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Overview

The fundamental capability of Nuclear Ther-
mal Propulsion (NTP) is game changing for
space exploration. A first generation Nuclear
Cryogenic Propulsion Stage (NCPS) based on
NTP could provide high thrust at a specific
impulse above 900 s, roughly double that of
state of the art chemical engines. The foun-
dation provided by development and utiliza-
tion of a NCPS could enable development of
extremely high performance systems. The
role of the NCPS in the development of ad-
vanced nuclear propulsion systems could be
analogous to the role of the DC-3 in the de-
velopment of advanced aviation. Progress
made under the NCPS project could help en-
able both advanced NTP and advanced Nu-
clear Electric Propulsion (NEP).

Background

Development efforts in the United States
have demonstrated the viability and perfor-
mance potential of NTP systems. For exam-
ple, Project Rover (1955 — 1973) completed
22 high power rocket reactor tests. Peak per-
formances included operating at an average
hydrogen exhaust temperature of 2550 K and
a peak fuel power density of 5200 MW/m?®
(Pewee test), operating at a thrust of 930 kN
(Phoebus-2A test), and operating for an ac-
cumulated time of 109 minutes (NF-1 test)
[1]. Results from Project Rover indicated
that an NTP system with a high thrust-to-
weight ratio and a specific impulse greater
than 900 s would be feasible. Excellent re-
sults have also been obtained by Russia. Ter-
nary carbide fuels developed in Russia may

have the potential for providing even higher
specific impulses.

Many factors would affect the development
of a 21 century nuclear thermal rocket
(NTR). Test facilities built in the US during
Project Rover are no longer available. How-
ever, advances in analytical techniques, the
ability to utilize or adapt existing facilities
and infrastructure, and the ability to develop a
limited number of new test facilities may en-
able an affordable, viable development, quali-
fication, and acceptance testing strategy for
the NCPS. Although fuels developed under
Project Rover had good performance, ad-
vances in materials and manufacturing tech-
niques may enable even higher performance
fuels. Potential examples include cermet
fuels and advanced carbide fuels. Precision
manufacturing will also enable NTP perfor-
mance enhancements.

NTP will only be utilized if it is affordable.
Testing programs must be optimized to obtain
all required data while minimizing cost
through a combination of non-nuclear and
nuclear testing. Strategies must be developed
for affordably completing required nuclear
testing. A schematic of an NCPS engine is
shown in Figure 1.
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Figure 1. Schematic of an NCPS engine.



The Nuclear Cryogenic Propulsion Stage
Project

NASA’s Nuclear Cryogenic Propulsion Stage
(NCPS) project was initiated in October,
2011, with the goal of assessing the afforda-
bility and viability of an NCPS. Key ele-
ments of the project include 1) Pre-
conceptual design of the NCPS and architec-
ture integration; 2) Development of a High
Power (~1 MW input) Nuclear Thermal
Rocket Element Environmental Simulator
(NTREES); 3) NCPS Fuel Design and Test-
ing; 4) NCPS Fuels Testing in NTREES; 5)
Affordable NCPS Development and Qualifi-
cation Strategy; and 6) Second Generation
NCPS Concepts. The NCPS project involves
a large (~50 person) NASA/DOE team sup-
plemented with a small amount of procure-
ment funding for hardware and experiments.
In addition to evaluating fundamental tech-
nologies, the team will be assessing many
aspects of the integrated NCPS, and its ability
to significantly enhance or enable NASA ar-
chitectures of interest.

Pre-Conceptual Design of the NCPS and
Architecture Integration

The NCPS is an in-space propulsion sys-
tem/stage using fission as the energy source
to heat propellant (hydrogen) and expand it
though a nozzle to create thrust. The increase
in engine performance available from even a
first generation NCPS would enable more
ambitious exploration missions, both robotic
and human. It is the intent of the NCPS pro-
ject to develop a pre-conceptual design of a
first generation stage with one or more nucle-
ar thermal rocket(s) capable of interfacing
with soon to be available launch vehicles and
possible payloads and missions. The design
must utilize technologies that are readily
available with minimal risk to development.
The design must take into account the devel-
opment viability/feasibility, affordability, and

potential reusability. A strategic method of
development must be considered; assessing
both commonality and scalability for minia-
turization or growth. Other strategic consid-
erations are the testing approach (a combina-
tion of terrestrial and space testing to validate
the engine) and the need for sustained fund-

ing.

The NCPS must show relevance to the U.S.
space exploration goals and must provide a
development path toward a feasible, afforda-
ble, and sustainable Nuclear Cryogenic Pro-
pulsion Stage. United States’ National Space
Policy (June 28, 2010, pg. 11) specifies that
NASA shall: By 2025, begin crewed missions
beyond the Moon, including sending humans
to an asteroid. By the mid-2030s, send hu-
mans to orbit Mars and return them safely to
Earth. The NCPS design will focus on ensur-
ing maximum benefit to human Mars mis-
sion, although the NCPS could have numer-
ous other applications as well. Detailed stud-
ies are ongoing, building on work performed
in previous programs [2].

NCPS mission analysis and definition will
stay synchronized with the NASA Human
Architecture Team (HAT) for application to-
ward future human missions and the currently
developing Space Launch System (SLS).

One potential SLS configuration would help
maximize the benefit from the NCPS by bal-
ancing mass and volume constraints.

The sensitivity of NCPS performance to spe-
cific impulse, engine thrust-to-weight ratio,
and other parameters is being assessed as one
initial step in stage design. The design of the
NCPS will favor proven and tested technolo-
gies and the design will also identify critical
technologies that will be required for devel-
opment.

A historical perspective for a common, scala-
ble fuel element will help provide flexibility



in design. During the Rover program, a
common fuel element / tie tube design was
developed and used in the 50 klb; Kiwi-B4E
(1964), 75 klbs Phoebus-1B (1967), 250 Klb¢
Phoebus-2A (June 1968), and 25 klb; Pewee
engine (Nov-Dec 1968).

To help ensure affordability, the NCPS must
take maximum advantage of technologies,
components, and subsystems that are devel-
oped elsewhere in the architecture, as well as
provide input and requirements to those tech-
nologies to obtain the capabilities needed for
effective integration of the NCPS. The NCPS
must also stay coordinated with the SLS and
upper Cryogenic Propulsion Stage (CPS) pro-
jects to take advantage of common elements
and to leverage technologies and configura-
tions to reduce cost.

The NCPS project will also evaluate Bi-
modal Nuclear Thermal Electric Propulsion
(BNTEP). The design of such a system
would likely be more complex than the de-
sign of either a pure NEP system or a pure
NTP system, but there could be potential per-
formance advantages. For applications re-
quiring small amounts of electricity, a simpler
system could be used to provide that power,
especially for missions that will have limited
access to solar energy. Both propulsion-only
and “bimodal” (propulsion and power) sys-
tems will be assessed under the NCPS Pro-
ject.

To support the NCPS design effort, available
analytical tools will be enhanced and refined.
The Department Of Energy (DOE) has devel-
oped sophisticated computer modeling tools
for nuclear system design. Since the initial
fuel elements under consideration are very
similar to those previously developed under
the Rover/NERVA and other programs, the
NCPS will be able to take advantage of these
available models. In addition, NASA rocket
system simulation tools will be applicable.

The computational modeling tools from DOE
and NASA will allow needed trade studies
and mission analysis. Initial efforts will fo-
cus on benchmarking of the nuclear models
with test data and/or between similar models.
After confidence in the nuclear models has
been established, an iterative design process
will begin convergence of NASA and DOE
models for best design solutions.

One engine system model under considera-
tion is the closed expander cycle, which de-
rives fluid-pumping power from excess heat
generated within the engine and passes the
entire propellant flow through the nozzle.
The cycle is currently of interest due to its
high Isp performance. However, several oth-
er candidate cycles have been considered in
the past and will be evaluated. Also, hydro-
gen is the most desirable propellant based on
its thermodynamic properties; similarly for
high Isp performance. However, hydrogen is
also very challenging to store for long dura-
tion missions without significant boil-off
losses and will require technology refine-
ment. Liquid hydrogen also has a very low
density and high volume tanks are advanta-
geous for many missions. Other potential
propellants will be evaluated in the engine
balance studies, and in-situ propellant usage
is also a consideration.

The safety of all rocket engines (including
nuclear engines) is paramount. Although a
nuclear engine is essentially non-radioactive
prior to operation at significant power, the
engine must be designed to avoid inadvertent
start. This is particularly true for times when
individuals could be in close proximity to the
reactor, such as launch processing. Safety of
the nuclear engine will be ensured via design
and by drawing on over seven decades of re-
actor operating experience.

Crew health and safety may benefit from the
use of an NCPS. The NCPS may enable



shorter mission times (reducing crew expo-
sure to microgravity, cosmic rays, solar
flares, and other hazards) or increased pay-
load mass (allowing for increased shielding,
supplies, or equipment.

Nuclear Thermal Rocket Element Envi-
ronmental Simulator (NTREES):

A high temperature, high power density fis-
sile fuel form is a key technology for an
NCPS. In addition, affordable development
and qualification of the fuel form is important
to overall NCPS affordability. Fuel life and
performance is largely limited by mass loss in
a hot gas/cyclic environment. Hence a major
milestone of the NCPS project is the comple-
tion of the 1-MW Nuclear Thermal Rocket
Element Environmental Simulator (NTREES)
test chamber. The purpose of the NTREES
facility (including an arc heater and a com-
pact hydrogen test chamber) is to perform
realistic non-nuclear testing of nuclear ther-
mal rocket (NTR) fuel elements and fuel ma-
terials. Although the NTREES facility cannot
mimic the neutron and gamma environment
of an operating NTR, it can simulate the
thermal hydraulic environment within an
NTR fuel element to provide critical infor-
mation on material performance and compat-
ibility.

Initial upgrades to NTREES have been com-
pleted. The hydrogen system has been up-
graded to enable computer control through
the use of pneumatically operated variable
position valves (as opposed to manual hydro-
gen flow control). The upgrade also allows
hydrogen flow rate to be increased to 200+
gm/sec.  The operational complexity of
NTREES has been reduced by consolidating
controls and reworking the purge system so
as to permit simplified purging operations.

Prior to initiating the second stage of modifi-
cations, NTREES was used to test a “fuel el-

ement like” test article. The purpose of the
test was to evaluate the behavior of the fuel
and to demonstrate the test capabilities of
NTREES. The test element consisted of a 12
inch long, 5/8 inch diameter specimen having
seven hydrogen flow holes. The materials
comprising the test element consisted of pure
tungsten with 40 volume % hafnium nitride
particles encased in 0.030 inch niobium can.
The total duration of the tests was about 4.5
hours at maximum induction heater power
(about 30 kW). The tests were performed in
flowing hydrogen at a flow rate equivalent to
what would be expected in a NERVA type
engine operating at full power (about 0.7
gm/sec). Ten power cycles equivalent to
about 2.5 Mars missions were performed on
the fuel element. Because no suitable insula-
tion was available for the test element so as to
prevent high heat losses from radiation and
convection processes, the nominal operating
temperature of the test element was approxi-
mately 1300 K. Nevertheless, in one brief
test sequence in which there was no hydrogen
flowing, the temperature in the test element
approached 2100 K. A picture of the speci-
men under test is presented in Figure 2.

Figure 2. Material Specimen under Test in
Flowing Hydrogen in NTREES

In the second stage of modifications to
NTREES, the capabilities of the facility will
be increased significantly. In particular, the



current 50 KW induction power supply will be
replaced with a 1.2 MW unit which will allow
more prototypical fuel element temperatures
to be reached. To support this power up-
grade, the water cooling system will also be
upgraded to be capable of removing 100% of
the heat generated during testing. Also re-
quired will be the upgrade of the nitrogen
system and the complete redesign of the hy-
drogen nitrogen mixer assembly. In particu-
lar, the nitrogen system will be upgraded to
increase the nitrogen flow rate from its cur-
rent 1.2 Ib/sec to at least 4.5 Ib/sec. The mix-
er upgrade will incorporate a number of de-
sign features which will minimize thermal
stresses in the unit and allow for the increased
flow rate of nitrogen and water required by
the increased operational power level. The
new setup will require that the NTREES ves-
sel be raised onto a platform along with most
of its associated gas and vent lines. The in-
duction heater and water systems will then be
located underneath the platform. The new
design will also allow for additional upgrades
which could take the power level of NTREES
to 5 MW. Once fully operational, the 1-MW
NTREES test chamber will be capable of test-
ing fuel elements and fuel materials in flow-
ing hydrogen at pressures up to 1000 psi, at
temperatures up to and beyond 3000 K, and at
near-prototypic reactor channel power densi-
ties. NTREES will be capable of testing po-
tential fuel elements with a variety of propel-
lants, including hydrogen with additives to
inhibit corrosion of certain potential NTR
fuel forms; however the focus of FY 2012
activities will be on pure hydrogen propel-
lants.

The NTREES facility is licensed to test fuels
containing depleted uranium. It includes a
pyrometer suite to measure fuel temperature
profiles and a mass spectrometer to help as-
sess fuel performance and evaluate potential
material loss from the fuel element during
testing.  Additional diagnostic upgrades

planned for NTREES include the addition of
a gamma ray spectrometer located near the
vent filter to detect uranium fuel particles ex-
iting the fuel element in the propellant ex-
haust stream and to provide additional infor-
mation of any material loss occurring during
testing. Using propellant fed from gas stor-
age trailers located external to the facility,
NTREES is configured to allow continuous,
uninterrupted testing of fuel elements for any
desired length of time. A picture of the most
recent operational NTREES primary chamber
configuration is shown in Figure 3.
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Figure 3. Nuclear Thermal Rocket Element
Environmental Simulator

Additional test facilities includes an opera-
tional arc heater (Figure 3) that is capable of
flowing hot hydrogen over a material or fuel
sample at a hydrogen gas temperature of up
to 3160 K for approximately 30 minutes
which will be used for the preliminary vetting
of material samples.

Also available will be a compact test chamber
capable of testing small fuel samples at high
temperatures in a hydrogen environment.
This small fuel sample test facility is called
the Compact Fuel Element Environmental
Test facility, or CFEET (Figure 4).



This project will also develop a detailed un-
derstanding of the energy deposition and heat
transfer processes in NTREES, along with
effects on material mechanics and flu-

id/material interaction, to better improve fu-
ture test conditions and obtain as much in-
formation as possible to accurately extrapo-
late non-nuclear test data to real reactor con-
ditions.

- o e

Figure 4. Compact Fuel Element Environ-
mental Test facility (CFEET)

NCPS Fuel Design / Fabrication

Early fuel materials development is necessary
to validate requirements and minimize tech-
nical, cost, and schedule risks for future ex-
ploration programs. The development of a
stable fuel material is a critical path, long
lead activity that will require a considerable
fraction of program resources. The objective

of the NCPS Fuel Design and Fabrication
task is to demonstrate materials and process
technologies for manufacturing robust, full-
scale CERMET and graphite fuel elements.
The elements will be based on the starting
materials, compositions, microstructures, and
fuel forms that were demonstrated on previ-
ous programs. The development will be a
phased approach to recapture key technolo-
gies and produce quality fuels. Samples will
then be tested in flowing hot hydrogen to un-
derstand processing and performance rela-
tionships. As part of this demonstration task,
a final full scale element test will be per-
formed to validate robust designs. These
demonstrations are necessary to enable a fu-
ture fuel material down select and a potential
follow on non-nuclear ground test project. A
major focus of the NCPS project is the use of
a highly integrated NASA/DOE fuels devel-
opment team. The goal is to enhance and uti-
lize existing infrastructure and capabilities to
minimize cost.

Current research at MSFC and INL is focused
on developing fabrication processes for proto-
typical W/UO2 CERMET fuel elements.
CERMETS are typically formed by densifica-
tion of powders using Powder Metallurgy
(PM) processes. Tungsten based CERMETS
with surrogate ceramic particles have been
fabricated to near theoretical density using
Hot Isostatic Press (HIP) and Pulsed Electric
Current (PEC) techniques. During HIP, the
CERMET powders are consolidated in sacri-
ficial containers at 2000°C and pressures up
to 30 ksi. The PEC process consists of high
speed consolidation of powders using DC
current and graphite dies. For both HIP and
PEC processing, the powder size and shape,
powder loading, and processing parameters
significantly affect the quality and repeatabil-
ity of the final part. Figure 5 shows a typical
microstructure and image of a net shape con-
solidated CERMET part. The partis a 19 hole
configuration that had uniform shrinkage dur-



ing consolidation and good tolerance on the
flow channel geometry.

Figure 6. a) Micrograph of a W/60 vol% ZrO, CERMET
with integral W claddings
b) Consolidated W/40 vol% HfN CERMET sample.

The nature of this initial task is rapid materi-
als and process screening as a precursor to the
detailed development that will be required to
fully optimize and qualify a CERMET fuel.
CERMET materials and processes were
demonstrated at subscale level on previous
efforts, but there are significant technical and
programmatic challenges for key technolo-
gies. Some of the materials and process ap-
proaches being developed to maximize per-
formance are the size of the fuel particles and
resultant shape in the consolidated part, CVD
tungsten coating of spherical UO; particles
prior to consolidation, complete surface clad-
ding of the elements with tungsten, and addi-
tions of small amounts of fuel particle and
matrix stabilization materials such as Gd,Os.

Significant work is also being done at ORNL
to recapture Rover/NERVA graphite compo-

site fuel materials. Various graphite based
fuels consisting of UO,, UC,, or (U, Zr)C
particles in a graphite matrix were tested in
the Rover/NERVA program. The materials
were successfully demonstrated in full scale
nuclear test engines. However, the fuel mate-
rials and fabrication technologies are not cur-
rently available. The NCPS task is focused on
developing the graphite composite extrusion
and ZrC coating capabilities. The composite
fuel matrix is a carbide-based ceramic fuel
composition consisting of uranium carbide,
zirconium carbide and graphite materials.
Subscale matrix samples are being fabricated
and tested to demonstrate microstructure and
properties. In parallel, coating trials are being
performed on short elements for hot hydrogen
testing at MSFC. The goal is to validate re-
capture of the graphite composite fuel materi-
als using full scale testing of a Rov-
er/NERVA fuel element. Figure 7 shows im-
ages of Phoebus reactor fuels from the 1960s.

bus Reactor fuels.

NCPS Fuels Testing in NTREES

Testing in NTREES will range from fuel
sample testing using the CFEET to the testing
of near-prototypic fuel elements. A primary
goal of the testing is to demonstrate adequate
fuel performance and to increase confidence
in fuel system designs (e.g. materials, coat-
ings, geometries) prior to potential nuclear
testing. CERMET and graphite composite
samples will be thermal cycle tested in a stat-
ic and flowing environment. Several itera-
tions of testing will be performed to evaluate
fuel mass loss impacts from density, micro-
structure, fuel particle size and shape, chem-



istry, claddings, particle coatings, and stabi-
lizers. Initial subscale testing will be per-
formed in the CFEET system. The CFEET
test samples will be approximately 0.5” di-
ameter x 3” length for solid slug and proto-
typic 7-hole channel configurations. Testing
of solid slugs will be performed to baseline
performance prior to introducing geometric
variables.

The 7-hole channel configuration was chosen
for CFEET screening to rapidly evaluate
thermal cyclic affects on prototypic geome-
tries from surface vaporization, diffu-
sion/migration, and cracking. Testing has
shown that fuel mass loss is significantly im-
pacted by thermal cycling and geometry. The
prototypical geometry will be much more
susceptible to cracking induced migration and
volatilization of the exposed fuel particles.
The fuel materials and forms such as coated
particles, claddings, and stabilizers being
evaluated on this effort have all been demon-
strated to control fuel migration and loss. The
initial screening is not to determine or charac-
terize specific modes of fuel loss or mecha-
nisms. The intent is to verify performance
improvements of the materials and processes
prior to expensive full scale fabrication and
testing. Post test analysis will include weight
percent fuel loss, microscopy (SEM, EBSD,
and EDS), and dimensional tolerance and
cracking.

Subsequent testing of full scale fuel elements
will be performed in NTREES. The test sam-
ples will be based on the Rover/NERVA and
ANL 200MW designs. The goal is to
benchmark performance in NTREES for
comparison to future materials and process
improvements, alternate fabrication process-
es, and other fuel materials of interest. The
iterative materials and process development,
CFEET screening, and NTREES testing will
continue through FY12-14 NCPS effort with
numerous subscale and full scale element
testing milestones.

Figure 8: CFEET system and sample configu-
ration

Affordable NCPS Development and Quali-
fication Strategy

This element will focus on ensuring the over-
all affordability of the NCPS by accounting
for all programmatic and engineering consid-
erations, including environmental and securi-

ty.

The current strategy is to start with a small
NTP engine, then increase size, safety factors
and redundancy for use with human mis-
sions. Focus on non-nuclear testing in the be-
ginning. Utilized as many engine compo-
nents, subsystems, and test facilities currently
funded by other projects or is heritage. Utilize
lessons learned from other recent NASA
flight development programs. Figure 9 shows
the overall strategy.

Lessons learned have been acquired from the
J-2X rocket engine program, ARES 1-X Test
Flight Program, and X-43A Flight Demo
Program. The major factors from the lessons
learned include the following: follow NASA
standards unless deviation has concurrence
from the chief engineer and safety officer,
start with low safety factors and evolve, up-
front involvement from Safety Mission As-
surance (including Risk Management) and
Systems Engineering Integration, test devel-
opment engines to the extremes and test two
certification engines for flight with double the



burn duration and double the number of start-
ups.
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Figure 9. NTP Development Strategy?

The NTP test topology is shown in Figure 10.
Past NTP development programs had in-
depth testing planned involving a ground test
complex with a special reactor to test fuel el-
ements, a nuclear furnace for material charac-
terization and critical assemblies to test reac-
tor physics. To save time and money, the cur-
rent plans are to avoid having a nuclear fur-
nace and fuel element reactor. Focus on non-
nuclear testing of the fuel elements, followed
by irradiation specimen testing using existing
facilities, and use an existing reactor for sub-
element testing. Final fuel element testing
will take place at the full scale ground test
facility.

Past NTP ground test facilities for Rov-
er/NERVA are currently not useable. A con-
cept being investigated involves using bore
holes at the Nevada Test Site (or a different
appropriate site) to filter the engine exhaust.
The bore holes are about 1200 feet deep and 8
feet diameter. The soil is made of alluvium.
Current soil analysis indicates permeability
will allow the hydrogen exhaust gas to rise up
through the soil while trapping any radioac-
tive particulates that could potentially be re-
leased underground. Back pressures in the
bore hole up to 35 psi could take place with a
full scale NTP engine and affect the coupling
of the engine to the bore hole. More investi-

gations are underway. The Subsurface Active
Filtering of Exhaust (SAFE) concept is
shown in figure 11.
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Figure 10. NTP Test Topology

Figure 11. SAFE bore hole concept for full
scale NTP testing®

In addition to ground testing a full scale NTP
engine, a flight demonstration is being inves-
tigated to help qualify the engine system and
possibly used by a potential customer for a
science mission. A very low thrust(~8 klbf)
engine is being considered to allow for longer
burn times and restarts given volume limita-
tions of the payload shroud. Another flight
demonstration option could be to use a full-
size (25 klbf) engine operating at either rated
or slightly de-rated conditions to gain experi-
ence with the actual engine system that could
potentially be used to support human Mars



missions. A flight demo would also allow
operation of a high area ratio nozzle, which is
truncated for ground testing. Advanced in-
strumentation and robotics is being investi-
gated to use on the NTP flight demo for in-
spection of the major engine components.
Figure 12 shows similar instrumentation al-
ready used on the space shulttle.
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Figure 12. JSC Robotic Instrumentation

A flight demonstration would also demon-
strate the capability of the launch facilities to
launch fission systems. Although the US has
had tremendous success in launching nuclear
systems, launch processing for fission sys-
tems may be different than launch processing
for radioisotope systems. A nuclear safety
review and launch approval process is re-
quired and shown in Figure 13. The launch
approval process could take up to 5 years to
complete and needs to be accounted for in the
overall development plan.

Both strategies for ground testing and flight
demonstration appear to show promise.
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Figure 13. Nuclear Safety Review and
Launch approval Process

Second Generation NCPS Concepts

The “Affordibility” of the NCPS is also indi-
rectly related to the ultimate performance po-
tential of space fission propulsion systems.
The future potential for extremely high per-
formance space fission propulsions systems
further increases the benefit from NCPS de-
velopment.

To help assess the eventual performance po-
tential of space fission propulsion systems, a
small fraction of the NCPS project is dedicat-
ed to second generation systems. In the rela-
tively near term, modern materials and fabri-
cation techniques may enable an NCPS capa-
ble of providing an Isp in excess of 1000 s
with a high thrust-to-weight ratio. Radically
different design approaches could yield even
higher performance. The work being per-
formed under this task will devise new con-
cepts and re-evaluate existing concepts taking
into account recent advancement in materials
and technologies. Concepts with high per-
formance potential and moderate technology
risk (such as ternary carbide encapsulated
UC,) will receive particular attention. Novel
approaches for capitalizing on the unique at-
tributes of fission systems will also be inves-
tigated. Such approaches include the direct
use of volatiles available in space for NTP



propellant. This task will also include system
concepts for very high performance BNTEP.

Numerous concepts extend the capability
of the baseline NTP. These concepts extend
the NERVA/Rover design using new fuels
and fuel compositions, geometries that prom-
ise to increase propellant core temperature
efficiency and reduce mass, or involve a
completely different method for reaching crit-
icality, such as liquid and gas core systems.
These concepts should be investigated for
their potential to increase performance.

The vast number of potential concepts
means that only a few can be investigated
with the resources available on the NCPS
project. A three step process is envisioned to
select which concepts will receive further at-
tention. First a catalog of existing concepts
will be created. This catalog will be in Wiki
format so that all team members of the NCPS
can contribute. The wiki articles will discuss
the fundamental physics of each NTP con-
cept, as well as, their current TRL’s, expected
performance and development needs.

Second a trajectory parametric will be de-
veloped.  This parametric will quantify
achievable payload ratios for a given specific
power and specific impulse. These paramet-
rics will be limited to positive payload ratios
and the specific power and impulse combina-
tions that are achievable by nuclear thermal
and electric propulsion systems. These para-
metric curves will be specific to a given mis-
sion. Thus one set of payload fraction con-
tours would be developed for a 2-yr round
trip mission to Mars, and another for a mis-
sion to a particular NEO. Several of these
contours will be developed for each mission
considered to be of high interest to NASA.

Finally a selection process will identify the
best candidate technologies and missions that
are achievable with advanced nuclear propul-
sion. Trajectory parametrics and technology
capabilities will be superimposed on one an-
other. Such a combined graph will clearly
show which propulsion technologies are suit-

ed with which missions. By then factoring in
which missions are of highest interest with
the research on development difficulty for
various propulsion concepts a small set of
cases can be selected. These cases will then
be investigated further, with detailed model-
ing of the mission and the propulsion tech-
nology. The strength of this process is that if
NASA’s mission interests change then this
data can be used to find more suitable tech-
nology candidates.

Conclusion

The potential capability of NTP is game
changing for space exploration. A first gen-
eration NCPS based on NTP could provide
high thrust at a specific impulse above 900 s,
roughly double that of state of the art chemi-
cal engines. Near-term NCPS systems would
provide a foundation for the development of
significantly more advanced, higher perfor-
mance systems.
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@ Why a Nuclear Cryogenic Propulsion Stage (NCPS)?
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* Nuclear thermal propulsion (NTP) is a fundamentally new capability
— Energy comes from fission, not chemical reactions
— Virtually unlimited energy density

« Initial systems will have specific impulses roughly twice that of the
best chemical systems

— Reduced propellant (launch) requirements, reduced trip time
— Beneficial to near-term/far-term missions currently under consideration

¢ Advanced nuclear propulsion systems could have extremely high
performance and unique capabilities

» The NCPS could serve as the “DC-3" of space nuclear power and
propulsion




@ Why a Nuclear Cryogenic Propulsion Stage (NCPS)?

» NCPS builds on highly successful Rover/NERVA
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program (1955-1973) and more recent programs.
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Notional NCPS Mission -- 2033 600 day Mars Piloted Stack
Core Stage, In-line Tank, & Star Truss w/ (2) LH, Drop Tanks

Star Truss &

Core l
Propulsion Elff) ILHé DJOp
Stage ank Option

Three 25.1 kib,

NTRs In-line Tank Payload: DSH,
Design Constraints / Parameters: CEV, Food,
3 N Tunnel, etc.
« # Engines / Type: 3/ NERVA-derived o .
« Engine Thrust: 25.1 kibf (Pewee-class) Mission Constraints / Parameters:
« Propellant: LH2 6C Inline (2) drop payload core
« Specific Impulse, Isp: 900 sec s6Crew Power Level (kW) 525 275 7.07}
« Cooldown LH2: 3% * Outbound time: 183 days (nom.) Tank Diameter (m) 890 890 890
e X . - Stay time: 60 days (nom.) Tank Length (m) 19.30  13.58 17.10)
« Tank Material: Aluminum-Lithium "
Tank Ullage: 3% + Return time: 357 days (nom.) Liquid LH2 Trusstenah () 7218 :2 29 ? 62.90|
. : ) , iqui . . X
+ Tank Trap Residuals: 2% 1% Perfo!'mance M?rg'" on all b/urns L fTIW, [Total  Foodstores 8.01
« Truss Material: Graphite Epoxy Composite <™ GTaY"V Losses: 265 ms total, f(T/Wo) &|Crew 079
<RCS P llants: NTO / MMH « Pre-mission RCS AVs: 181 m/s (4 burns/stage) Dry weight 17677 19.30 36.41]
ropetiants: « RCS MidCrs. Cor. AVs: 65 m/s (in & outbnd) TransHab+Crew Science 34649
« # RCS Thruster Isp: 335 sec (AMBR Isp) : Samples 0.25
) ) " « Jettison Both Drop Tanks After TMI-1
« Passive TPS: 1" SOFI + 60 layer MLII « Jettison Tunnel, Can & Waste Prior to TEI CEV. 10.10
+ Active CFM: ZBO Brayton Cryo-cooler '
« I/F Structure: Stage / Truss Docking Total ;z“s";:gep""::‘em;is (mt) ‘J’?:g 12148 6793 10194
L Adaptorw/ Fluid Transfer | Total Launched Mass 39184 mt
NTP Transfer Vehicle Description:
NTP system consists of 3 elements: 1) core propulsion stage, 2) in-line tank, and 3) integrated star Burn
truss and dual drop tank assembly that connects the propulsion stack to the crewed payload AV Time
element for Mars 2033 mission. Each 100t element is delivered on an SLS LV (178.35.01, 10m (m/s)  (min)
0.D.x25.2mcyl. §)toLEO -50 x 220 nmi, then onboard RCS provides circ burn to 407 km orbit. 1st perigee TMI + g-loss 2380 39.4
The core stage uses three NERVA-derived 25.1 kibf engines. It also includes RCS, avionics, power, 2nd perigee TMI 1445 17.8)
long-duration CFM hardware (e.g., COLDEST design, ZBO cryo-coolers) and AR&D capability. The moc 1470 15
star truss uses Gr/Ep composite material & the LH2 drop tanks use a passive TPS. Interface TE 3080 23.5)
structure includes fluid transfer, electrical, and communications lines. 8375 95.7
Notional Example of Human Mars Mission
¢ Reactor, engine, and stage models are being developed to assist
in conceptual design.
Tie tube
* Fuelis (U,Zr)-C, 5.2 wt % U
« Control drums (18) are BeO/B4C
« Six fuel hexes per tie tube
Contral dram - - Fuel hex
Drum poison UnitCell  Coolant Hole
Radial reflector
Vessd coolant Reflect
dat Insulation
Outer vessel Hex block




Pre-conceptual Design of the NCPS and
Architecture Integration

 Typical results for the engine balance

PSOV - propellant tank shutoff valve
NGV - nozzle control valve

SECV - support element control valve
TSCV - turbine series control valve
TBCV - turbine bypass control valve
cev - caoldown control valve

TRSV - tank re-pressurization supply valve

Radiative

Extension

Engine System Date 5/1/2006
Inlet Press (psia) 400 Cycle Closed Expander Time 6:49:51 PM
Inlet Temp (degR) 340 Turbine Feed Tie Tube
Flowrate (Ibm/s) 845 Pumps 1 Load Data
T Performance
Thrust - Vacuum (Ibf) 75,000
ISP - Actual (sec) 887
ISP - Ideal (sec) 909
Main Propeliant Thrust/Weight wishield 451
Supely Reactor Cool- ThrustWeight w/o shield 521
Pum Pc (psia) 450
Inlet Press (psia) 18 Te (degR) 4,860
Exit Press (psia) 1,329
Speed (rpm) 29,000
Stages 1
Turbine
Inlet Press (psia) 1004 Reflector Reactor
Exit Press (psia) 741 Turbine Fuel Type Composite
Inlet Temp (degR) 900 Core Length (in) 52.0
Speed (rpm) 29,000 Reactor Power (MW) 1668
Stages 2 Support Element Ratio 61
Flat to Flat Hex. Dim. (in) 0.750
Number of Fuel Elements 1343
Number of Support Element 260
Tie Tubes
(muttipte) Chamber / Nozzle
SECV was added fo chil-down Regen. Nozzle Area Ratio 25
Total Nozzle Area Ratio 100
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Nuclear Thermal Rocket Element Environmental
Simulator (NTREES)

A key technology element in Nuclear Thermal Propulsion is the development
of fuel materials and components which can withstand extremely high
temperatures while being exposed to flowing hydrogen. NTREES provides a
cost effective method for rapidly screening of candidate fuel components
with regard to their viability for use in NTR systems

*The NTREES is designed to mimic the conditions (minus the radiation) to which

nuclear rocket fuel elements and other components would be subjected to during
reactor operation.

*The NTREES consists of a water cooled ASME code stamped pressure vessel and
its associated control hardware and instrumentation coupled with inductive heaters
to simulate the heat provided by the fission process.

*The NTREES has been designed to safely allow hydrogen gas to be injected into
internal flow passages of an inductively heated test article mounted in the chamber.

£ N Nuclear Thermal Rocket Element Environmental
Simulator (NTREES) in 4205/101

Pressure Vesse

s PR H, / N, Mixer

BN

}_..

\E




NTREES Undergoing Power Upgrade

NTREES induction power supply is
being upgraded to 1.2 MW

Water cooling system is being upgraded
to remove 100% of the heat generated
during testing

Nitrogen system is being upgraded to
increase the nitrogen flow rate to at least
4.5 Ib/sec

New piping is being installed to handle
the increased flow rates

The H, / N, mixer is being upgraded to
handle the increased heat loads

Platform is under construction to allow
the new induction heater to be located
underneath the NTREES pressure vessel

NCPS Project Work Breakdown Structure

1.0 NCPS Project Management
Project Manager: Mike Houts (MSFC) 256-544-8136

GRC Lead: Stan Borowski 216-977-7091
JSC Lead: Jeff George 281-483-5962
I
2.0 Pre-conceptual Design of the NCPS & 4.0 NCPS Fuel Design / Fabrication / 6.0 Affordable NCPS Development and\
Architecture Integration Robert Hickman, MSFC 256-544-8578 Qualification Strategy
Tony Kim, MSFC 256-544-6217 Jeramie Broadway, MSFC 256-961-1372 Harold Gerrish, MSFC 256-544-7084
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3.0 High Power (2 1 MW) Nuclear Thermal 5.0 NCPS Fuels Testing in NTREES fm Second Generation NCPS Conceprx
Rocket Element Environmental Simulator Bill Emrich, MSFC 256-544-7504 Rob Adams, MSFC 256-544-3464
(NTREES) Jeramie Broadway, MSFC 256-961-1372

Bill Emrich, MSFC 256-544-7504
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@ WBS 4.0 - NCPS Fuel Design / Fabrication

» Obijective
— Optimize advanced manufacturing processes to develop an NTP fuel material
* NASA MSFC and GRC
« Idaho National Laboratory (INL)
» Oak Ridge National Laboratory (ORNL)

— Fabricate CERMET, graphite composite and advanced carbide fuel element
samples with depleted uranium fuel particles

— Complete mechanical and thermal property testing to develop an
understanding of the process/property/structure relationship

— Characterize samples to determine baseline material properties and evaluate
fuel mass loss, matrix cracking, and other thermochemical corrosion
processes

— Develop a clear understanding of the fundamental materials
impacts on fuel performance

» Key Deliverables
— Design/Fabrication of nuclear thermal rocket fuel
element segments for testing in NTREES
— Final Report: NCPS Fuel Element Material
Options
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@ NTP Fuel Material Performance

Nuclear Thermal Rocket Performance
Specific Impulse vs. Chamber Temperature

Two-Dimensional Kinetics, One Dimensional Equilibrium, Boundary Layer
1000 psia Chamber Pressure

1200 - I .
: . (U, Zr, X)C
1150 —— ] ' x=Ta, W, Hf
] ——300:1 Uo, in W “Advanced Tricarbide”
4 metal matrix I.
] o . pa
1100 ] 500:1 | 1
] UZ0C = & /‘,
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|
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Chamber Temperature (°K)
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@/ Fuel Material Development

« Develop/evaluate multiple fuel forms and processes in order to
baseline a fuel form for NTP
— CERMET: Hot Isostatic Pressing (HIP), Pulsed Electric Current Sintering (PECS)
— Graphite composites
— Advanced Carbides
« Materials and process characterization
— Develop and characterize starting materials
* W coated fuel particles are required for CERMETS
« Particle size, shape, chemistry, microstructure
— Develop and characterize consolidated samples
« Microstructure, density, chemistry, phases
— Optimize material/process/property relationships
« Fuel particle size/shape vs. properties
« Cladding composition and thickness
¢ Hot hydrogen testing
— Early development to validate test approach
— Screen materials and processes (cyclic fuel mass loss)
« Particle size, chemistry, microstructure, and design features (claddings)

15

@ Uranium Dioxide (UO2) Particle Development

+ UO2 Particle Procurement
— Procured 2kg of dUO,

— Particle size ranges:
e <100um
¢ 100um — 150um
e >150um

» Plasma Spheroidization System (PSS) i i
_ H Y-12 Feedstock, (a) Depleted UO, and (b) Natural
System design complete and currently vo, u
being assembled

— Operational checkout and spheroidization trials
complete

hon gt . ‘1 r
&5 ¥

SEM micrographs of ZrO, powder at 250x. (L) Pre (R) Post
Plasma Alloy and Spheroidization (PAS)

MSFC PSS assembly
model

16




@ Chemical Vapor Deposition (CVD) Coated Particle Development

*MSFC Tungsten Hexachloride (WClg) Process Development
— Redesigned and upgraded CVD system complete
— Demonstrated W coating on Al,O; substrate
— Ongoing fluidization trails
— Reactor design optimization for fluidization

*Tungsten Hexafluoride (WF6) Process Development

— Process being developed by Ultramet
— Currently coating ZrO, particles
— Have demonstrated 20 vol% W coating

*40 vol% W coated spherical particles required for
HIP and PECS consolidation process development

SEM micrographs of spherical coated -
particles Redesigned CVD System

@ CERMET Consolidation Process Development (CEO,)

¢ ANL 200MW element chosen for NCPS reference design

+ Hot Isostatic Pressing (HIP) process development ANL 200MW Reference Design
— Completed HIP can designs for sample geometries being considered
— Procured CeO, surrogate powders currently being spheroidized

* Pulsed Electric Current Sintering (PECS) Development
— Completed pure W microstructural morphology study

— Fabricated 7 specimens of W-40vol%CeO, with varying ratios of particle
sizes, W vs. CeO, (uncoated)

* CeO, encapsulated W particles when W > CeO, (microstructure image shown)
« Studies ongoing for CeO, > W particle size Deveioen Cans

— EDM machining investigated as a method to drill coolant channels into
W-CeO, specimens

STERLING

4

EDM Trials on W-CeO,
Specimen

Hexagonal W-CeO,
Specimen (PECS) 18




Recent Fuels Fabrication Activities

X

Molybdenum mandrel assembly for
331 Hexagonal demonstration

Vibratory HIP can powder fill setup

331 Hexagonal demonstration post HIP

Piece parts of integrally
cladded HIP sample (top).

Cladded HIP sample post HIP Top end cap welding of 331 Hex demo

Advanced Carbide Fuel Development

« Advanced Carbides: Ceramic fuel elements fabricated from uranium
carbide (UC) and 1 or more refractory metal carbides (e.g.

(Uo.1,Zr0.58:Nbg 32)Co 65 )

Fuel Forms examined by Rover / NERVA

[P J—
 Development Plan = | Dyt g
— Literature search regarding materials & past efforts = .,D"_.:, . -<--\,;5:o °s
— Preliminary fabrication trials planned for 2012 A S
to assess processing & performance WO M fremn "
— Present focus on refractory transition metals -

(groups IVB — VIB, periods 4 — 6 of periodic table) Mo oy | M

« Parameters under consideration:
— Crystallographic phase relationships
— Melting point/ vaporization rate

o Careesa o Sk oo a3

— Diffusion characteristics Task 4.6 products closely resemble Source: Matthews, et a;
— Thermal conductivity this type of fuel element Thenmal Propusion; 1651
— Cost/availability

— Thermal expansion ISUS (Integrated Solar Upper Stage)

— Hydrogen compatibility/reactivity Development Components

— Neutron absorption cross-section
— Thermal shock characteristics
— Potential fabrication methods

« Ceramic reaction-sintered coatings (CRSC)
— Assist in assessment of potential

> o Top Side Bottom
advanced carbide compositions HIB,HIC ceramic reaction-sintered coating applied to Poco
— Assist in graphite composite fuel element coatings JLaphite, grade AXF-5Q, via rapid high-temperature processing
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Fuel Element Thermal Cycle Testing

» CERMET Fuel Element Environmental Test (CFEET) system
— Coupon level thermal cycle testing
— 0.5"-6"long, 0.5” dia. samples can be thermally cycled at high temperatures quickly
— Static environments and eventually flowing hydrogen environment (low flow rate)
— System is assembled and going through operational checkout
— System proven to be reliable for tests up to 1000sec and element temperatures to 2200° C

— Looking at chamber cooling in order to reach 2800° C.

Cross section of CFEET chamber showing heating coils and sample

WI/Re sample loaded into heating coil as viewed through the

pyrometer viewport

21

NCPS Project Work Breakdown Structure

2.0 Pre-conceptual Design of the NCPS &
Architecture Integration
Tony Kim, MSFC 256-544-6217

Project Manager: Mike Houts (MSFC) 256-544-8136
GRC Lead: Stan Borowski

1.0 NCPS Project Management

216-977-7091
281-483-5962

JSC Lead: Jeff George

4.0 NCPS Fuel Design / Fabrication / 6.0 Affordable NCPS Development and\

Robert Hickman, MSFC 256-544-8578
Jeramie Broadway, MSFC 256-961-1372

-

Qualification Strategy
Harold Gerrish, MSFC 256-544-7084

\

3.0 High Power (2 1 MW) Nuclear Thermal
Rocket Element Environmental Simulator
(NTREES)

Bill Emrich, MSFC 256-544-7504

5.0 NCPS Fuels Testing in NTREES flﬂ Second Generation NCPS Concept

Bill Emrich, MSFC 256-544-7504
Jeramie Broadway, MSFC 256-961-1372

Rob Adams, MSFC 256-544-3464

=

22

11



WBS 6.0 - Affordable NCPS Development and Qualification
Strategy

* Objective
— Devise an affordable NCPS development and qualification strategy

— The integrated program development and test strategy will include
fuel qualification and selection

¢ Will use separate effects tests (hot H, and irradiation), innovative
ground testing, state-of-the-art modeﬁng, and the development of
NCPS engines with an emphasis on affordability

» Key Deliverables
— Yearly Reports
— Estimated Cost and Schedule
— Final Report: NCPS Development
and Qualification Strategy
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2006 NTP Development Plans (Notional)

Years

3] 4 s a7 68w
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Ref: Bordelon, W.J, Ballard, R.0., Gerrish, H.P., “A
Programmatic and Engineering approach to the Development of
a NTP for Space Exploration”, AIAA-2006-5082

(Based om 0650613 DDTAE Scheduly)
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Notional 2011 Formulation of Affordable &
Sustainable NTP Development Strategy

Strategy builds on wealth of past data (Rover / NERVA, GE-710, ANL, FSU programs), and use of:
(1) detailed SOTA computer analysis; (2) focused non-nuclear testing (e.g., NTREES); (3) nuclear
testing (e.g., ATR at INL) to validate candidate fuels, coatings & claddings; and (4) affordable SAFE
ground testing; followed by (5) limited ground and flight testing of small, scalable engines

_“:“ ' ! | B s Subsequent Missions with Upgrades

= | Instrumented Protoflight Test | \

= A\ = e

Minimum Scaleable Ground Test |

| Focused Nuclear testing |

| Maximize non-nuclear testing |

Robust Flexible Reactor Design |

| Use of SOA Design Methods |

| Develop test matrix

| Benign System Requirements

| Modest Initial Mission |

' ‘ Utilize large existing database |

Ref: Sam Bhattacharyya, “A Rationale Strategy for NTR
Development”, AIAA-2011-5945, 47" JPC, San Diego, CA
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Nuclear Rocket Development Station (NRDS)
Assets During Rover/NERVA Program

E-MAD used to assemble nuclear
rocket engines for testing and to

disassemble and inspect engines
- after testing

i a Nevada Test Site
L Bore Hole
NERVA Engine Test Stand (ETS)
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Demonstrate Affordable “SAFE” Testing Concept

s SoOUrce: Dr. Steve Howe, CSNR

Schematic at left shows the idealized configuration of
St the SAFE testing concept including the mounting pad,
containment, water spray, and dispersion profiles

[erssmrsrsrvnsio]
[ %

« Driving the engine exhaust into the NTS alluvium allows capture
of gases in a geology proven to contain heavy elements

« Fission products (if any) exhausted into the hole will be trapped
into the soil strata at low concentrations ~10-° gms/cm3

« Use of the expertise and infrastructure at NTS resulting from the
nuclear weapons program offers a low cost testing option for NTR

« A suitably sized subscale validation test can be performed for ~2 M$

« Relatively modest “up-front” capital costs (~45 M$) and recurring \ o)
engine test costs (~2 M$) make SAFE an attractive option for Aerojet’s 2.1-klbf “fuel rich” H/O
ground testing a NTR before the end of the decade engine is an option for subscale
validation testing of the SAFE
concept

WBS 6.4 —Demo Flight

 Assess the viability and desirability of an NCPS demo flight.

« Assess potential data gathering and analysis techniques for both the operating
and post-operational phases.

« Assess impact of limits on information that could be obtained from a demo
flight.

28

14



WBS 6.5 —Nuclear Stage

Accomplishments:

« Coordinated with the SLS program the draft capabilities of each SLS block (I,
IA, ). The data will be used to determine how each block can be used for a
nuclear cryogenic upperstage or a Mars transfer vehicle.

« Participated in SLS trade to determine the best SLS fairing length and shape.
The larger the diameter and longer the length, the better for NTP.

Next:

e Stage sizing and performance trades (done under task#2)
¢ Collect cost and schedule from other upperstages
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Proposed Types of
Nuclear Thermal Propulsion

HUCLEAR FUEL REGION HYDROGEN PROPELLANT REGION
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@ Future Plans / Path Forward

» Space nuclear power and propulsion are game
changing technologies for space exploration.

» The NASA NCPS project has 1 to 3 years to
demonstrate the viability and affordability of a
Nuclear Cryogenic Propulsion Stage.

* Participation is encouraged. Please feel free to
contact the NCPS project with interest or ideas
(michael.houts@nasa.gov).
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