section below. The voltage errors 
were converted to temperature errors by using the slope of the trend-line in figure 12.2 to 
adapt the voltage uncertainty into an equivalent temperature uncertainty.

Testing Apparatus
The satellite was placed in a small industrial vacuum chamber borrowed from the 

HMFTF project. The chamber was an aluminum cylinder with an interior diameter of 
6.5” and a height of 7.5”. In order to cool the apparatus close to the computer simulation 
temperature, the vacuum chamber was placed in an insulating cooler filled with ice. The 
vacuum chamber was kept depressurized in order to bring the cubesat inside to thermal 
equilibrium faster and then evacuated for the heating portion of the test.
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Figure 12.3: The finished cubesat ready to be placed in the vacuum chamber
The cubesat rested on alumina insulation placed over the bottom of the vacuum 

chamber. It would have been possible to suspend the cubesat from the lid, however it was
unknown whether the MI cables holding it up would deform or bend due to temperature 
changes. Since the vacuum chamber was already a cramped fit for the cubesat, it was 
feared that a shift in the cables could cause the cubesat to come into direct contact with 
the aluminum walls. This would cause a huge amount of heat to conduct directly out of 
the test chamber. Rather than wrap insulation around all four sides of the cubesat, it was 
decided that having it firmly resting at the insulated bottom would be a better solution.

Several k-type high temperature thermocouples were placed in and around the 
satellite to appropriately gauge the temperature. The most important areas to monitor 
were the hot and cold side of the thermocouple and the temperature of the circuitboard. 
Other areas of interest included the fuel center, the alumina insulation, the ambient 
temperature inside the vacuum chamber, and the ambient temperature of the icebox. 
These thermocouples were routed through the pressure barrier using a pipe welded into a 
hole in the center of the vacuum chamber lid. This hole was then sealed using RTV 
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rubber, closing the pressure barrier.

Figure 12.4: The vacuum chamber with wires and pass-through installed
This apparatus was allowed to cool down to the ice's ambient temperature for 

approximately four hours before testing began. The variac power supply was dialed up to 
109.6 Volts, which would output the theoretical 30.6 Watts of the fuel, and the testing 
began. The absolute pressure of the chamber remained at 0.05 atmospheres throughout 
the heating and testing periods. 

Figure 12.5: The experimental set-up. Left Picture: The vacuum pump is in the bottom
left, the cooler and vacuum chamber are on the right, and the power supply is the green

object near the center. Right Picture: The analog pressure instrument.
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Chapter 13: Results

Computational Results
The simulation results table from chapter 9 are reprinted below.

Design #1, Cryogenic
Coolant

 Design #2, Cryogenic
Coolant

Design #2, Ice
Coolant

Ambient
Temperature (ºC)

-160 -160 0
Circuitboard Max

Temp (ºC)
216 69 114

TEG Hot-side (ºC) 297 195 212
TEG Cold-side (ºC) 265 158 180

TEG ΔT (ºC) 32 37 32
Fuel Center (ºC) 300 198 214
Insulation (ºC) 257 156 173
Table 13.1: Compiled results from the three simulations, one from the initial, failed

design and two from the improved design
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Physical Results
Physical 
Location

TC Voltage 
Prior to 
Heating (mV)

TC Temperature 
Prior to Heating 
(ºC)

TC Voltage at 
Steady State (mV)

TC Temperature 
at Steady State 
(ºC)

Ice 
(ambient)

-1.0 ±0.2 3.3 ±4.8 -0.9 ±0.2 5.7 ±4.8
Center-point -0.9 ±0.2 5.7 ±4.8 24.3 ±0.22 610 ±5.3
TEG Hot-
side

-1.0 ±0.2 3.3 ±4.8 8.3 ±0.21 226 ±5.0
TEG Cold-
side

-0.9 ±0.2 5.7 ±4.8 4.4 ±0.2 133 ±4.8
Vacuum 
chamber 

-0.7 ±0.2 10.5 ±4.8 1.4 ±0.2 60.8 ±4.8
Insulation -0.9 ±0.2 5.7 ±4.8 6.3 ±0.21 178 ±4.9
Circuitboard -0.9 ±0.2 5.7 ±4.8 3.3 ±0.2 106 ±4.8

Table 13.2: Temperature and Voltage of the test chamber thermocouples.
TEG Voltage Output (V) TEG Resistance (Ω) TEG Power Output (W)
1.173 ±0.003 8.7 ±0.2 0.158 ±0.004

Table 13: TEG output voltage, resistance, and output power

Analysis
The temperature change across the TEG was much higher than the computer 

model predicted, 93 degrees as opposed to 32. This underestimation appears tied to a 
larger error made by Solidworks, namely that it vastly underestimated the temperatures 
that the fuel would reach by nearly 400 degrees. The temperature difference between the 
fuel center and hot-side of the TEG was only a few degrees, compared to the 93 degree 
temperature difference in the real experiment. Since the magnitude of conduction heat 
flow is proportional to the magnitude of the temperature gradient, this would imply that 
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Solidworks simulated most of the heat leaving through the insulation and only a small 
amount leaving through the TEG. It would appear that Solidworks simulation software is 
more suitable for simulating mechanical loading and deformation rather than thermal 
loads.

The power output of the TEG was 0.158 Watts. This value is non-negligible and 
relatively high for a hand-assembled mock-up, however it is quite lower than the output 
of the one-watt Leicester design this model was based on. The main culprit of this power 
loss appears to be the high temperature on the cold-side of the TEG. The hot-side 
temperatures were very similar; 226 ºC and 205  ºC for the test model and the Leicester 
design, respectively. However, the Leicester design lowered its cold-side temperature to a
relatively frigid 26 ºC, meanwhile the model tested here had a cold-side temperature of 
133 ºC [6]. This high temperature lowered the temperature change across the TEG and 
consequently the output power. The likely reason for this is the high ambient temperature 
used for this test. The ambient temperature sets a limit for how cold the cold-side of the 
assembly can get. The Leicester design was rejecting its heat to space at 3 kelvin, while 
this test was rejecting its heat to a background that was 273 degrees hotter. This meant 
that the cold-side of the TEG was handicapped to run at a higher temperature than it 
otherwise would have.

An additional basis for the differences in cold-side temperatures could be the 
choice of insulation for the model. The alumina insulation has a similar thermal 
conductivity to the MLI insulation used by the Leicester paper, about 0.07 W/mK at 200 
ºC [6,21]. This means that the magnitude of conduction heat transfer through both this 
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model and the Leicester model should be similar. The primary difference between 
alumina insulation and MLI insulation is that MLI insulation is “widely applied in 
spacecraft design to reduce radiation heat transfer” [6]. The alumina insulation may not 
have been as effective at stopping radiation heat transfer during the test, and so there was 
more heat leaving via the insulation and a smaller amount of heat moving through the 
TEG. Since Fourier's law states that conduction heat transfer is directly proportional to 
the local temperature gradient, it can be inferred that this lowered heat flow through the 
TEG would decrease the temperature gradient across it.

Despite the relatively low power output of the TEG, this design still generates 158
milliwatts, enough power to fall within the 100 milliwatt to 10 Watt window that Ambrosi
et al identified as the area of power supply development most needing innovation [6]. 
This cubesat design would still be able fill a niche on the lower end of this spectrum. 
Considering the fact that this design would likely output even more power in space where
the TEG cold-side temperature would be lower, the thermoelectric conversion system on 
this cubesat design can be considered a success.

The high temperature of the circuitboard, as well as the acrid smell it made after 
the test chamber was opened, suggest that the circuitboard was damaged significantly by 
the heat. Due to the errors associated with this experiment, it is unknown whether the 
circuitboard on a real cubesat in Jovian orbit would suffer similar damage. On the one 
hand, the circuitboard temperature was only six degrees higher than the maximum 
survivable temperature, despite struggling to expel heat to an environment that is 270 
degrees hotter than the environment the real cubesat would be in. This hotter environment
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would stifle the natural radiative heat transfer and make less heat leave the circuitboard 
than it otherwise would have in space. On the other hand, the bottom of the cubesat was 
directly in contact with alumina insulation on the bottom of the vacuum chamber. 
Although this insulation has a relatively low thermal conductivity of 0.07 W/mK, there 
would still have been some heat conducting through it and escaping the system [21]. This
means that there was an extra avenue of heat loss that would not be there in the real 
system. It is for these reasons that the survival of the circuitboard for this design cannot 
conclusively be confirmed or denied. An analysis of these two different avenues of heat 
transfer is needed to further investigate the accuracy of the circuitboard results.

A back-of-the-envelope analysis can be preformed quickly to see if the conduction
heat loss and the stifled radiation heat transfer are of the same magnitude. If the 
conduction heat flow is orders of magnitude higher than the added heat loss that would be
gained from radiating to 3 Kelvin, then the circuitboard will likely fare worse in space 
than it did during this test. On the other hand, if the added heat loss from radiation is 
much larger than the conduction, then it will fare better due to the increased heat flow out
of the system. First, the conduction heat transfer from the circuitboard through the 
insulation will be estimated using Fourier's Law:
Qcond=kA(-∂T/∂x)

Where Qcond is the heat flow in watts, k is the thermal conductivity in W/mK, A is 
the surface area, and -∂T/∂x is the negative temperature gradient along the path of travel. 
Solidworks measurement tools were used to get an approximate value for the surface area
of the bottom face that touches the insulation. This area is approximately 0.0108 m2. The 
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thermal conductivity of alumina insulation is 0.07 W/mK and in the one inch span 
between the insulation and the outside of the vacuum chamber the temperature drops 
from about 106 ºC near the circuitboard to 0 ºC. The aluminum wall is very thin 
compared to the insulation, so it will be assumed that insulation is the sole material in this
width.
Qcond=(0.07 W/mK)(0.0108 m2)(106 K/0.0254 m)
Qcond=3.15 W

Next the added heat loss due to radiating to a colder environment will be 
estimated. The net radiation loss rate between a hot object and it's environment is given 
by the equation:
Qrad=εσ(TH4-TC4)A

Where ε is the emissivity of the object, σ is the Stefan-Boltzmann constant and 
equal to 5.67E-8 W/m2K4, TH is the hot object temperature, TC is the environment 
temperature, and A is the objects surface area [25]. The emissivity of commercial 
aluminum metal is about 0.09, and Solidworks estimated the outward facing surface area 
of the cubesat to be approximately 0.08 m2. The temperature of the outer structure varies 
in reality from 133 ºC near the TEG to 106 ºC near the circuitboard. An intermediate 
value of 120 ºC was used to estimate this term. The cold environment temperature would 
be 3 K in space and 273 K in the test apparatus. Putting all of the pieces together, the heat
flows in space and in the test facility are :
Qspace=(0.09)(5.67E-8)(3934-34)(0.08)
Qspace=9.74 W
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Qtest=(0.09)(5.67E-8)(3934-2734)(0.08)
Qtest=7.47 W

The additional heat removal that would be gained by operating the cubesat in 
space is obtained by finding the difference between the two answers.
Qgain=2.27 W

To summarize, if the cubesat were actually in space, its heat loss due to radiation 
would be on the order of 2.27 Watts higher, however it would no longer be able to 
dispose of approximately 3.15 Watts that it was discarding via conduction to the bottom 
of the test assembly. Both the conduction and radiation heat flows are within the same 
order of magnitude. Due to the error associated with doing a quick, rough estimation like 
this, these values do not give enough evidence to discern whether the cubesat circuitboard
would preform better or worse in space. Solar heating and self-heating from operating the
electronics are additional variables that prevent a strong conclusion from being formed. A
more exhaustive and realistic test would be needed to accurately asses the survivability of
the circuitboard.
Chapter 14: Sources of Error and Future Work

There were many sources of error in this experiment. Solidworks simulation 
software was primarily designed for testing mechanical loads, rather than thermal, and 
the numerical methods that finite element analysis uses are inherently an approximation. 
The exact amount of error varies from problem to problem, but benchmark cases 
generally place the error at about ±5% [24]. 

Future work could focus on simulating the cubesat's heat transfer characteristics in
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more realistic conditions. Using a purpose-built heat transfer software such as ABACUS 
or ANSYS would be ideal. This would not eliminate the error inherent in using numerical
methods, but it could reduce it and additionally ease the process of simulation by using a 
software specifically designed for heat transfer. Additionally, the sun's effect on the 
system could be modeled by imparting a radiation fluence onto one or multiple sides of 
the satellite. A transient model, rather than the steady state model used here, would 
provide more accurate results at the expense of added complexity. A cubesat orbiting 
around its parent body would not experience only darkness or only sunlight but rather a 
periodic pattern of the two.

Despite our best efforts to manufacture the scale model as closely as possible to 
the simulation, there were many discrepancies in the physical model. The spherical 
components of the assembly proved exceptionally difficult to mold into place. The 
cladding ended up being 0.143 larger in diameter compared to the simulated model, due 
to the irregularities on the inner surface. The aluminum upper casing proved similarly 
difficult to bend. The final diameter of the fuel assembly ended up being larger than the 
simulated design due to these issues. Future researchers with enough time and funding 
could refine this experiment greatly by using more robust avenues of manufacture, such 
as metal casting or by simply outsourcing the manufacture process to the professionals. 
The experimental cubesat could be built with the true zirconium cladding and MLI 
insulation rather than cheaper substitutes. Future researchers interested in this topic could
potentially use an industrial vacuum cooled with liquid nitrogen and a large, industrial 
vacuum chamber to better approximate the conditions the cubesat will actually be facing.
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predicted the temperature in a few locations on the cubesat but severely misjudged 
several others. The thermoelectric generator was able to withstand the high temperatures 
and generate usable electricity in a quantity that would be useful for future cubesat 
designs. The circuitboard was only a few degrees above survivable temperatures, 
however uncertainties in the experimental framework prevent a conclusive answer as to 
whether it could survive in space. More research into radioisotope-powered cubesats with
more exhaustive methods and with test conditions more characteristic of the conditions in
space are needed to validate this technology.
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