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I INTRODUCTION AND SUMMARY 

Volume 2 of the Prometheus Proiect Reactor Module Final Report is a technical summary of the work 
accomplished by the Naval Reactors Prime Contractor Team (NRPCT). Project Prometheus was 
established in 2003 with a goal of developing the first nuclear-powered electric propulsion system for 
a spaceship and demonstrating that it can be operated safely and reliably for civilian deep-space 
exploration missions. The initial application of space fission power being developed was the Jupiter 
Icy Moons Orbiter (JIMO), a nuclear electric propulsion spaceship intended to perform deep-space 
scientific research. 

1 .I Background 

NRPCT involvement in Project Prometheus began in March 2004. The NRPCT was assigned 
responsibility for design and delivery of the Reactor Module (with the exception of the Aeroshell re- 
entry protection cover) for Project Prometheus, while Jet Propulsion Laboratory (JPL) and its 
contractors were responsible for the remainder of the spaceship, launch vehicle, and ground systems. 
The set of elements needed to generate and manage the power created by the reactor is referred to 
as the Space Nuclear Power Plant (SNPP). The SNPP includes the Reactor Module, the Heat 
Rejection Segment (HRS), and the Power Conditioning and Distribution (PCAD) Subsystem. 

The project had three major phases of work: Project Scoping, Pre-conceptual Design, and Project 
Close-out. During the Project Scoping phase, two major technical reports were produced: a concept 
feasibility evaluation [Reference (I)]  and a concept selection recommendation [Reference (2)]. These 
reports are described in more detail in Section 1.2. NRPCT recommended a direct cycle, gas-cooled 
reactor with a Brayton energy conversion system. Approval of this concept marked the start of the 
Pre-conceptual Design phase. The major goals of this phase were to select the fuel and clad system 
materials, select plant parameters to set the baseline heat balance, and select the baseline Reactor 
Module arrangement. This work was well underway when the NASA-NR collaboration was terminated 
in September 2005. NRPCT documented the results of the Pre-conceptual Design phase in a number 
of detailed technical reports, as shown in Figure 2-2 of Volume 1. 

Section 1.3 provides a summary of the Prometheus Project requirements. The Pre-Conceptual direct 
gas Brayton concept is described in Section 1.5. Section 1.4 describes the technical challenges of 
the Prometheus Reactor Module design, and serves as an introduction for the detailed technical 
summaries contained in Sections 2 through 7. Section 8 discusses the mission extensibility of the 
direct gas Brayton concept. Finally, Section 9 provides high level conclusions and a perspective for 
future space reactor development endeavors. 

1.2 Summary of Feasibility Studies and Concept Selection 

The goal of the Reference (1) evaluation was to provide an initial NR Program assessment of the 
design space for providing a nuclear power plant to support civilian space exploration. Viable reactor, 
coolant, and energy conversion technologies were studied with respect to capability and technology 
readiness. The likelihood of meeting mission requirements (e.g., electrical power requirement, 
mission duration) as well as launch schedule (2015 launch date) was considered. 

One of the goals of the design space assessment was to broaden the scope of potential options, 
including those that had been eliminated by previous Government Team studies. Specifically, lower 
temperature concepts were of interest. The Government Team had been working with an assumption 
of 1350 K for reactor exit temperature (That). This was viewed to be aggressive for material systems 
that could be considered for this mission and delivery timeframe. The gas Brayton system and the 
liquid metal Stirling system, with their higher cycle efficiencies, both allow for lower reactor 
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temperatures. The gas Brayton system being evaluated had no intermediate heat exchanger which 
allowed for a reactor exit temperature of 1150 K (the maximum inlet temperature for the Brayton 
engine using conventional materials), and the liquid metal Stirling system utilized conventional 
materials in the reactor and was, therefore, limited to a reactor exit temperature of -1 050 K. 

The NRPCT determined that all reactor design approaches for supporting the JIM0 mission 
requirements needed considerable development and that the minimization of such development to 
support the 2015 launch date required selection of the more well-developed technologies. From this 
evaluation, fuel and core materials as well as integrated plant design and testing emerged as the 
biggest challenges. The topics evaluated during the design space assessment are summarized as 
follows: 

Reactor types: Liquid metal-, heat pipe-, and gas-cooled reactors. 

Coolants: liquid alkali metals (lithium (Li), sodium (Na), potassium (K), and sodium-potassium 
eutectic (NaK)), non-alkali liquid metals (lead (Pb), lead-bismuth (Pb-Bi), gallium (Ga), and tin 
(Sn)), molten salts (fluorides and chlorides) and gas (helium and xenon (HeXe)). 

Fuel materials: uranium dioxide (U02), uranium mononitride (UN), and uranium carbide 
(UCIUC*). 

Cladding and core structural materials: refractory metal alloys (niobium (Nb), tantalum (Ta), 
molybdenum (Mo), rhenium (Re), and tungsten (W) alloys), conventional metal alloys 
(stainless or ferritic steel, oxide dispersion strengthened iron alloys, nickel-base (Ni-base) 
superalloys, and vanadium (V) alloys), and silicon carbide (Sic) ceramics (including composite 
and monolithic components). 

Shielding and reflector materials: lithium hydride (LiH), beryllium (Be), beryllium oxide (BeO), 
boron carbide (B4C), other metal carbides, water, and alternate hydrides. 

Fuel configuration: fuel pellets in bonded or unbonded cylindrical pins (with fission gas plena), 
dispersed particle concepts (both cermets and TRISO-like configurations), and small metal or 
ceramic spheres. 

Reactor neutron energy spectrum: fast and thermal. 

Reactor safety and reactivity control features: safety rods, external control devices (sliders, 
drums, other), in-core control rods, spectral shift poisons, and burnable poisons. 

Dynamic energy conversion systems: Brayton, Stirling, water Rankine, and potassium 
Rankine. 

Static energy conversion systems: thermoelectric (TE), in-core thermionics (TI), 
thermophotovoltaics (TPV), magnetohydrodynamics (MHD), and alkali metal thermal-to- 
electric conversion (AMTEC). 

Heat rejection system coolants: NaK, water, and Li pumped loops. 

The NRPCT concluded that there was a design space for three reactorlcoolant types (liquid metal, 
heat pipe, and gas) and three energy conversion types (Brayton, Stirling, and Thermoelectric). The 
five configurations that were evaluated in the final concept selection process were: 

1) A direct cycle, gas-cooled reactor with a Brayton energy conversion system 
2) A heat pipe-cooled reactor with a Brayton energy conversion system 
3) A liquid lithium-cooled reactor with a Brayton energy conversion system 
4) A liquid lithium-cooled reactor with a thermoelectric energy conversion system 
5) A lower temperature, liquid metal- (e.g., Na, K, or NaK) cooled reactor with a Stirling 

energy conversion system 
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Based on overall system features including capability, reliability, deliverability, cost, and safety, the 
gas Brayton concept (concept #I listed above) was recommended to Naval Reactors for approval in 
Reference (2), which also documented the formal decision process and technical basis for the 
decision. Naval Reactors approved the recommendation via Reference (3). The gas reactor system 
is likely capable of fulfilling the mission requirements for the envisioned nuclear electric propulsion 
(NEP) missions, would simplify engineering development testing and offer the fewest hurdles to 
development, and could be extensible to surface missions. 

1.3 Project Prometheus Requirements 

Following concept selection, NRPCT focused on the pre-conceptual design effort. Definition of the 
technical requirements and development of the methods and technologies to meet those 
requirements became a primary focus of the pre-conceptual design phase. Evolution and details of 
the driving requirements are described below. 

Requirements for Project Prometheus progressed from Level 0 (the overall Exploration Requirements 
for NASA) which include the overall NASA mission statement, exploration requirements, and 
exploration objectives. The ambitious mission of orbiting and exploring the icy moons of Jupiter was 
developed to meet the Exploration Requirements for NASA and to support the "goal of developing the 
first reactor-powered spacecraft capability and demonstrating that it can be operated safely and 
reliably in deep space on long-duration missions" [Reference (357)l. The Level 1 JlMO Requirements 
[Reference (356)l issued by NASA headquarters are the Technology Development and Mission and 
Science requirements derived from NASA's Exploration Requirements at Level 0. The Level 1 
Technology Development requirements describe the primary technical goals required to enable a 
deep space mission, and the Mission and Science requirements describe delivery of the spaceship to 
the Jovian system and operation during the science phase. The Level 1 JlMO requirements formed 
the starting point for development of project requirements and conceptual design efforts. Because 
some requirements presented in Reference (356) were still preliminary, some items are indicated as 
objectives or requiring further review. 

The following Level 1 Technology Development requirements drive key Reactor Module requirements: 

The JlMO Project shall develop a Deep Space Vehicle for outer solar system robotic 
exploration missions that combines a safe, reliable, Space Nuclear Reactor with electric 
propulsion. 

The Deep Space Vehicle shall have a Payload Accommodation Envelope with a mass 
capability of no less than 1500 kg. 

The following Space Nuclear Reactor technologies shall be developed for Lunar and Mars 
surface power reactors: I) Nuclear fuel, 2) Reactor core materials and coolants, and 3) 
Instrumentation and Control. (This item was indicated as an objective - minimum requirement 
not yet defined.) 

Multiple studies and analyses were performed to develop and evolve a conceptual spaceship design 
to satisfy the Level 1 requirements. These studies, and the Level 1 JlMO Requirements, formed the 
basis for Level 2 Multi-mission (Deep Space Vehicle) and JlMO (Mission Module) requirements. The 
Level 2 requirements define key functional needs for the spaceship, including the Reactor Module. 
Numerous other Level 2 documents detail mission requirements, environments, hardware and 
software selection and validation requirements, safety and security requirements, science 
requirements, and many other aspects covering the design and validation of the JlMO mission. 
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The primary set of non-JIM0 specific Level 2 technical requirements was collected into the Multi- 
mission Project Derived Requirements, Reference (358). The JlMO specific Level 2 technical 
requirements were given in Reference (359). The Level 2 technical requirements which drive key 
aspects of the Reactor Module design are listed in Table 1-1. Accompanying each requirement is a 
statement of the impact on the Reactor Module. Also provided, where applicable, is a description of 
the implementation required to meet the requirement. Electric power output of the Reactor Module is 
one of the most important requirements because it ultimately drives system mass, volume, and 
operating temperature. See Section 1 of the Plant Pre-Conceptual Design Report, Reference (4), for 
more detailed discussion of this requirement. 

In addition to the key Level 2 requirements summarized in Table 1-1, many other important 
requirements were being considered in evaluating, selecting, and demonstrating design options. 
Some of these are listed in the JlMO Deep Space Vehicle Level 3 Key Driving Requirements, 
Reference (360): some in Prometheus Project Environmental Requirements Document (ERD), 
Reference (361): and others were still being developed. Some of the more important items for the 
Reactor Module are listed in Table 1-2, with references as appropriate. 

Limits for several parameters such as mass and volume were still being developed in parallel with 
other reactor and spaceship design efforts. Although precise values were not defined, failure to 
address the limits indicated would result in a design which would overly burden the rest of the vehicle 
and could even make design of a viable spaceship untenable. 

See Reference (360) for a more complete listing of the driving requirements for the Deep Space 
Vehicle, which includes the Reactor Module. The Plant Pre-Conceptual Design Report, Reference 
(4), provides additional description of requirements allocation within the project hierarchy. 
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Table 1-1: Key Level 
Key Level 2 Requirement 

The Space Nuclear Reactor design shall 
utilize technologies that facilitate extensibility 
to surface operations. 
The Project shall use a Deep Space Vehicle 
that provides jet power greater than or equal 
to [I301 k W  of primary thrust during thrust 
periods. 
The Project shall design the Deep Space 
Vehicle to have an operating lifetime greater 
than or equal to [20] years. 

The Project shall use a Reactor Module that is 
capable of generating the maximum electrical 
power required by the Spaceship for 
cumulative minimum of [lo] years, and is 
capable of generating the minimum required 
electrical power for the rest of the operating 
lifetime. 
The Project shall comply with the Prometheus 
Single Point Failure Policy as documented in 
the Prometheus Project Policies Document 
982-00057. 

The Project shall be able to autonomously 
detect and correct any single fault that 
prevents thrusting in less than or equal to [I 
hour]. (Note: Missing thrust during many of 
the mission phases severely jeopardizes 
mission success, and therefore should be 
prevented or minimized.) 
The Spaceship shall survive without Ground 
System commanding for at least [50] days in 
the presence of a single failure. 

The Project shall assure that all Science 
System hardware in its deployed 
configuration, except approved science 
hardware, shall remain within the protected 
zone of the reactor radiation shield. 
The Project shall obtain launch approval as 
specified in the Prometheus Launch Approval 
Plans. 

The Spaceship total dry mass at launch shall 
not exceed 125.0001 ka. 

2 Requirements, Impacts, and Iml 
Impact on Reactor Module 

Consideration in the selection of design 
and materials compatible with Lunar and 
Mars missions. 
200-kWe Reactor Module Dower o u t ~ u t  
required to deliver net thru'ster powe; 
based on JPL orbital mechanics studies. 

20 year life is long term requirement for 
very deep space missions. The JIM0 
requirement is for 12 years. 

This requirement permits the option of 
reducing power in order to conserve 
reactor energy or reduce pressure and 
temperature during non-thrust phases. 
This may maximize Reactor Module life 
for the most demanding follow-on 
missions to the outer solar system. 
Single point failure locations shall be 
avoided. Where this is not practical (e.g., 
reactor), it must be demonstrated that 
alternatives to single point failure are not 
available and sufficient robustness must 
be shown to mitigate risk of failure. 
This requirement must be considered in 
the design of instrumentation and control 
for a self-regulating plant and design for 
recovery from transients for which the 
module would be designed. 

Must consider this, with other autonomy 
and single point failure requirements, in 
design of the control system. 

Coordination between the shield and 
spaceship designs is required to assure 
that maximum dose levels are not 
exceeded. Shielding of local electronics 
will also be required. 
To meet this requirement, satisfaction of 
various governing safety requirements 
would have to be demonstrated by 
NRPCT and NASA. 

Minimum module mass is a goal and a 
selection criteria for desian. 

ementations 
Implementation 

Must consider compatibility of 
pressure boundaries and external 
surfaces with surface environments. 
Plant Electrical Power = 200 kWe 
Plant Thermal Power - 1 MWt 

Initial design efforts to support 15 
year operational life. 
Long term design goal is to satisfy 
20 year life requirement. 
Trade studies would be required to 
determine if reduction of power 
would improve Reactor Module 
longevity. 

Where practical, redundancy would 
be part of the Reactor Module 
design. 

Robust and redundant system 
architecture for instrumentation and 
control. 
Automatic recovery from transients 
must be considered in system 
design. 

Design for redundancy and 
robustness wherever practical. The 
spaceship cannot survive in deep 
space for more than a short time 
without reactor power. 
Shielding sufficient to reduce 
payload neutron flux to 5E10 nlcm2 
and payload gamma flux to 25 
kRad Si damage and cover roughly 
a 12" by 6" cone angle. 
Design features will be required to 
assure safety. Safety assurance 
must be considered during design 
of certain Reactor Module 
elements. 
High temperature reactor is required 
to minimize overall mass 

Note: Values in [brackets] were not firm and thus subject to review. 
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Table 1-2: Additional Ke! 
Requirement 

The Spaceship launch configuration shall be compatible with a 
15-m] launch vehicle payload fairing (dynamic envelope 
dimensions 4.5m diameter, 26m height), or smaller (Ref (360)) 

The Spaceship shall accommodate the solid particle mission 
environments defined in {ERD} with a probability of meeting 
end-of-mission (EOM) requirements greater than or equal to 
0.99 ... (Ref (361 )) 
The Spaceship shall be designed to accommodate the 
radiation environment specified in the Environmental 
Requirements Document (982-00029). (Ref (360)) 

The Spacecraft Module shall be capable of rejecting [682] kWt 
of heat from the Reactor Module. (Ref (360)) 

The Prometheus flight hardware shall be designed and verified 
to meet applicable functional, performance, operation, and 
other design requirements without damage or degradation 
when exoosed to the design environments soecified herein [in 
ERD}. (kef (361 )) 

- 

During no-thrust periods of Science Orbits, the Deep Space 
System shall continuously point a Spaceship-fixed vector to 
commanded directions in the target-centric reference frame to 
within 20, 20, and 20 mrad (3 sigma) about the reference frame 
X. Y. and Z axes resoectivelv.. . (Ref (36011 

Requirements 
l m ~ a c t  on Reactor Module 

Arrangements and overall sizing must fit within 
allocated space inside the fairing. This mainly 
constrains the radiator area, which drives the heat 
balance design space of the Reactor Module. 
Preliminary studies limited radiator area to less 
than 450m2. 
Protection from orbital debris and micrometeoroids 
is required, especially of the crucial pressurized 
components and moving assemblies. 

Solar, galactic and Jovian radiation sources, 
coupled with reactor radiation, must be considered 
during electronics selection, shielding trades and 
material evaluation. 
If radiator size is constrained, temperature and 
flow rate must be maximized to reject sufficient 
heat. This impacts the Reactor Module heat 
balance. 
In addition to particle and radiation environments 
described above, the module must withstand 
launch loads and other space environments. 
Section 10 has more details about environments. 

This requirement drives the need for positional 
stability of the spaceship. Counter-rotating 
Braytons, or alternate localized means to offset 
angular momentum, might be necessary to 
provide the needed stability. 

Note: Values in [brackets] were not firm and thus subject to review. 

1.4 Technical Challenges 

The Prometheus Project was aggressive from both a mission requirements and a launch schedule 
standpoint. The Prometheus mission is demanding due to the long mission duration (up to 20 years), 
high electrical power level relative to past space reactor projects (-200 kWe), harsh Jovian radiation 
environment (for the JlMO mission), and lack of auxiliary solar power. The SNPP that successfully 
meets these requirements must also fit within a launch mass and volume envelope, which was not yet 
specified. Four drivers - mass, lifetime, power, and reactor safety - are the primary technical 
challenges of the Prometheus SNPP. 

In order to generate the required electrical power within a practical mass and volume envelope, the 
operating temperature of the SNPP was relatively high. Due to the lack of thermal conduction or 
convection capability in the vacuum of space, the reactor must operate at high temperature to 
efficiently produce the required level of electric power and to effectively reject waste heat by means of 
radiative heat transfer to space. Pre-conceptual design studies assumed a reactor exit coolant 
temperature of 1150 K, which is beyond the operating range of conventional reactor core materials. 
This temperature was selected to accommodate a radiator area that could fit within the fairing of an 
existing launch vehicle and provide a reasonble overall mass while allowing conventional materials in 
the Brayton engine and the primary plant piping and heat exchangers. However, temperatures in the 
reactor core would be much higher than coolant temperature. Therefore, non-conventional materials 
were under investigation for the reactor core, including refractory metal alloys and ceramics. The 
mechanical properties of these non-conventional materials were not well-characterized, particularly at 
the conditions envisioned for the JlMO mission. Developing well-qualified material properties to 
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support a space reactor design effort requires significant lead time for testing and evaluation and 
would be a major challenge for the aggressive JlMO launch schedule. 

The power level, reactor temperatures, and mission duration envisioned for JlMO led to focusing 
reactor design efforts on a small, fast neutron energy spectrum, external reflector-controlled core. A 
thermal spectrum core was not considered practical for the long Prometheus operating life because 
of: (1) practical difficulties of retaining hydrogen (in water or solid hydride) in a high temperature 
system (greater than 900 K), (2) the high thermal neutron absorption in many of the suitable high 
temperature structural materials, and (3) difficulties associated with controlling reactivity over core life. 
However, it is difficult to qualify materials performance for a fast neutron energy spectrum reactor 
because of the lack of nuclear testing and fast spectrum reactor infrastructure in the United States. 
The recovery and development of this capability will involve significant cost and require a long lead 
time. To address this shortcoming, the NRPCT investigated use of foreign test reactors including 
those in Japan (JOYO), Russia (BOR-60), and France (PHENIX). The complexities of international 
operations posed additional risk to the aggressive schedule associated with Project Prometheus. 

The launch safety analysis for Prometheus reactor design efforts to date have included nominal core 
configurations with both dry sand reflection and flooded scenarios. However, launch accidents 
involving core re-entry and impact may result in a significant re-configuration of the core geometry, 
potentially into a much more reactive condition. Safety rod performance in such a re-configuration 
has not been determined. Developing a safety design basis and performing the complex mechanical 
and nuclear analyses and testing of a core re-configuration will be a significant challenge for 
continued development of a space reactor design. 

For the remainder of the plant, the key challenges are the long mission duration, lack of auxiliary 
power, and low mass and volume constraints. These requirements can result in contradictory system 
design features, and important trade-offs would have been made which include aspects of 
redundancy, reliability, complexity, and mass. The candidate plant materials are better characterized 
than the reactor core materials but will still require significant testing at the JlMO plant conditions. 

Another key challenge is overall system integration of the Reactor Module and integration of the 
Reactor Module with the spaceship. A number of scaled, non-nuclear integrated system tests would 
be needed to fully characterize the performance of the system and allow for component and system 
design optimization. The period of time to design, construct, and perform this series of tests would 
need to occur in parallel with materials testing, overall spaceship design, and ground test reactor 
(GTR) facility siting and construction. After this series of non-nuclear development tests, final testing 
of flight components would also be needed. This pushes the design schedule forward to facilitate 
flight unit integration and testing. 

System integration requires close coordination with the NASA project lead (JPL) and the spaceship 
contractor (Northrop Grumman Space Technology (NGST)) to develop clear mission and component 
interface requirements and to ensure that the range of spaceship systems perform in an integrated 
manner. This would have required coordination of testing at DOE labs, at NGST and its vendors, at 
NRPCT and its vendors, and at NASA Centers. As an example, consider the power conditioning and 
distribution (PCAD) system. This was a system for which NGST had direct responsibility because it 
was part of the spaceship module. However, it interfaces with the energy conversion system and, 
therefore, influences reactor operation. Thus, the reactor system designer must be familiar with the 
interface requirements, operational characteristics and potential faults, and how the system is 
controlled by the space computer. The need to protect the reactor from some potential PCAD 
casualties may have a substantial influence on the PCAD design. Therefore, close coordination on 
system interface issues early in the program is a necessity. 
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1.5 Gas-cooled Reactor Brayton Concept Description 

The gas-cooled reactor Brayton system is depicted in Figure 1-1. It uses a single gas-cooled reactor 
mounted at the forward end of the spaceship. An inert gas (a HeXe gas mixture was assumed for 
initial work) is used to cool the core and transport energy around or through a shadow shield to the 
Brayton energy conversion system. The reactor consists of a core with cylindrical fuel pin elements 
arranged within the core structure and a reactor vessel to direct coolant flow and provide structural 
support for the core and reactivity controls. Fixed and movable reflector segments are used to control 
the fission reaction rate by changing the fraction of neutron leakage that is reflected back in to the 
core. Removable, neutron-absorbing safety rods keep the reactor shutdown in the event of a launch 
or transport accident. Reactor control drive mechanisms are used to move the reflectors and safety 
rods. Gas flows directly over the fuel elements either in an open lattice array or through channels in a 
block into which the fuel pins are inserted. 

The fuel element concept and the assembly of fuel elements within the core are shown in Figure 1-2. 
The elements consist of ceramic fuel pellets, a gas gap to accommodate swelling, a cladding liner to 
improve material compatibility, and the cladding which prevents fission gas escape. A fission gas 
plenum is typically situated at one end of each fuel element to accommodate the fission gas released 
from the pellets without producing excessive clad strain due to gas pressure accumulation. The 
elements are attached to the support structure at only one end to allow for differential growth between 
the fuel element and the structure. Several refractory metal alloys as well as silicon carbide were 
considered for the cladding. Several core configurations shown in Figure 1-3 were also being 
investigated prior to project termination. The annular flow block geometry and open lattice geometry 
were evaluated more than the other concepts prior to project restructuring. The annular flow block 
arrangement allowed for more controlled coolant distribution within the core but results in higher 
reactor masses as compared to the open lattice designs. The open lattice designs had the least mass 
but the lack of defined coolant channels makes it more challenging to control flow to specific regions 
of the core. Another option that was beginning to receive further evaluation at the time of project 
redirection was the option for a modular cermet design. The cermet fuel system consists of a 
refractory metal alloy matrix and small fuel particles. This approach eliminates the need for gas 
plena, improves conductive heat transfer, and could allow for the ability to control coolant flow to 
various regions of the core. However, the design is more aggressive than the other concepts 
considered and requires optimistic fabrication and performance design assumptions to be mass 
competitive. 

Table 1-3 provides reactor core parameters for a number of the material and arrangement options 
investigated. The table compares reactor cases and their impact on mass and shielding required for 
simple changes in system pressure, reactor thermal power, core geometry, and cladding material. 
Additional information on all reactor options considered can be found in Reference (5). 

The reactor vessel surrounds the core and a combination of fixed and movable reflectors surround the 
vessel. The reactor vessel is cooled by the incoming gas to maintain temperatures below material 
limits. The coolant temperature supplied to the reactor from the plant is limited depending primarily on 
the selection of vessel material, vessel heating rates due to gamma heating, and the configuration of 
structures around the vessel that may insulate the vessel. The movable reflector is segmented and 
used to control core reactivity to start up the reactor and maintain the desired operating temperature 
over life. Instrumentation is provided to monitor neutron flux, temperature, coolant pressure, and 
control position. Although the specific procedures for reactor control have not been determined, these 
measurements can be used during life to determine when to move the reflectors to compensate for 
uranium burn-up or to reduce reactivity during an unexpected transient condition. The reactor uses at 
least one safety shutdown rod to prevent inadvertent core criticality during manufacture, assembly, 
and transport and to prevent criticality in the event of certain accident conditions which can increase 
the reactivity of the core relative to the normal shutdown configuration. The safety rod(s) is required 
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correspondingly larger sized cores. Late in the project, concepts were being evaluated that used 
a moderating medium to reduce fuel loading, such that some effort on determining the extensibility 
of TRlSO fuel and potential performance was warranted. 

Fuel option 
Uranium 
Dioxide (U02) 
Pellet 

Uranium 
Nitride (UN) 
Pellet 

Uranium 
Carbide (UC, 
UC2, UCO) 
Pellet 
Cermet U02 

Cermet UN 

Metallic 

TRlSO 

UZrH 

Table 3-1 : Pros and Cons for Fuel Options 
Primarv Pros I Primarv Cons . . . . . . -. . J - . . . . . . - . J 

Chemical stability I Fission gas release 
Moderate swe~lin-~ 
Established database 
Most stable fission products 
High U density 
Fission gas retention 

High U density 

Fission product retention 
Chemical compatibility with 

Pellet cracking 

High swelling 
Potential nitrogen instability 
Rare earth fission products not 
generally nitrides 
High swelling 
Potential chemical instability 
Fission gas release 
Least stable fission products 
Low fuel density 
Fabrication 

most matrix candidates 
Moderate U density Chemical incompatibility with 
Fission gas retention most matrices 

Highest U Density 

Off the shelf 
Demonstrated for > 3 years 
at desired temperatures 

Initial Decision 

Temperature limited 
Distortion limited 
Plant sizing-not attractive energy 
density for 15 year core 

Prompt feedback 
Moderation 

lnvestigate for 

Temperature limited 
H Migration 
Not attractive at high power 
density and high temperatures 

fast and for 
moderated core 
option 
lnvestigate for 
fast reactor 

Do not investigate 
Data suggests 
higher risk than 
U02 and UN 
lnvestigate for 
fast reactor 

Do not investigate 
the DOE Office of 
Scientific and 
Technical 
lnformation 
database 
Do not investigate 

Consider for 
Moderated core 
option and 
extensibilitv 
Do not investigate 
the DOE Office of 
Scientific and 
Technical 
lnformation 
database 

CERMET fuel elements, in which a granular ceramic fuel material is dispersed within a continuous 
metallic matrix, have been evaluated for space nuclear reactors since the 1950s due to several 
potential advantages. The advantages include higher effective thermal conductivity relative to 
other uranium-containing fuels, superior fission gas retention capability, enhanced mechanical 
stability, and minimized fission recoil damage of cladding materials. Unfortunately, there is little 
published work to verify or quantify the improvements in these areas for CERMET systems. 
Furthermore, there are also tradeoffs, primarily in the relatively low maximum attainable fuel 
density in a matrix, which may lead to larger core size and potentially high parasitic neutron 
absorption in the metal CERMET matrix. 

Initial design philosophy for CERMET fuel was to assume a hermetically-bonded cladding with no 
fission product release from the element and no fuel growth. It was expected that even under 
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these ideal assumptions the system would not be attractive on a mass basis compared to pellet 
fuels. If a compelling concept was developed, an effort to determine realistic long-term 
performance would be pursued to assess the maximum loading, better define the fuel growth and 
assess the probability of fission product release. Using these ideal assumptions, core design 
analysis showed that a cermet design appears to be mass competitive. More realistic cermet 
properties would need to be developed to better evaluate cermet-fueled core concepts. 

Most of the reactor concepts considered used pellet fuel, because it offered the highest uranium 
loading. However, the major disadvantages are that the pellet has a limited barrier to fission gas 
release, swells under irradiation, and has a potential for cracking. Swelling and cracking can 
cause pellet clad interactions, and, under some circumstances, lead to fuel element failure via 
mechanical, thermal, or chemical means. Fission gas release was accommodated by a gas- 
expansion plenum within the fuel element to limit gas pressure and reduce clad stresses. The 
fission gas plenum increases reactor length and possibly shield mass. Annular pellet designs can 
accommodate fission gas and reduce swelling forces without increasing fuel element length, but at 
the expense of average fuel density and the aforementioned potential for reconfiguration. 

With the aggressive delivery schedule for Prometheus-I, development of UN and U02 fuel 
manufacturing was pursued in parallel with fuel element material selection. Both pellet and CERMET 
options were considered but initial fabrication efforts were concentrated on pellet fuel since the 
majority of core design studies used pellets. Confidence was high that U02 pellet fabrication would be 
successful due to the large manufacturing base. In addition, with the success of LANL in fabricating 
UN pellets, there was confidence in UN manufacturing, albeit with stricter and more costly 
environmental controls. Design studies suggested that incorporating rare earth oxide spectral poisons 
in the pellets may be necessary to prevent criticality in the event of reactor re-entry and earth impact 
following a launch accident (as discussed in Section 2.2). Incorporation of rare earth oxides (Gd2O3) 
has been demonstrated in the open literature for U02 fuel. Thermodynamic studies were performed 
for UN suggesting that such incorporation is possible but additional development and experimental 
verification is required. 

Scoping studies for fuel element manufacturing had commenced for both block cores and fuel pin 
designs. Common concerns include environmental controls for refractory metal alloy welds, avoiding 
dissimilar welds of a refractory metal alloy to a Ni-base superalloy, and criticality concerns with sub- 
assemblies. Manufacturing techniques were reviewed with a number of potential vendors (LANL, 
ORNL, BWX Technologies, Inc (BWXT), Global Nuclear Fuels (GNF), and others). Automation for the 
manufacturing of fuel element assemblies using U02 pellets was demonstrated by GNF. The 
techniques and robotic equipment to automate fuel assembly are demonstrated for PWR materials 
technology and could provide a cost estimate basis for producing final rod designs for Prometheus. If 
this technology is pursued, it would have to be adapted to handle highly enriched uranium and non- 
conventional materials such as refractory metals and ceramic cladding for Prometheus. The degree 
of automation used by GNF far exceeds that needed for Prometheus (a process line such as that 
used for commercial fuel can press enough pellets for a Prometheus core in a few minutes). 
However, the integrated welding and quality control methods at GNF are of interest. Consideration 
was also given to manufacturing of UN pellet fuel assemblies at LANL in the event that UN was 
selected. The environmental controls associated with handling UN increase the complexity of UN fuel 
element manufacturing when compared to U02-based elements. 

Performance data for candidate materials were being gathered to support the selection of fuel and 
fuel system materials. A combination of approaches was envisioned to obtain additional relevant 
information including examination of existing irradiated material, use of computational techniques, 
bench-top testing, and new irradiation testing. 
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Obtaining fuel performance data in a timely fashion was a significant challenge due to long lead times 
associated with new irradiation test programs (test design, specimen fabrication, duration in reactor, 
and subsequent examinations) and the abbreviated schedule allotted for reactor development. To 
abbreviate this cycle, and potentially save costs, a search was conducted for existing materials that 
had been irradiated under conditions similar to Prometheus and could be examined. Several sources 
of fuel were investigated, including low fission rate blanket fuel from US reactors, Japan Nuclear 
Cycle Development Institute (JNCDI) and Japan Atomic Energy Research Institute (JAERI) fuel, 
Nippon Nuclear Fuel Development Company (NFD) fuel, Advanced Gas Reactor (AGR) fuel from the 
UK, and specimens from the SP-100 space reactor program. 

While US blanket fuel from fast reactors and PWRs has fission rates of interest, the fuel came with 
many drawbacks (e.g., age and condition, the majority of it was mixed oxide fuel, inherent cost of 
regulated handling and disposal) which were judged to exceed the value of the potential data. 
JNCIJAERI fuel, irradiated at low fission rates (though higher burnup than Prometheus), and 
additional fuel owned by NFD were more promising options available for NRPCT. Examination of this 
fuel could provide important data, including microstructural characterization to locate the fission 
products, annealing studies to determine fission product release, and annealing and temperature 
transient studies to characterize swelling and cracking. The possibility of obtaining data from U02 
AGR fuel, which has a similar burnup but a slightly higher fission rate, was considered but never 
pursued due to termination of NRPCT participation in the Prometheus project. 

Removing the irradiated UN SP-100 fuel specimens from long-term storage for examination was 
considered, but not pursued due to many uncertainties about pin conditions and possible costs 
associated with future disposal of cask contents under newer, more restrictive regulations. However, 
the NRPCT also learned about JNCIJAERI UN specimens that could be obtained for examination. 
Although the density of these UN specimens was lower than desired for Prometheus, they could be 
useful for obtaining valuable irradiated thermal conductivity measurements. As with the AGR fuel, the 
JNCIJAERI UN was not pursued due to termination of NRPCT participation in the Prometheus project. 

Computational materials techniques were also employed to predict fuel performance data for both UN 
and U02 fuels. These techniques were used to predict irradiated thermal conductivity of UN and were 
planned to help discern fundamental reasons for a difference in the gas release behaviors between 
UN and U02. Thermodynamic calculations were used to increase understanding about the stability of 
solid fission products in UN; however, due to insufficient ternary compound data, the analysis was 
incomplete. Additional calculations were planned to approximate the data needed for more complete 
thermodynamic analyses. Bench-top compatibility tests with fuel element materials, and fission 
products andlor simulated fuel specimens were planned. 

To guide compatibility studies, fission product yields for a fast reactor prototypical of Prometheus were 
calculated using the RACER Monte Carlo neutron transport computer code and reported in Reference 
(29). While the fission product inventory is the same for UN and U02 fuels, the chemical state of the 
products varies greatly. Therefore the chemical reactivity of these fission products is dependent on 
the primary fuel. Reviews of experimental data along with thermochemical analyses to identify fission 
products most likely to impact the system were performed. 

A preliminary set of relationships for the irradiated behavior of fuels was established for use by 
designers [Reference (28)l. Upper and lower bound relationships were extrapolated from the 
available higher burnup, faster fission rate data, however many properties need to be updated with 
data obtained for Prometheus operating conditions. To assist in predicting Prometheus fuel element 
behavior existing codes, such as FRAPCON-3 and URANUS, were evaluated. They did not readily 
apply to Prometheus designs because of their empirical dependence on PWR data. However, the UK 
code ENIGMA for AGR fuel, though not fully evaluated, may have provided a more realistic model for 
fission gas release because the operating conditions are closest to designs for a Prometheus reactor. 
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3.1.3 Key Findings and Perspectives 

Based on the investigations discussed above, U02 was selected as the fuel material for the 
Prometheus reactor. Given the aggressive delivery schedule and lack of development time, it was 
judged not possible to sufficiently retire the risks associated with the delivery of a UN based reactor to 
meet the long, high-temperature operation. UN offered too many material interactions with potential 
fuel element materials and did not confine a majority of the expected fission products in the fuel 
matrix. In addition, questions about its stability during operation and increased uncertainty in existing 
irradiation data were important aspects that would have needed to be addressed with irradiation 
testing. There is a potential risk that these issues cannot practically be resolved for long-term 
operation of UN at Prometheus temperatures. U02, on the other hand, presents a significantly more 
well-known fuel system. It has well-documented performance with several clad materials, ties up 
many of the fission products in oxide and intermetallic compounds, and is not expected to dissociate 
under Prometheus reactor conditions because of the strength of the U-0 bond. The options available 
to engineer UN fuel elements to last the duration of the mission (e.g., utilize thick or multiple clads) 
posed large increases in reactor mass, with continued uncertainty in the compatibility performance. 
U02 therefore became the most appropriate fuel solution. 

There are significantly less data available for UN than for U02 and very few data fall within the 
operational space of the Prometheus reactor. Furthermore, the existing data have high associated 
experimental error because the fuel test temperatures are calculated based on coolant temperature. 
Obtaining more accurate test data would be a high priority if UN were pursued. For these reasons, 
selected UN studies (e.g., compatibility) were to continue in the event that a U02  system did not meet 
mass requirements or possibly to support later missions. 

Although U02 was recommended as the fuel material, it should be noted that the resurrection of the 
LANL SP-100 UN fabrication process is important for the consideration of UN for future space reactor 
projects. After being dormant for over 10 years, the SP-100 UN fabrication process was used 
successfully by LANL to produce SP-100 grade UN with the exception of the grain size, due to 
furnace limitations at the time. As a result, UN pellet fabrication concerns were not considered to be a 
deciding factor between UN and U02 for fuel selection. Production of U02 was still expected to be 
less costly and developmental than UN fuel production. 

As discussed previously, several techniques were employed to obtain performance data for candidate 
Prometheus reactor materials. Existing irradiated fuel was evaluated and determined to be a potential 
source of fuel irradiation performance data, and irradiation test plans were developed to fill in the gaps 
in the existing performance data. Preliminary correlations for fuel materials properties were compiled 
for design use. Computational materials approaches were taken to predict fuel performance behavior 
and compatibility. Despite these efforts, however, many issues still remain about fuel performance 
under Prometheus conditions, including: 

Insufficient irradiation data at low fission rates, high temperatures, and low burnups to develop 
design relationships 
Reducing the uncertainty in the existing UN database 
Experimental verification of U02 restructuring behavior 
Determination of the best relationship for fission gas release from U02 
Alleviating uncertainty in U02 swelling calculations 
Long term chemical compatibility of fuel, fission products, and fuel system materials 

If NRPCT involvement in Project Prometheus had continued, additional efforts would have focused on 
gathering information to alleviate these concerns. 
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3.2 Core and Plant Structural Materials 

Reliable operation of components for the reactor and energy conversion plant requires well 
understood properties of structural materials. There are three categories of materials for structural 
applications in the Reactor Module: fuel cladding, core structure (e.g., core block, structural joints), 
and pressure boundary (e.g., reactor vessel, piping, plant components). The material classes 
pursued for structural applications included refractory metal alloys, nickel (Ni)-base superalloys, 
titanium (Ti)-base alloys and silicon carbide (Sic). Refractory metal alloys and Sic were considered 
primarily for fuel cladding due to their high-temperature strength and creep resistance. In addition, 
refractory metal alloys were considered for both core structure and the pressure vessel. Ni-base 
superalloys were considered for the pressure vessel and a majority of the plant components due to 
adequate temperature capability, an overall good balance of properties and an established industrial 
manufacturing base for fabricating complex components such as heat exchangers and turbines. Ti- 
base alloys were considered for lower temperature plant components to reduce mass. 

As discussed in Reference (21), structural material behavior that is important for reliable performance 
includes: 

Thermal creep in multiple product forms, such as thin-walled tubing, thin sheet, thick plate and 
rod or bar 
Fatiguelcreep-fatigue resistance 
Creep crack growth resistance 
Resistance to irradiation effects such as creep, swelling and embrittlement 
Resistance to environmental degradation from: - Fuel, fission products, and transmuted elements 
- Impurities inherent to the helium/xenon gas - Transport of impurities from other spaceship components 
- Space vacuum 
Resistance to microstructural phase instability upon thermal exposure 
Good fabricability for: - Thermomechanical processing of complex shapes 
- Welding and post-weld thermal annealing 
- Dissimilar metal joining 

3.2.1 Issues and Challenges 

As discussed in Section 1.4, the Prometheus mission requirements result in key materials challenges 
for the Reactor Module. The electrical power requirement of -200 kWe, coupled with a goal to 
minimize mass, results in a reactor exit temperature of -1 150 K that limited the reactor materials to 
refractory metal alloys and silicon carbide. Initial materials selection considerations assumed that the 
upper temperature limit of these materials would be determined by creep, chemical interactions with 
the coolant, and minimum ductility or toughness requirements. No single material was expected to 
satisfy all requirements, requiring combinations of materials and skillful engineering to achieve the 
final design of the fuel assembly and core structural components. 

A wide variety of candidate materials were considered based on the pre-decisional operating 
parameters established for the reactor, shielding and energy conversion systems. Prior work on the 
SP-100 program focused on Nb-1Zr fuel cladding, but a review of the data revealed unsatisfactory 
creep properties for the JIM0 mission requirements and uncertainties in the data. Compatibility 
between the fuel and fuel cladding was a significant issue as most Ta- and Nb-base alloys degrade in 
the presence of small amounts (ppm) of oxygen and nitrogen and chemical liners between the fuel 
and cladding would have been needed. Molybdenum and Sic may be more chemically compatible 
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with the fuel, potentially avoiding the complications associated with the SP-100 fuel liner. Refractory 
metal alloys and silicon carbide exhibited more than adequate thermal creep resistance at high 
temperatures, while nickel-base superalloys were satisfactory for the pressure vessel at temperatures 
up to 900 K. Core structural materials would have to possess sufficient toughness to survive launch 
loads and thermal transients during operation. More conventional structural materials were advocated 
for the plant due to an established industrial experience with fabricating complex components such as 
heat exchangers and the turbines from nickel-base superalloys and stainless steels. Ti-base alloys 
were also considered as a means to reduce mass. All of the materials considered were susceptible to 
degradation by radiation damage, thermal aging and chemical interactions with the fuel, working gas 
impurities and space environments. Joining of similar materials is well established, but challenges 
with dissimilar material joints would have required extensive research, especially for use at elevated 
temperatures. Significant materials testing and development programs were planned to measure and 
quantify the material limitations for designing the space reactor system. The following is a list of key 
issues from References (21), (25), and (31). 

Nickel-Based Superalloys 
Require an environment with sufficient oxidation potential to create and maintain a protective 
surface oxide 
Relatively low (-900 K) upper limit service temperature based on thermal creep concerns 
Grain boundary embrittlement due to radiation-induced solute segregation and/or production of 
helium at elevated temperatures 
Microstructural phase instability leading to degradation in mechanical properties is more likely 
as the number of alloy constituents increases. Ni-base superalloys tend to have more 
constituents than refractory metal alloys. 
Embrittlement of dissimilar metal joints upon joining and during service 

Refractory Metal Alloys 
General concerns - Susceptible to radiation-induced hardening and embrittlement at Tc0.3 of the melting point 

(800 to 1100 K, depending on the alloy). 
- Possibly susceptible to radiation-induced solute segregation and production of detrimental 

elements through neutron transmutation reactions that lead to phase instability and 
embrittlement. Transmutation of Re to 0 s  was a possible concern. 

- Microstructural phase instability leading to degradation in mechanical properties. 
- Embrittlement of dissimilar metal joints upon joining and during service 
Alloy specific concerns 
- Ta and Nb-based alloys (e.g., ASTAR81 1 C, Ta-1OW and FS-85) 

High susceptibility to interstitial embrittlement by carbon, oxygen and nitrogen. 
Impurities may be derived from start-up and other system materials such as Ni- 
base superalloys. Coatings and/or environmental controls may be required. 
Ta becomes highly activated when irradiated and could hinder ground unit 
testing 

- Mo-base alloys (e.g., MoRe) 
Forms a volatile oxide that is not protective at high oxygen potentials. 
Re increases Mo ductility, but there are thermal phase stability issues with 
47.5% Re. Lower Re-content alloys (e.g., Mo-41 Re) are marginal for 
fabricability. 

Silicon Carbide Materials 
General concerns - Require an environment with sufficient oxidation potential to create and maintain a 

protective surface oxide 
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- No significant NRPCT experience with analysis tools and ability to set performance limits 
- Require a probabilistic design approach 
- Lower thermal conductivity than metals 
- Joining of Sic to dissimilar materials is not well established 

Material form specific concerns 
- Monolithic form - Low fracture toughness and component strength will be inversely 

proportional to the size of the largest flaw - Composite form - Improved fracture toughness, but work would be needed to understand 
whether service loadings could result in matrix cracking 
(While the component would still have structural strength after such cracking, there is a 
concern that Sic particles from matrix cracking could enter the coolant and/or result in a 
loss of hermeticity). 

3.2.2 Summary of Work 

Extensive experimental test programs were in progress when NRPCT's involvement with the 
Prometheus project was terminated. These included irradiation test programs at the High Flux 
Isotope Reactor (HFIR) [Reference (22)], located at ORNL, and at a Japanese fast test reactor, JOY0 
[Reference (32)l. The ORNL study compared thermally aged refractory metal alloys to materials 
irradiated at high temperatures in HFIR. Thermally aged samples of ASTAR-81 1 C, T-I I I ,  FS-85, 
Mo-41 Re and Mo-47.5Re were exposed for 11 00 hours, equivalent to the comparable radiation 
samples at temperatures 25 K above the expected irradiation temperature to account for 
uncertainties. These exposures represented 1 % of the mission thermal life and 10 to 20% of the end 
of life fluence. The HFIR experiments revealed irradiation embrittlement concerns for Mo-Re alloys 
(see Figure 3-2) and inconclusive results for FS-85 after 1 % of the thermal exposure and 10% of the 
irradiation exposure expected for the JlMO mission. No microstructural characterization of any 
irradiated material or mechanical testing of Ta-based alloys 1-1 11 and ASTAR-81 1 C were obtained 
as the program was terminated prematurely. The transmutation of Re to 0 s  occurs more readily in 
the thermal neutron spectrum of HFIR. The HFIR testing simulated an accelerated Re to 0 s  
transmutation effect thereby showing the potential materials behavior under long time exposure in a 
fast reactor. Thermal aging studies at ORNL that complemented the HFIR studies (1% of the JlMO 
thermal exposure) revealed a loss of ductility for Nb-based FS-85 and Nb-1Zr alloys as well as Ta- 
based T-I  I I [Reference (55)l. Initial microstructural characterization provided a preliminary 
explanation for the thermally-aged FS-85 behavior; embrittlement of FS-85 resulted from the 
precipitation of Zr02 and other Zr-rich compounds at the grain boundaries. Additionally, T-I 11 and 
Nb-1Zr exhibited an increase in precipitation along grain boundaries with an increase in thermal aging 
temperature. Chemical analyses of the aged materials were consistent with the proposition that the 
loss in ductility in these alloys was due to precipitation. These results could preclude the use of 
tantalum- and niobium-base alloys in lithium-cooled reactors. Removal of the reactive elements Hf 
and Zr could allow their use in gas-cooled reactors, but further work is needed both to confirm the 
effect and to validate the remedy. Finally, the most complete data were obtained for the Mo-Re alloys 
where the tensile ductility was reduced after irradiation, Figure 3-2. In most cases, low energy, 
intergranular and transgranular fracture morphology was dominant. 

Irradiation testing of Ni-base superalloys was planned but not conducted. However, due to the known 
susceptibility of Ni-base superalloys to radiation-induced embrittlement the NRPCT was considering 
investigation of nuclear grade Ni-base and Co-base alloys as a method to mitigate radiation-induced 
embrittlement by reducing helium generation and solute segregation. 
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Figure 3-2: Effect of Thermal Aging and Neutron Exposure on Mo-Re Alloy Elongation 
Summary of total elongation for (a) Mo-41 Re and (b) Mo-47.5Re after out of pile thermal aging and 

neutron exposure at HFlR as a function of irradiation and test temperature. Both materials exhibited 
radia tion-induced embrittlemen 
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Environmental degradation programs were addressing concerns on the mass transport of impurities 
such as carbon and oxygen from nickel-base superalloys to refractory metal alloys that would promote 
mechanical property degradation of both materials [Reference (37)l. ORNL conducted 
thermodynamic calculations for Alloy 230, Alloy 792, Nb, Nb-IZr, Ta, Ta-I Hf and Mo. These 
calculations indicated a sufficient driving force for the mass transport of carbon from Ni-base 
superalloys to refractory metal alloys that would most likely result in embrittlement of the refractory 
metal alloys and the decarburization and loss of mechanical properties of the Ni-based superalloys. 
These results indicated the need for more sophisticated modeling that would include reaction kinetics 
and system geometry. Experimental verification of potential mass transport effects was underway 
with three different experimental techniques. Capsule tests would have been conducted in static gas 
environments to screen for major effects. Once-through flowing gas loop tests would have evaluated 
the kinetics of elemental uptake and release under more representative conditions. Recirculating gas 
loop tests were being initiated at ORNL and Bettis to generate well-controlled conditions, 
representative of the actual system, under which extensive evaluation of dissimilar materials behavior 
could be performed. 

Mechanical testing had focused initially on obtaining additional creep behavior on refractory metal 
alloys and re-establishing high vacuum test facilities [Reference (1 89)]. Little useful data were 
obtained as most of the effort was expended on establishing test capability from systems that had not 
been used in many years. Although only subtle differences in microstructure were noted, the initial 
results indicated that the creep resistance of tube material was inferior to that of heavily rolled sheet. 
Therefore, the results did underscore the need to obtain properties from material with the appropriate 
processing history. 

Joining studies focused primarily on dissimilar metal joining processes of solid state joining and 
brazing with the intent of minimizing the formation of embrittling intermetallics at the interface. A solid- 
state joining feasibility study was conducted at the Edison Welding Institute that showed promising 
results using inertia welding to join refractory metal alloys to Ni-base superalloys. NASA Glenn 
Research Center began a feasibility study to better understand the kinetics of intermetallic formation 
between refractory metal alloys and Ni-base superalloys, but little progress was made due to program 
termination. Both NASA-GRC and NRPCT pursued the use of an interlayer to hinder interdiffusion 
between dissimilar metal alloys to prevent the formation of embrittling intermetallics [Reference (50)l. 
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3.2.3 Key Findings and Perspectives 

The selection of the Direct Gas Brayton system represented a significant challenge to the 
development of materials due to the unique operational requirements of a high-temperature gas 
reactor. In general, structural material choices based on existing data would have required additional 
design tradeoffs to minimize lifetime risks. Materials testing and development programs were 
underway and planned to determine material limitations as statistically significant data were lacking, 
especially under prototypical conditions. The aggressive schedule limited initial materials selection to 
those that would require minimal development and design decisions likely would have been made 
with incomplete data, increasing the risk to the budget and schedule. 

3.3 Shield Materials 

Materials selections are based on providing both materials with low atomic mass to attenuate 
neutrons and materials with a high electron density (e.g., tungsten) to attenuate gamma radiation. 
The shield is a combination of these materials carefully arranged to reduce both the neutron and 
gamma doses with minimal overall mass. Some of the candidate materials are damaged or changed 
by the radiation (e.g., structural swelling and chemical degradation) and testing is necessary to 
characterize these effects well enough that they can be accommodated in the shield design. At the 
time of project restructuring, the five primary shielding materials were being considered: beryllium 
(Be), boron carbide (B4C), tungsten (W), lithium hydride (LiH), and water (H20) with neutron absorbing 
material dissolved in it. Materials engineering efforts were planned to complete the materials studies 
for these promising shield materials. 

3.3.1 Issues and Challenges 

At the time of program restructuring, a final low mass neutron shielding material had not been chosen. 
Lithium hydride and H20 were being considered, but both required irradiated materials testing. The 
cost and delays associated with this testing, as well as the possibility that neither material would be 
found acceptable, were a concern. Generally, one of these materials was considered necessary to 
ensure a low mass shield could be incorporated on a Prometheus reactor plant. However, even if 
both materials were ultimately eliminated, the remaining primary materials were judged to be sufficient 
to design a shield with a modest mass penalty-depending on the design. The challenge with LiH 
was understanding and mitigating the irradiation-induced material swelling. For H20, the challenge 
was corrosion of a containment vessel over the long life of the shield. One complication with water 
was that neutron absorbers likely would be needed in the water, e.g., lithium as LiOH, or boron as 
boric acid. These chemicals were expected to make the task of understanding the corrosion of a 
water/containment vessel much more challenging than for a pure H20 system. 

No significant issues or developmental challenges were noted for Be, B4C or W, except that Be is 
considered toxic, and controls would need to be in place to ensure safe handling. 

3.3.2 Summary of Work 

The NRPCT completed detailed literature reviews of LiH, and Be. In the case of LiH, the results of fifty 
irradiated materials tests that were conducted over the past -50 years were reviewed and evaluated. 
The focus of much of this testing was irradiation-induced swelling. The NRPCT also performed 
quantum mechanical modeling of irradiated LiH, as well as statistical studies of the prior experiments 
and other research. The NRPCT developed a hypothesis as to why LiH swelled (up to 25%) in some 
cases, but not significantly in other cases (e.g., ~2%) .  The NRPCT hypothesized that LiOH 
contamination of the LiH may have accelerated the irradiation-induced swelling. Therefore, eliminating 
the LiOH contamination and repeating some of the prior tests along with detailed characterization was 
planned, but not executed. This information is included in Reference (34). 
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In the case of Be, the literature review indicated that little if any irradiated materials testing would be 
needed for this material. Detailed studies of B4C, W, and H20 were not performed. Studies of shield 
structural or other (e.g., insulating) materials were not performed. 

3.3.3 Key Findings and Perspectives 

The primary materials were judged to be sufficient to design a Prometheus shield-excluding 
structural materials, etc. Although detailed design studies are required to accurately estimate the 
mass of shields, the LiH and H20 based shields were both expected to be similar in mass, and lower 
mass than virtually any other alternative. The foremost pre-conceptual shield concepts included: (1) a 
BeIB4CNV/LiH shield; (2) a BeIB4CNV shield; (3) and a Be/B4C/H20 shield. Since the shield design 
and materials studies were still preliminary, alternative materials (e.g., natB or 'OB metal) were still 
being screened, but at a low level of effort. Each of the above three shield concepts was judged to be 
mass competitive for a Prometheus application, and detailed design studies were needed to 
understand the final masses of each. 

Key findings on each of the candidate materials are provided below. Further information can be found 
in Reference (35). 

Primary Gamma Shieldinq Materials: 
Tungsten was recommended as a primary gamma shielding material. Tungsten has well known 
shielding properties, is readily available, manufacturable, and relatively inexpensive. Tungsten is 
commonly used in irradiation testing as a gamma heating material, with no significant material 
degradation noted. It is not expected to require any materials development. A complete literature 
search on this material should be performed to ensure there are no gaps in the material properties 
that warrant testing. 

Primary Neutron Shielding Materials: 
Beryllium provides some gamma attenuation as well as neutron moderation (slowing down of fast 
neutrons, which is critical to shielding effectiveness) but not absorption. A beryllium slab at the front 
of the shield may also be beneficial as: (1) a mounting plate for the aeroshell; (2) a potential housing 
for neutron detectors; andlor (3) a heat removal device. Beryllium is a commonly used reflector 
material, with extensive irradiated materials data in the literature. From a manufacturing standpoint, 
large, high quality Be slabs up to -1 14 cm diameter are commercially available. 

Boron carbide is a high-temperature material that provides some gamma attenuation as well as 
neutron moderation and excellent thermal neutron absorption. Boron carbide is a commonly used as 
a neutron absorber, especially in light water reactor control rods. As such, it has been irradiation 
tested extensively. High quality plate is commercially available and relatively inexpensive, but 
fabrication issues were not fully investigated, and depending on the fabrication method chosen, some 
confirmatory irradiated materials testing may be required. 

Lithium hydride provides excellent neutron moderation and absorption, and is very low density (-0.8 
g/cm3). ORNL shield material screening studies identified that all minimum mass shields included 
LiH. However, irradiation-induced swelling was identified as a key issue for LiH. The NRPCT 
completed a literature review and analysis (including quantum mechanical modeling) of LiH, focused 
on swelling [Reference (34)l. It was observed that either casting or out-gassing the LiH reduced 
swelling in prior tests; however, this was not conclusive. The NRPCT hypothesized that LiOH 
contamination is contributing to the swelling; however, further unirradiated and irradiated materials 
testing and engineering evaluation are required to clarify LiH swelling mechanisms. 
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Pure H20 is an excellent neutron moderator, but without the addition of a neutron poison (e.g., 
dissolved boric acid and/or lithium hydroxide) neutrons would be absorbed by H atoms releasing a 
gamma ray and reducing shield effectiveness. Therefore, the NRPCT and ORNL evaluated H20 
systems with dissolved neutron absorbers, which are routinely used in operating reactors to control 
reactivity and in safety systems to ensure reactor shutdown. The differences between these systems 
and the space reactor shield environment must be evaluated in detail to determine the viability of H20 
for use in the space shield design. For instance, no chemistry monitoring or corrections are 
envisioned for the spaceship. A key issue is corrosion of the containment system over the mission 
duration (12 years for the JIM0 mission, up to 20 years for other Prometheus missions). Effort should 
focus on defining an overall system that provides the desired neutron attenuation characteristics, and 
has the lowest likelihood of having significant corrosion concerns. Radiolytic decomposition of the 
water is also a concern. As with LiH, irradiated materials/system testing would likely be required. 

3.4 Reflector Materials 

A large fraction of neutrons (greater than 30 percent) would leak from the small, fast spectrum nuclear 
reactors being considered. A neutron reflector was used to optimize the design. A combination of 
stationary and movable reflectors around the reactor core was being considered for reactivity control. 
An ideal reflector material would reflect leaking neutrons back into the core without absorbing them, 
would not be significantly damaged by core radiation, and would be very low mass. Figure 1-1 and 
Figure 1-2 in Section 1.5 show the reflector in the Reactor Module arrangement. 

The two materials studied in depth by the NRPCT, which appear to have the most promise in a 
Prometheus type reflector application, are Be and BeO; however, toxicity concerns would necessitate 
safety controls (primarily during the manufacturing process). Three alternative materials, magnesia 
(MgO), alumina (AI2O3), and magnesium aluminate spinel (MgAI2O4) were recently identified in 
reflector studies as having similar reactivity control swing performance as Be and Be0 in a 
Prometheus-type application. However, each of these alternate materials are denser than Be and 
BeO, and therefore are expected to increase reflector mass. They also cause a difference in the 
power distribution within the core and changes to the reactor kinetics parameters. Further, 
isotopically enriched "B,C provides similar reflector performance with a comparable mass to a Be or 
Be0 reflector. The issue with ' 'B~C is that the material must be highly enriched in ''B and may 
require irradiated materials testing, which could be prohibitively expensive. Due to program 
restructuring, detailed literature reviews were not performed by the NRPCT for MgO, AI2O3, MgAI2O4, 
or "B&. 

3.4.1 Issues and Challenges 

The reflector essentially surrounds the reactor, and was expected to be approximately 10 to 12 cm 
thick. As such, it represents a large volume, and therefore, choosing the lowest density material is 
important to keeping the overall spaceship mass low. Beryllium was the lowest density material being 
considered (-1.85 g/cm3), Be0 was the next lowest (-2.9 g/cm3), and the other alternatives were 
somewhat denser than BeO, except that "B,C was -2.5 g/cm3. 

Ideally, the reflector material would be strong enough to support itself; however, only Be was 
potentially suitable as its own structure, and that was uncertain. Therefore, structural and canning 
materials must be identified in conjunction with the reflector materials. 

The material properties for Be are largely known, whereas gaps in the properties of Be0 relative to a 
Prometheus application were identified. If Be0 were selected, testing would need to be performed, 
which was likely to require significant effort and several years to complete. Of particular interest was 
the irradiation-induced swelling of BeO, which affects mechanical stability and would need to be 
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accommodated to some extent in a Be0 reflector design. This was a significant issue, since the 
literature indicated that many Be0 specimens had disintegrated or fractured, likely due to swelling. 

Toxicity concerns for Be and Be0 were also evaluated. Generally, machining of Be-bearing materials 
requires significant controls; however, if the parts are fabricated, cleaned, and handled carefully, 
adequate controls could be established with reasonable effort. 

Due to Prometheus program restructuring, the NRPCT did not study the alternative reflector materials 
in detail, and therefore significant testing may be required. However, it was expected that the toxicity 
issues would be lower with these materials. 

3.4.2 Summary of Work 

A detailed pre-conceptual design information document was issued that provided a material property 
compilation for Be and Be0 [Reference (30)l. Beryllium oxide specimens were planned to be 
irradiated in the JOYO Japanese test reactor to partially fill the material property gaps, but more 
testing in the High Flux Isotope Reactor (HFIR) test reactor at Oak Ridge National Laboratory (ORNL) 
was expected to be needed. A key issue for Be0 was reducing the current commercially available 
grain size from -10 to -5 micrometers to both improve irradiated material properties (e.g., irradiation- 
induced swelling) and allow the use of historic irradiated materials test results in the literature 
(lowering the extent of required testing and therefore cost of using this material). A subcontract with 
Brush Ceramic Products (BCP) produced -7 micrometer grain size Be0 [Reference (33)l. The BCP 
subcontract also produced material properties for the current state of the art -1 0 micrometer Be0 
material, BW-1000. 

3.4.3 Key Findings and Perspectives 

A summary of the findings from the Be and Be0 reflector materials studies is presented below. 

Beryllium 
Unirradiated and irradiated material properties are largely known and discussed in Reference (30). 
Beryllium is the lowest density candidate material (-1.85 g/cm3) and has a melting point of -1 558K. It 
can be considered for structural application, but is known to irradiation embrittle at relatively low fast 
fluences (-7.5~10~' n/cm2 E>1 MeV). Beryllium reflectors tend to be somewhat thicker than BeO; 
however, the significantly lower density can make them a lower mass alternative to BeO. Detailed 
studies must be performed to determine the best material. 

Bervllium Oxide 
In addition to the external radial reflector, Be0 was also evaluated as a fuel element axial reflector 
(within the fuel element) because of its very high melting point, -2840 K. Following a detailed 
literature review and analysis, material property data gaps for these applications were identified 
[Reference (30)l. Most of the data available was from the 1950s and 1960s and correspond to 
different grades of Be0 (i.e., impurity content, processing, grain size). The grain size of Be0 strongly 
affects the irradiation properties (primarily swelling). A contract was placed with Brush Ceramic 
Products to procure Be0 specimens for material property testing, including efforts to reduce their 
standard material (BW-1000) nominal grain size from 10 to 5 micrometers-7 micrometers was 
achieved after three attempts. Results of this contract are discussed in Reference (33). Specimens 
were planned to be tested at various fluences [ I3  - 51x10~' n/cm2 (E>O.I MeV)] and temperatures 
(850K and 1050K) in the JOYO test reactor. Irradiation testing of Be0 was also planned in the HFIR 
at ORNL. The focus of these irradiation tests was to determine irradiation swelling, irradiated thermal 
conductivity and irradiated compressive strength. 
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A plan was developed with Brush Ceramic Products to safely handle Be0 test specimens planned for 
irradiation testing. This plan, described in Reference (33), included loose surface contamination 
limits, cleaning procedures, Be detection methods and packaginglshipping requirements for Be0 test 
specimens. A key outcome from this planning was that Be0 specimens could be handled safely 
provided no actions are taken that would produce loose Be0 particulate (e.g., no grinding, machining, 
etc.). 

3.5 lrradiation Testing of Fuel, Fuel Elements, and Structural Materials 

3.5.1 Issues and Challenges 

To support the development of a fuel system and core and plant materials as well as to generate the 
necessary design and performance data for Prometheus, a comprehensive irradiation test plan was 
developed. Based on testing needs, aggressive timing, and available test facilities, the NRPCT 
formulated a plan that included existing facilities and developmental facilities in the United States as 
well as existing foreign facilities. Most of these tests were at aggressive temperatures and required 
extensive test specimen and test capsule development. 

3.5.2 Summary of Work 

Fuel Performance Testinq 

The ATR MlCE Facility was to be used for conducting key fundamental performance testing of UN 
and UO2fuel pellet testing. lrradiation temperatures from 1400 to 1600K were planned with burn-ups 
up to 4 (U02) to 10 (UN) XI 0 2 0 f i ~ ~ i o n ~ / ~ ~  pellet. Test hardware designs were being created for 
testing UN and U02specimens in the MlCE test facility. Achieving prototypical conditions and 
minimizing temperature uncertainties were key facility goals for these tests. The details of this testing 
can be found in Reference (23). Specific details on test specimen fabrication are provided in 
Reference (24). Additional testing in the MlCE facility was expected to support either fundamental 
fuel element testing andlor additional fuel performance testing. 

Fuel Element Testing 

Facility assessments were being conducted to determine the best way of irradiation testing of 
prototypical fuel pins. Initial scoping efforts focused on assessing the feasibility of testing in a new or 
modified facility in the ATR, the proposed Materials Testing Station being developed for the LANSCE 
Facility at LANL, and the JOY0 reactor. A high priority goal for the program was to establish a means 
of obtaining fuel element performance irradiation data in time to support key recommendations and 
decision dates. A standard facility that conducts this type of testing does not currently exist. Based 
on programmatic experience, the best testing option to initiate testing in the soonest practical amount 
of time involves use of uninstrumented drop-in-type capsules. Various facilities that were under 
consideration included the ATR, HFIR, and some research universities. Locations in the ATR under 
consideration included the I-Hole or B-Hole positions in the ATR reflector region, MlCE Secondary, 
and finally Loop ICE. In HFIR, the RB (removable beryllium) position was under consideration. 

In assessment of the ATR for instrumented facility options, a conceptual nuclear model of a facility 
with a modified thermal spectrum was developed which incorporated a "dry well" test configuration in 
an inactive (South) flux trap. This concept has been referred to as MICEIITV hybrid and is essentially 
very similar to the gas test loop being developed by the Advanced Fuel Cycle Initiative (AFCI, DOE- 
NE), except this concept does not include booster fuel. This facility would include gross fission gas 
and temperature monitoring. Initial studies showed such a facility could be created to provide a 
modified thermal neutron spectrum which minimizes transmutation concerns for the candidate 
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fuel system materials, with the exception of rhenium. However, preliminary thermal assessments 
indicate that such a facility may require a high volume flowing gas (helium) system to cool the test 
hardware and specimens. It is estimated that this type of facility could be available for fuel element 
testing in early 2009. 

Another option for testing fuel elements in an instrumented facility involves creating a test vehicle that 
would be installed in the ATR I-Hole locations. This would be a type of drop-in test train, surrounded 
by booster fuel, which would also utilize gross fission gas and temperature monitoring. This test 
vehicle, however, would be inserted directly in the ATR process water instead of using a 
"dry well." The ATR process water would be in direct contact with the test hardware and should 
provide sufficient cooling for the test hardware. Rough estimates indicate this test vehicle could be 
available for testing by mid-2007. Transmutation concerns with the fuel systems test materials need 
to be evaluated. The ATR contractor (BEA) completed a limited conceptual feasibility study of the I- 
Hole facility. 

In addition, the LANSCE MTS was being considered for fuel element testing and was currently 
deemed to be a contingency action. Concerns with the less than prototypical test environment of a 
spallation facility, along with the project funding and schedule uncertainty made this a back-up 
platform. 

Finally, efforts were underway to ascertain whether fuel element testing can be conducted in the 
JOYO reactor. While the prototypic test environment (fast spectrum) makes this a desirable test 
platform, potential complications of obtaining approvals for testing fuel abroad and JOYO reactor 
licensing requirements lead to scheduler uncertainties that make this option less attractive than the 
ATR option for near term testing. Efforts were being pursued to ascertain whether conventional 
schedules for this type of testing could be accelerated. 

Core and Fuel Element Structural Materials 

For testing representative structural and fuel materials, two primary testing initiatives were pursued, 
one at the High Flux Isotope Reactor (HFIR) located at ORNL and the second at the JOYO 
Experimental Reactor (operated by the Japan Atomic Energy Agency, JAEA) in Japan. 

The first structural materials irradiation test was the Pathfinder series in HFlR [Reference (22)]. HFlR 
offers a modified thermal spectrum that can be useful for testing select structural materials. The 
Pathfinder testing generated rapid, low-fluence information on refractory metal alloys (FS-85, ASTAR 
81 1 C, Mo-47.5Re, Mo-41 Re, T-I  I I ) .  The post irradiation examinations (PIE) of these specimens was 
completed in December 2005 and summarized above. 

The second structural materials test program involved the JOYO Experimental Reactor. This facility 
was planned for testing core, fuel system, and shielding structural materials under more prototypic 
fast neutron spectrum conditions [Reference (32)l. This was a unique effort which involved the 
NRPCT designing, assembling, and delivering test capsules to JAEA for insertion in the JOYO 
reactor. Specimen fabrication for the JOYO-1 test campaign had begun [References (52), (53), and 
(54)], and the disposition of those samples is listed in Reference (52). An assessment was underway 
to determine the PIE plan which included selecting where the PIE should be conducted (totally in 
Japan, totally in the United States, or a combination). Two additional structural materials testing 
campaigns in the JOYO reactor were also planned to support qualification and confirmatory test 
objectives. Issues related to waste and shipping, primarily associated with JOYO, as well as 
international testing experiences can be found in References (27) and (38). 
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3.5.3 Key Findings 

The NRPCT developed a test strategy to understand fuel behavior and performance using an existing 
ATR test platform in the near term and a developmental facility for longer term testing. Alternative 
facilities were evaluated but were not pursued due to not meeting the required timing, technical issues 
with the data to be generated, or to operational concerns. A fuel test in JOYO appears feasible, but 
the timing would not support early design decisions. 

The United States no longer has an irradiation testing infrastructure to prototypically test materials for 
a fast reactor. Further, some materials that experience significant transmutation in a thermal reactor 
cannot be evaluated effectively without a fast spectrum reactor. A review of the world's available test 
reactors identified the JOYO test reactor in Japan as the best facility to conduct the planned space 
reactor materials testing. The NRPCT successfully identified an approach to conducting material 
irradiation tests in the JOYO reactor and was moving ahead for a test insertion in May 2006. 
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4 SHIELDING SUMMARY 

The reactor shield provides neutron and gamma radiation attenuation to reduce reactor radiation 
damage to the spaceship electronics at the mission module. Other components (e.g., motors, 
alternators, cables, reactor plant sensors, radiator materials) that are not as radiation sensitive as the 
electronics but are in higher radiation fields closer to the reactor must also be protected. The shield 
also provides structural support between the reactor and energy conversion subsystems, provides 
passage for reactor coolant pipes, provides support for reactor control mechanisms and shaft 
penetration through the shield, and provides attachment points for the aeroshell and nuclear 
instrumentation. Calculated radiation limits from reactor radiation for the mission module were 25 
kRadsi (gamma) and 5x10'~ n/cm2 1-MeV equivalent silicon damage (neutrons). 

The reactor shield is a significant mass component of the Reactor Module, with a mass approximately 
equal to the reactor itself (see Section 5 for additional discussion of Reactor Module mass). Shield 
mass is minimized by shielding only within a very narrow cone angle as shown in Figure 4-1, thus 
creating a locally protected shadow region, rather than shielding around the entire reactor. A 12"/6" 
elliptical shadow cone was based on pre-conceptual spaceship radiator and high gain antenna 
configurations. A uniform 12" cylindrical cone could have been used, but would have resulted in a 
higher shield mass. Outside of the shadow cone, radiation levels would be very high. All equipment 
is kept within the shadow cone to prevent high direct reactor radiation doses and to prevent scattering 
reactor neutron radiation back into the shadow cone and increasing doses to other components. The 
reactor shield attenuates gamma and neutron radiation by about a factor of 100 and 100,000, 
respectively. The mission module is located approximately 50m from the core. The radiation doses 
are reduced by about another factor of 1000 due to distance (-I/?) fall off. Other equipment, like 
energy conversion components and spaceship thrust mass (xenon), can also provide shielding if they 
can be beneficially arranged between the reactor shield and the mission module, which would reduce 
reactor (especially gamma) shield mass. 

The shield size is a primary driver for shield mass. The shield radius is determined by projection at a 
12" (6") angle from the forward outboard most corner of the reactor or reflector as shown in Figure 
4-2. The reactor diameter, reflector diameter, and reactor length are, therefore, key factors in 
determining shield radius and mass. Placing the shield as close to the reactor as possible minimizes 
the shield radius. The reactor control device types (e.g., sliders, drums, etc.) and assumptions (e.g., 
slider travel) also factor into the shield radius. The shield cone half-angle (12"/6") affects shield radius 
and is controlled by required radiator area, antenna size, and payload distance. The shield thickness 
is primarily driven by reactor power, lifetime, core to payload distance, payload neutron dose limits, 
and shield material selection and optimization. 
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1 INTRODUCTION 

In addition to documents generated during Project Prometheus, NRPCT gathered many relevant 
documents from past programs and from open literature. These references have been combined into 
an extensive Bibliography to provide important information for a future space fission reactor program. 
The Bibliography contains three types of information: 

lnformation generated by the NRPCT during Project Prometheus 

lnformation generated by NRPCT subcontractors and partners during Project Prometheus 

lnformation generated by other sources before Project Prometheus (e.g., SP-100, SNAP 
Program, etc.) 

The Bibliography is divided into major categories that generally follow the Reactor Module Work 
Breakdown Structure. Each category is subdivided as appropriate by topic. 

All documents generated by the NRPCT that are listed in the Bibliography are accessible via the 
Internet-accessible U.S. DOE Office of Scientific and Technology lnformation (OSTI) Science 
Resource Connection (SRC) database, except those marked with a star (*), plus (+), or cross (X)  
after the document description. The reports available in the SRC database are unclassified and not 
sensitive. 

The symbols listed above denote the following types of information: * Sensitive U-SNRI + CONFIDENTIAL 
X Sensitive Official Use Only (OUO) 

Sensitive unclassified documents, specifically U-SNRI and Official Use Only documents, will be stored 
in an OSTI repository that is not internet accessible. OSTI will direct requests for these sensitive 
documents to the Schenectady Naval Reactors Ofice (SNR), Security and Safeguards Division. Two 
documents are classified as CONFIDENTIAL per the DOE/DOD/NASA Classification Guide for Space 
Reactor Power Systems, CG-SRPS-1. CONFIDENTIAL material will be maintained internal to the NR 
Program and will not be provided to OSTI. See Section 5.1.2 of Volume 1 for additional access 
information for sensitive documents. 

Bibliographic information for each NRPCT document stored at OSTI (including sensitive documents) 
will be entered into the OSTI SRC database to enable topical and key word searching. The keyword 
"NRPCT" will bring up all NRPCT documents. All other documents listed in this bibliography are 
available in the open literature, from DOE OSTI, and/or from the originating organizations. 

2 NRPCT Documents 

All documents listed below are available in the SRC database, except those marked with *, +, X 

(1) KAPL Letter SPP-67410-0014, "Documentation of the NR Program Assessment of the 
Design Space for the Prometheus 1 Project," April 17, 2006. * 

(2) KAPL Letter SPP-67110-0007 / Bettis Letter B-SE-0143, "Documentation of Space 
Nuclear Power Plant Concept Selection," July 27, 2005. * 

(3) NR letter 1#05-01228, "Space Nuclear Power - Reactor Coolant and Power 
Conversion System Concept - Approval of', dated April 20, 2005. 
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KAPL Letter SPP-67210-0010 / Bettis Letter B-SE(SPS)-001, "Space Nuclear Power 
Plant Pre-Conceptual Design Report; For Information," January 27, 2006. 
KAPL Letter SPP-67410-0013 / Bettis Letter B-SE(RE)-0003, "Project Prometheus 
Space Reactor Pre-Conceptual Design Report, for Naval Reactors Information" 
January 27,2006. rl< 
Bettis Letter B-SE(RE)-0001, "Fuel Type Recommendation for the Project Prometheus 
Space Nuclear Reactors, For Naval Reactors Approval," July 28, 2005. + 
KAPL Letter SPP-67410-0002, "Space Program Annual Report, for Approval," 
December 15,2004. 
KAPL Letter SPP-67610-0007, "Prometheus Reactor I&C Software Development 
Methodology, for Action," July 30, 2005. 
KAPL Letter SPP-67610-0008, "Space Power Program, Instrumentation and Control 
System Architecture, Pre-conceptual Design, for Information," October 20, 2005. 
Bettis Letter B-SE(SPS)IC-008, "NRPCT Closeout of Prometheus Sensor 
Development Work for NR Information", December 21, 2005. 
KAPL Letter SPP-SRS-0002, "Request for Naval Reactors Comment on Proposed 
Prometheus Space Flight Nuclear Reactor High Tier Reactor Safety Requirements 
and for Naval Reactors Approval to Transmit These Requirements to JPL," April 28, 
2005. 
KAPL Letter SPP-SRS-0007, "Reactor Safety Planning for Prometheus, for Naval 
Reactors Information," May 6, 2005. 
KAPL Letter SPP-SRS-0022, "Prometheus Space Reactor Launch Safety - Discussion 
of Approach, Technical Effort and Resources, for Naval Reactors 082 Information," 
January 25,2006. lk 
KAPL Letter SPP-67210-0009, "Summary of Prometheus Radiation Shielding Nuclear 
Design Analyses," January 13, 2006. 
KAPL Letter SPP-67210-0011, "Space Reactor Radiation Shield Design Summary, for 
Information" February 17, 2006. 
KAPL Letter SPP-SEC-0039, "Documentation of Naval Reactors Papers and 
Presentations for the Space Technology and International Forum (STAIF) 2006," 
March 2, 2006. 
CG-SNR-1, "DOE-NASA Classification Guide For Civilian Space Nuclear Reactors To 
Support Nasa Project Prometheus Missions (U)," December, 2004. X 
SN-801, "Guidelines for the Control and Protection of Unclassified Space Nuclear 
Reactor Information," August 2, 2005. X 

Bettis Letter B-SE(SPS)GT-005, "Space Nuclear Power Plant - Ground Test Reactor 
Facility Planning Closeout Report - For Information," December 13, 2005. X 

Bettis B-TM-1639, "Specifications, Pre-Experimental Predictions, and Test Plate 
Characterization Information for the Prometheus Critical Experiments," April 2006. 
KAPL Letter MDO-723-0010 / B-MT(SRME)-59, "Summary of Core, Fuel Cladding, 
and Plant Structural Materials Considered for the Prometheus Space Nuclear Power 
Plant," April 14, 2006. 
KAPL Letter MDO-723-0011 / Bettis Letter B-MT(SRME)-53, "Refractory Metal 
lrradiation Testing at Oak Ridge National Laboratory," February 23, 2006. X 

KAPL Letter MDO-723-0015 / Bettis Letter B-MT(EDT)S-028, "Multiple lrradiation 
Capsule Experiment (MICE)-3B lrradiation Test Of Space Fuel Specimens in the 
Advanced Test Reactor (ATR) - Close Out Documentation for Naval Reactors (NR) 
Information," January 9, 2006. 
KAPL Letter MDO-723-0017, "Haynes 230 Mini-Can Welding to Support Planned 
lrradiation Testing of Candidate Space Fuel Materials," January 17, 2006. 
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KAPL Letter MDO-723-0018, "Initial Assessment of Environmental Barrier Coatings for 
the Prometheus Project," December 15, 2005. 
KAPL Letter MDO-723-0027 / Bettis Letter B-MT(SRME)-34, "Fuel Material Properties 
and Guidance to Support Pre-Conceptual Design Efforts," July 7, 2005. * 
KAPL Letter MDO-723-0036 / Bettis Letter B-MT(SRME)-37, "Space Nuclear 
Propulsion Program - Overview of Domestic and International Shipping of Irradiated 
Structural Materials and Handling Associated Waste, for NR Information," January 23, 
2006. 
KAPL Letter MDO-723-0038, "Addendum to MDO-723-0027, Updated Fuel Material 
Properties," December 7, 2005. 
KAPL Letter MDO-723-0040 / Bettis Letter B-MT(SPME)-15, "Comparison of fission 
product yields and their impact," February 1, 2006. 
KAPL Letter MDO-723-0042, "Reflector and Reflector Material Properties For Project 
Prometheus," November 2, 2005. 
KAPL Letter MDO-723-0043 "Assessing the Effects of Radiation Damage on Ni-base 
Alloys for the Prometheus Space Reactor System," January 19, 2006. 
KAPL Letter MDO-723-0044 1 Bettis Letter B-MT(SRME)-52, "JOYO-1 lrradiation Test 
Campaign Technical Close-out, For Information," January 31, 2006. 
KAPL Letter MDO-723-0046 1 Bettis Letter B-MT(SPME)-23, "Space Reflector 
Materials for Prometheus Application," January 31, 2006. 
KAPL Letter MDO-723-0048, "The Evaluation of Lithium Hydride for Use in a Space 
Nuclear Reactor Shield, Including a Historical Perspective," December 9, 2005. 
KAPL Letter MDO-723-0049 1 Bettis Letter B-MT(SPME)-22, "Space Shield Materials 
for Prometheus Application," January 20, 2006. 
KAPL Letter MDO-723-0052, "Program Summary of Prometheus-I Fuel Development, 
For Information," February 15, 2006. + 
KAPL Letter MDO-723-0053, "Mass Transport Modeling for the Prometheus Space 
Nuclear Power Plant (SNPP), For Information," January 20, 2006 11< 
KAPL Letter MDO-723-0057," Naval Reactors Prime Contractor Team (NRPCT) 
Experiences and Considerations with lrradiation Test Performance in an International 
Environment," to be issued (expected April 2006). 
Bettis Letter B-MT(AMS1)-17, "Testing Results of Magnetostrictive Ultrasonic Sensor 
Cables for Signal Loss," May 2005. 
Bettis Letter B-MT(AMS1)-43, "Materials for the Control Rod Drive Mechanisms," 
December 14,2005. 
Bettis Letter B-MT(AMS1)-44, "Alternator Electrical Feedthrough Insulator Materials for 
Project Prometheus," January 4, 2006. 
Bettis Letter B-MT(SPME)-4, "Compatibility of Space Nuclear Power Plant Materials in 
an Inert He/Xe Working Gas Containing Reactive Impurities," January 31, 2006. 
Bettis Letter B-MT(SPME)-17, "On-Line Coolant Chemistry Analysis and Control," 
February 27,2006. 
Bettis Letter B-MT(SPME)-18, "A Review of Tribological Coatings for Control Drive 
Mechanisms in Space Reactors," February 21, 2006. 
Bettis Letter B-MT(SPME)-20, "Carbon-Carbon Composites as Recuperator Material 
for Prometheus System," February 27, 2006. 
Bettis Letter B-MT(SPME)-21, "Metallic and Non-metallic Materials for the Primary 
Support Structure," February 21, 2006. 
Bettis Letter B-MT(SPME)-24, "Hot Leg Piping Materials Issues," February 27, 2006. 
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Bettis Letter B-MT(SPME)-25, "Barrier Coatings for Refractory Metals and 
Superalloys," February 23, 2006 
Bettis Letter B-MT(SPME)-26, "Double Retort System for Materials Compatibility 
Testing," February 23, 2006. 
Bettis Letter B-MT(SRME)-45, "Summary of Dissimilar Metal Joining Trials Conducted 
by Edison Welding Institute," November 18, 2005. 
Bettis Letter B-MT(SRME)-46, "Experimental Design for Evaluation of Co-extruded 
Refractory MetalINickel Base Superalloy Joints," December 16, 2005. 
Bettis Letter B-MT(SRME)-49, "Closeout of JOYO-1 Specimen Fabrication Efforts," 
October 31, 2005. 
Bettis Letter B-MT(SRME)-50, "Biaxial Creep Specimen Fabrication," February 9, 
2006. 
Bettis Letter B-MT(SRME)-51, "Processing of Refractory Metal Alloys for JOY0 
Irradiations," February 21, 2006. Ile 
Bettis Letter B-MT(SRME)-54, "Refractory Metal Mechanical Testing at Oak Ridge 
National Laboratory," February 23, 2006. X 

Bettis Letter B-MT(SRME)-55, "Fuel System Compatibility Issues for Prometheus-I ,'I 

January 20,2006. 
Bettis Letter B-MT(SRME)-56, "Modeling of Fission Gas Release in U02," January 23, 
2006. 
Bettis Letter B-MT(SRME)-58, "Failure Analysis of Cracked FS-85 Tubing and 
ASTAR-81 1 C Endcaps," February 9,2006. 

3 NRPCT Subcontracted Reports 

The following reports were generated by DOE Laboratories, NASA Centers, and NR Program 
contractors I vendors under NRPCT subcontracts during Project Prometheus. 

3.1 Reactor Module Reactor Segment 

Idaho National Laboratory 
(59) Olsen, D.N., et al. "Configurations and Experiments in the ZPPR-16 Power Reactor 

Space Benchmark Program." INLIANL. INUEXT-05-00555, ANL-ZPR-475, August 
2005. 

(60) Olsen, D.N., et al. "Experiments for the SP-100 Space Reactor in ZPPR-20." INLIANL. 
INLIEXT-05-00556, ANL-ZPR-497, August 2005. 

(61) Olsen, D.N., et al. "Configurations for SP-100 Space Reactor Experiments in ZPPR- 
20." INLIANL. INLIEXT-05-00558, ANL-ZPR-498, August 2005. 

(62) McEligot, Donald M. "Convective heat transfer and pressure drop in low-Prandtl- 
number gas mixtures." INL. INUEXT-05-00779, September 26, 2005 

(63) Clayton, Kevin K. and Bruce G. Schnitzler. "Prometheus Program Fuel Pin Testing 
Assessment-Phase 1 ." INEEL and Bechtel BWXT. INEELIEXT-05-00965, November 
2005. 

Los Alamos National Laboratory 
(64) Poston, David I. "Temperature Dependent Reactivity for I-Mwt Gas-Cooled 

Prometheus Reactors." Task 2, Subtask C, ltem 2. LANL. LA-CP-05-0793, July 18, 
2005. 

(65) Poston, David I. "LANL input for NRPCT Reactor Design Basis." Task 2, Subtask C, 
ltem 3. LANL. LA-CP-05-1368, December 12,2005. 
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Poston, David I. "Detailed Description of the Nuclear and Thermal Design Processes 
and Codes: ALLGEN & TMSS." Task 2, Subtask D.l,  ltem G. LANL. LA-CP-05-1373, 
December 12,2005. 
Sadasivan, P., Testing Plan for the Heat Pipe Reactor, LANL. LA-CP-04-0786, 
September 28, 2004. 
Reid, R.S., Report Assessing Heat Pipe Performance Capability, LA-CP-05-0044, 
January 19,2005. 
Dale, C. "Material Property Database." LANL, LA-CP-04-0741, September 21, 2004. 
Dale, C. "Design Assumptions and Methodologies Used in the Feasibility Study." 
LANL. LA-CP-04-0938, December 17,2004. 
Poston, D. "Determination and Assessment of Graded Safeguards Category and 
Attractiveness Level for Lower-Enrichment JIM0 Nuclear Reactor Fuel Material." 
LANL. LA-CP-04-0713, September 16, 2004. 
Poston, D. "Jupiter Icy Moons Orbiter Reactor Design Studies to Support the Naval 
Reactors Prime Contract Team Feasibility Report." LANL. LA-CP-04-0882, November 
23, 2004. 
Marcille, T. "JIMO Reactor Module: Hydrodynamic Analysis." LANL. LA-CP-04-0885, 
November 29,2004. 
Poston, D. "Prometheus 1 Design Studies Report." LANL. LA-CP-05-0137, February 
4, 2005. 
Kapernick, R. "Creep Analysis for a Liquid Metal Cooled Reactor Vessel." LANL. LA- 
CP-04-0756, September 23, 2004. 
Marcille, T. "JIMO Reactor Module: MCNP(X) Code and Cross-section Qualification 
Description Document." LANL. LA-CP-04-0684, August 23, 2004. 
Marcille, T. "JIMO Reactor Module: Critical Benchmark Experiment Review for 
Application to JIMO." LANL. LA-CP-04-0706, August 31, 2004. 
Marcille, T. "JIMO Reactor Module: ZPPR-16 and ZPPR-20 Qualification Task." LANL. 
LA-CP-04-0723, September 16, 2004. 
Reid, R. "Report Assessing Heat Pipe Performance Capability I Heat Pipe Technology 
Assessment." LANL, LA-CP-04-0722, September 14, 2004. 
Loaiza, D. "Niobium-I Zirconium Moderated by Polyethylene and Fueled with Highly 
Enriched Uranium." LANL. D-5-05-067 1 LA-UR-04-8751, December 16, 2004. 
Marcille, T.F. "SPACE05L Cross Section Library." LANL. D-5-06-066 I LANL-SPP-05- 
0002; Revision 5; Deliverable d.2, January 30, 2006. 
Poston, D. "External Control Options and Design Studies for 1 MWt Gas-Cooled 
Prometheus Reactors." Task 2, Subtask C, ltem 4. LANL. D-5-06-066 1 LA-CP-06- 
01 52, January 27,2005. 
Marcille, T.F. "Nb-1%Zr Experiment Plate Dimensions." LANL. D-5-06-066 I LANL- 
SPP-05-0006; close-out deliverable, January 30, 2006. 
Loaiza, D., et al., "Hand-stacking for Rhenium Critical Experiments Fueled by Highly 
Enriched Uranium and Moderated by Polyethylene and Various Graphite Plate 
Thicknesses." LANL. LA-UR-05-9236_Draft, January 2006. 
Loaiza, D., et al., "Hand-stacking for Baseline Critical Experiments Fueled by Highly 
Enriched Uranium and Moderated by Polyethylene and Various Graphite Plate 
Thicknesses." LANL. LA-UR-05-9237_Draft, January 2006. 
Loiaza, D., et al., "Hand-stacking for Molybdenum Critical Experiments Fueled by 
Highly Enriched Uranium and Moderated by Polyethylene and Various Graphite Plate 
Thicknesses." LANL. LA-UR-05-9238_Draft, January 2006. 
Loiaza, D., et al., "Hand-stacking for Niobium - (1%) Zirconium Critical Experiments 
Fueled by Highly Enriched Uranium and Moderated by Various Graphite Plate 
Thicknesses." LANL. LA-UR-05-9239_Draft, January 2006. 
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Loiaza, D. et al., "Hand-stacking for Tantalum - 2.5 wt% Tungsten Critical 
Experiments Fueled by Highly Enriched Uranium and Moderated by Polyethylene and 
Various Graphite Plate Thicknesses." LANL. LA-UR-05-9240, January 2006. 
Sadasivan, P. et al., "DAF Critical Experiment Estimates." LANL. LA-CP-05-1176, 
September 26, 2005. 

Arqonne National Laboratory and ldaho National Laboratory 

(90) K. N. Grimm, R. M. Lell, R. D. McKnight, and R. W. Schaefer, "ZPPR-20 Phase C: A 
Cylindrical Assembly of U Metal ~eflected by Beryllium Oxide," HEU-MET-FAST-075, 
lnternational Handbook of Evaluated Criticality Safety Benchmark Experiments, OECD 
Nuclear Energy Agency, NEAINSCIDOC(95)03, September 2005 Edition. 
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