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Abstract

Deep space exploration, especially that of Mars, is on the
horizon as the next big challenge for space exploration.
Nuclear propulsion, through which high thrust and e -
ciency can be achieved, is a promising option for decreas-
ing the cost and logistics of such a mission. Work on nu-
clear thermal engines goes back to the days of the NERVA
program. Currently, nuclear thermal propulsion is under
development again in various forms to provide a supe-
rior propulsion system for deep space exploration. The
authors have been working to develop a concept nuclear
thermal engine that uses a grooved ring fuel element as an
alternative to the traditional hexagonal rod design. The
authors are also studying the use of carbide fuels. The
concept was developed in order to increase surface area
and heat transfer to the propellant. The use of carbides
would also raise the operating temperature of the reactor.
It is hoped that this could lead to a higher thrust to weight
nuclear thermal engine. This paper describes the model-
ing of neutronics, heat transfer, and uid dynamics of
this alternative nuclear fuel element geometry. Fabrica-
tion experiments of grooved rings from carbide refractory
metals are also presented along with material characteri-
zation and interactions with a hot hydrogen environment.
Results of experiments and associated analysis are dis-
cussed. The authors demonstrated success in reaching de-
sired densities with some success in material distribution
and reaching a solid solution. Future work is needed to
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Figure 18: Thermal Di usivity Measurements of Two
Carbide Samples

3000 C. It is designed to ow hydrogen across subscale
fuel materials for testing at high temperatures for up to
ten hours.

Figure 19: Compact Fuel Element Environmental Test
system

An initial sample was run at a relatively low tempera-
ture to verify if the sample would fall apart similar to
observed in the thermal di usivity testing. The sam-
ple maintained structural integrity when exposed to a
maximum temperature of 2000 K for 30 minutes. Sub-
sequently, three samples were run for 30 minutes (rough
timescale of a single engine burn on a Mars mission) at
2250 K. X-ray di raction (XRD) analysis appears to show
the tricarbides moving toward a solid solution. Solid so-
lutions refer to an ideal mixture of the tricarbides as op-
posed to discreet clusters of compacted bianary carbide
powders. This is indicated by the shifting toward a sin-
gle de ned peak at an intermediate 2 values. This XRD
data can be seen in g. 20. There does however, exist

the presence of unidenti ed peaks post-CFEET testing.
Further analysis is needed to verify if unidenti ed peaks
are due to the formation of free carbon, Nb2C, or other
lower melting temperature compounds.

Figure 20: X-Ray Spectroscopy Analysis Before and After
Testing in CFEET

Additional CFEET tests were conducted once the mi-
cro mill was operational. This allowed for carbide samples
to be made from milled powders in an e ort to produce
improved distribution in the sintered carbide pieces. It
was observed that cracking was evident in the sintered
carbides for powders that had been milled.

Two tests were run on milled carbide units. Each test
was run for 45 minutes. The peak operational temper-
atures were 2500 K for the rst test and 2750 K for
the second. The formation of blisters as seen in g. 21
were observed in the samples following exposure to the
hot hydrogen environment. The cracks were also seen to
worsen( g. 22).

EDX analysis revealed large quantities of carbon in the
blisters. The samples were also shown to contain large
amounts of Zirconium Oxide (ZrO2). The formation of
oxides in the carbides is likely the cause of the formation
of these two features. One can see the XRD analysis,
shown in g. 23 of the tested units, that spikes corre-

Figure 21: Carbon rich blister formation
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Figure 22: Crack formation in carbide samples following Figure 24: XRD Analysis Prior to Milling Carbide Pow-
CFEET Test der

sponding to ZrO2 are present.

Figure 25: XRD Analysis following Carbide Powder
Milling

element of a nuclear thermal rocket. The team ran the
initial calculations and models to drive the carbide fuels
experiments. The models built will serve as a foundation
upon which more thorough modeling can be completed
. . ) ) ) . following additional data collection.

Zirconium oxide formation hinders the construction of Direct current sintering experiments were shown to be
a structurally sound_ high melting temperature_ carbide quite e ective at achieve high density carbide samples
fuel element. For this reason the authors are interested 54 reasonable material distribution. Testing of sintered
in determining the root cause of the oxide formation and c4hides in a hot hydrogen environment also showed posi-
modifying the fabrication process to prevent its forma- e results. The tests showed the carbide samples moving
tion. _ _ toward a solid solution which is optimal for fuel design.

The powders were studied before and after the milling They also showed the carbide could withstand the hot
process. It was thought this was a likely cause of the pygrogen environment when there was low oxide forma-
oxide formation since little oxide was seen in the pieces tion. Although unmilled sintered tricarbide samples per-
that were not milled. XRD analysis was performed on  ormefed well when exposed to hydrogen at high tempera-
powders before and after milling. The results of the before yres, oxidation of the carbide powders during the milling
and after milling XRD analysis are plotted in g. 24 and  pyrocess resulted in severe cracking and blister formation
g. 25. The key material response points are plotted t0 i the hot hydrogen environment.
lllustrate materials present. . . . The next step in developing the fabrication process is to

One can see in g. 24 that there is no oxide formation. aqgress the oxidation of the carbide powders during the
The points indicating ZrO2 are not present. In contrast to milling process. The milling process is employed to im-

this g. 25 indicates the formation of ZrO2 in the milled  yoye material distribution throughout the sintered car-
carbide powder. This indicates the milling process results pige mixture by reducing particle size. Oxidation must

Figure 23: X-Ray Spectroscopy Analysis Before and After
Testing in CFEET

in freeing carbon and the formation of ZrO2. be prevented in order to develop carbide fuels that will
maintain structural and chemical integrity in a hot hy-

VI Conclusions drogen environment as will be seen in a nuclear thermal
rocket.

This project set out to begin development of the fab-  Additionally, experiments need to be run to determine
rication process of carbide fuels for a grooved ring fuel a method for moving the carbide mixtures toward a solid
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solution. Heating in a graphite furnace under vacuum
may achieve this and is planned for testing. Machining of
the grooves and central passage to form the carbides into
grooved rings for the construction of a full size element
must also be addressed. Tests are planned for cutting the
sintered carbides in a water jet. Finally, a full size pro-
totype grooved ring fuel element needs to be built and
tested in the Nuclear Thermal Rocket Element Environ-
ment Simulator (NTREES) for performance assessment.
The team believes the results of the work conducted
in FY17 to be encouraging. The carbide fuels and the
grooved ring fuel element are a promising fuel form and
design geometry for future nuclear thermal rockets.

A Nomenclature
K = Kelvin
NbC = Niobium Carbide
ZrC = Zirconium Carbide
ZrO2 = Zirconium Oxide
TaC = Tantalum Carbide
HfC = Hafnium Carbide
UC = Uranium Carbide
VC = Vanadium Carbide
DCS = Direct Current Sintering
H2 = Diatomic Hydrogen
XRD = X-Ray Di raction
EDX = Energy Dispersive X-Ray Spectroscopy

NTREES = Nuclear Thermal Rocket Element Envi-
ronment Simulator
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