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PREFACE 

Par t ic ipants and guests of the 5TH SYMPOSIUM ON SPACE NUaEAR 
POWER SYSTEMS: 

I j o i n the other Organizing, Steering and Technical Program 
Committee members in welcoming you t o Albuquerque, New Mexico, for 
t h i s important symposium on space nuclear power systems. 

This symposium is the f i f t h in an annual series of symposia 
sponsored pr inc ipal Iy by the Univers i ty of New Mexico and the New 
Mexico technical community. We are pleased t o lend our support to 
t h i s forum for communication among Federal, industry, national 
laboratory and un ivers i ty pa r t i c ipan ts , and we hope that t h i s 5TH 
SYMPOSIUM is as well received by the technical community as were the 
previous four. 

This past year has seen continued technical and programmatic 
successes in the SP-lOO Space Power Reactor and Multimegawatt Space 
Nuclear Power Programs. In add i t ion , t h i s year marks a new beginning 
for NASA. This is the year the Shut t le w i l l begin f l y i n g again, and 
NASA w i l l be able t o tu rn even more a t ten t ion t o developing the 
technology needed for tomorrow's long durat ion space t r a v e l . Safe, 
r e l i a b l e space nuclear power systems w i l l be essential for the success 
of these missions. 

I hope tha t a l I of you have a most enjoyable and pleasant v i s i t to 
the Land of Enchantment and the beaut i fu l c i t y of Albuquerque, and I 
t r u s t tha t the SYMPOSIUM w i l l prove most informative and worthwhi le. 

CONGRESSMAN MANUEL LUJAN, JR. (R-NM) 
SYMPOSIUM HONORARY CHAIRMAN 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, malces any warranty, express or implied, or assumes any legal liability or responsi
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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RAEMER E. SCHREIBER RODERICK W. SPENCE 

SCHREIBER-SPENCE AWARD 
FOR DISTINGUISHED CONTRIBUTIONS TO SPACE NUCLEAR POWER 

Raemer E Schreiber Subsequent to receiving his doctorate in physics and mathematics in 1941 and two years of teaching and research 
at Purdue University, Raemer Schreiber joined the Los Alamos Scientific Laboratory (LASL) in 1943 With prior experience at Los 
Alamos in nuclear physics research and nuclear weapons engineenng, Schreiber was asked in 1955 to form a new division to do design 
studies for a nuclear reactor propelled rocket, Project Rover 

Rodenck W Spence Subsequent to receiving his doctorate in physical chemistry in 1939 from the University of Illinois and research 
positions at Illinois and the University of Chicago, Roderick Spence joined the LASL in 1944 With prior expenence at Los Alamos in 
radiochemistry, Spence was appointed alternate Division Leader to Raemer Schreiber Spence was named to succeed Schreiber as 
Division Leader for Project Rover in 1962 when Schreiber was appointed the LASL Technical Associate Director, with continuing 
involvement in Project Rover 

The availability of high-yield thermonuclear warheads by the mid-1950s gave added emphasis to the ICBM delivery system, but the 
existing chemical propulsion systems were not doing very well The feasibility of nuclear rocket propulsion therefore became extremely 
interesting to the USAF and the Atomic Energy Commission (AEC) LASL and other laboratones started informal studies The Lawrence 
Livermore Laboratory (LLL) was pursuing a parallel program Dunng the next 18 months, two issues were hotly debated in various 
bnefmgs and conferences (1) Should there be a nuclear propulsion program' and (2) Where should it be done' It was finally decided that 
the LASL should be the lead laboratory for rocket propulsion (Rover) and the LLL should work on a nuclear ramjet (PLUTO) 

Conceptual design studies of nuclear rocket reactors appeared in the open literature as early as 1947, but little was known about the 
actual problems of building one that would meet the performance requirements Hydrogen was the optimum propellant, the highest 
possible temperature was desirable, and graphite appeared to be the best refractory structural and moderating material The problem 
facing Project Rover was to make these matenals and requirements fit into a controllable and reliable system 

The first Project Rover proof-of-principle test reactor, Kiwi-A was tested on July 1, 1959 using compressed hydrogen as the coolant 
After two more Kiwi-A tests, the Kiwi-B series was started KIWI B was the first of the 1000 MW class of reactors In all, LASL built and 
tested 12 reactors, the last being Phoebus-2A operating at 4000 MW for over 30 minutes in June 1968 Also two highly expenmentai 
assemblies were built and tested at lower power 

Schreiber s and Spence s pioneenng and technical contributions and leadership in Project Rover are fittingly commemorated by naming 
the Institute s prestigious award in their honor 
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One of the major objectives of the current phase of the SP-100 program is to 
demonstrate the performance of a full-scale, prototypic nuclear subsystem of a 
100 kWe space nuclear power supply. This Nuclear Assembly Test is planned to 
be conducted at the SP-100 Test Site, located at the Department of Energy's 
Hanford facilities near Richland, Washington (Figure 1). In addition to the 
reactor, supplied by the General Electric Company, the Test Site will consist 
of about 35 major systems which will simulate a space environment, protect the 
reactor and surrounding environment during normal and off-normal operation, 
and provide control and data gathering functions. These systems include a 
large vacuum chamber to house the reactor, a containment isolation system, a 
control system, a secondary heat transport system, and other supporting 
systems. 

This paper provides a significant update to the design previously reported 
(Cox et al. 1986) and describes preparations to ready the site for 
construction modifications and equipment installation. Accomplishments 
through 1987 include completion of conceptual and preliminary design, removal 
of obstructing equipment from the containment and support buildings, issuing 
an Environmental Assessment, and refurbishment of most of the equipment to be 
installed in the secondary sodium heat transport loop. The schedule to 
initiate reactor testing in late 1992 is challenging but achievable. Major 
activities for the next year include preparing the Preliminary Safety Analysis 
Report; partial completion of definitive design; initiating procurement of 
such long-lead items as the control system, the vacuum system and the safety 
power system; completing the refurbishment of equipment for the secondary 
loop; and preparing an operator training plan. 
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INTRODUCTION 

This study collected and categorized a forecast of ambitious civilian 
space missions; it also assessed their requirements for power and the 
application of space nuclear power systems to meet those needs. 
Although the results of this (1986) study have been recast to reflect 
recent NASA planning (e.g., Dr. Sally Ride's effort), the basic mission 
and power requirements forecast remains entirely relevant to the Bold 
New Initiatives. For this study, civil mission applications have been 
organized into four major areas (encompassing the NASA Bold New 
Initiatives), with one additional topic; these are: (1) Earth orbiting 
missions (including Space Stations, Earth Observing missions, and 
materials processing) (2) Planetary Exploration, (3) a manned Lunar 
Base, and (4) a Manned Mars Mission; plus (5) Extra-solar spacecraft 
(i.e., the Thousand AU Explorer concept). 

CIVIL MISSION APPLICATIONS 

Potential civilian mission applications of space nuclear power span the 
full breadth of the Solar System; they range from relatively low power, 
low Earth orbit (LEO) applications, to multi-megawatt cargo vehicles 
that could enable the manned exploration of Mars, to Nuclear Electric 
Propulsion (NEP) spacecraft that may someday leave the Solar System 
altogether; figure 1 illustrates the scope of this forecast. 

Earth Orbiting Operations 

Earth orbiting mission operations may represent the earliest 
applications of space nuclear power; these missions include Earth 
observing platforms (e.g., a Geostationary Earth Orbit, GEO, platform), 
as well as an array of non-Earth observing LEO and GEO, manned and 
unmanned platforms. Earth observing missions are characterized by 
requirements for long-lived, continuous supply, power systems. Earth 
observing platforms (either in LEO or GEO) will provide global 
observations of climate, agriculture, and atmospheric conditions, as 
well as supporting resource discovery and management efforts. 

A non-Earth observing mission that could be enabled or enhanced by space 
nuclear power is a space-based air/ocean traffic control radar system. 
Unmanned, a constellation of LEO platforms would provide positive, 
continuous control of aircraft and shipping traffic; it would require 
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power in the 40-200 kW range. Another potential application in LEO is a 
materials processing factory platform (MPFP). The MPFP concept entails 
an automated, but man-tended, ultra-low acceleration, materials research 
and manufacturing platform in conjunction with the planned Space 
Station. The payloads on an MPFP would have high power -- approximately 
150-200 kW using a moderate. Shuttle-based resupply scenario -- and 
thermal resource requirements; these could well be supported by a space 
nuclear power system. 

Planetarv Exploration 

The Voyager missions have revolutionized our understanding of the outer 
planets; although the Galileo mission to Jupiter, and the possible 
Cassini mission to Saturn, will signficantly extend that knowledge base, 
further gains may require the application of nuclear electric propulsion 
(NEP) -- for example, in a Saturn Ring Rendezvous (SRR) mission power 
levels on the order of 80-100 kW may be required. Such advanced 
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Figure 1. Overview of Civil Mission Applications of Space Nuclear Power 
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missions which utilize NEP would provide long-term observations of the 
outer planets, their ring systems, and their satellites. 

A program of sample return missions will also dramatically increase our 
knowledge of the Solar System. These missions include sample returns 
from Mars, Phobos/Deimos, main-belt asteroids, and comets; some of these 
may be enabled or substantial augmented by the application of NEP. 
Moreover, for missions involving semi-automated Rovers for surface and 
subsurface sample collection, small reactors (in the 1-10 kW class) may 
provide power for sampling, computing, science, and often mobility. The 
Mars Rover/Sample Return (MRSR) mission, by providing site 
certification, technology demonstration, and early sample analysis, will 
also provide a basis for safely implementing a later manned expedition. 

Manned Lunar Base 

During the course of its development, an evolutionary human presence on 
the surface of the moon will entail requirements for initially high, and 
then increasing, power -- perhaps ranging from approximately 50 kW for 
an initial capability up to 200 kW for a functional Lunar base. An NEP 
cargo vehicle in the 100-300 kW class may be developed to support such a 
base. Also, surface exploration vehicles (both manned and unmanned) may 
require small, 1-10 kW, space nuclear power systems to support mobility, 
computing, science, life support, and communications functions. 
Principle functions of the Lunar base, beyond exploration, could include 
very high power surface materials processing (i.e., propellant 
production) and moderately high power very large astrophysics 
observatories, using 100-150 kW, and operating at either visible, 
infrared, or submillimeter wavelengths. 

Manned Mars Mission 

In addition to providing stationary power in the 50-150 kW class 
(depending on crew size and surface materials processing scenarios) for 
long-term Mars surface operations, space nuclear power systems may also 
be applied to a multi-megawatt, unmanned and cargo-carrying, 
interplanetary transport vehicle (C-ITV). Moreover, as was the case for 
the projected manned Lunar base, surface exploration vehicles (whether 
manned or unmanned) may utilize small reactors in the 1-10 kW class for 
mobility, science, life support, computing, and communications. The 
requirement for operations on the Mars surface (involving operation in 
atmosphere, dust, and thermal variations) will necessitate the 
development of technologies that are tailored for that application. 

Extrasolar Spacecraft 

In addition to the Bold New Initiative missions, space nuclear power 
systems will enable the first scientific missions directed beyond the 
solar system. The Thousand Astronomical Unit (TAU) Explorer will 
require megawatt level NEP during the 10-year acceleration phase of its 
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life, followed by long-lived lower power systems (e.g., small reactors 
or multiple RTGs) during the 40-year science phase of the mission. The 
TAU mission would achieve a broad array of science objectives, including 
parallax stellar measurements, interstellar fields and particles 
characterization, and Big Bang gravitational radiation detection. 

CONCLUSIONS 

A broad array of potential ambitious civilian space missions during the 
coming decades will be enabled or significantly enhanced through the 
application of space nuclear power systems. These possible applications 
range from smaller systems in the 1-10 kW class, through intermediate 
scale systems in the 50-200 kW class, to large systems in the megawatt 
class; they also span the spectrum of NASA's Bold New Initiatives in the 
Solar System, and will eventually reach beyond when the first spacecraft 
designed for extra-solar missions are launched. 
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INTRODUCTION 

The initial elements of an ambitious program strategy for human exploration 
beyond Earth have been developed and presented to the highest levels of NASA 
management for their consideration in planning the future goals and direction 
of the Agency. The Outpost on the Moon and Humans to Mars (that is, lunar and 
Mars bases) are two key programs of the U.S. space leadership initiative plan 
(Ride 1987). A major space goal of this magnitude can only be implemented by 
a series of program phases evolving from precursor robotic missions, to early 
initial development of temporary surface stations and buildup of operational 
experience, through the eventual establishment of permanent and sustained 
surface bases. Each phase of the separate (or linked) lunar and Mars 
scenarios will required distinctly different levels and types of power sources 
to support both transportation and on-surface operations. The application of 
nuclear reactor power is destined to play an important role in these 
endeavors. This paper will identify and describe the respective types and 
specific amounts of power required by all major system elements in a phased 
program of lunar and Mars exploration over the time period 1990 to 2040. A 
comparative assessment of technology trade-offs and special design problems is 
made to ascertain the most appropriate application for the different phases, 
as well as to identify synergistic developments across the program. The 
discriminators used for this assessment Include power system mass and size, 
total mass in low Earth orbit (LEO), technology readiness, operational 
impacts, safety concerns, and other factors. 

EXPLORATION SCENARIOS 

Figure 1 shows an example scenario in four phases for lunar exploration. 
Phase 1 of this program employs a variety of robotic orbiters, rovers, and 
possibly sample return to obtain a comprehensive database on topological 
mapping, geochemical assessments, seismic activity, and gravity maps. Power 
requirements during Phase 2, beginning with piloted flights around the year 
2000, increase by at least an order of magnitude (50 to 100 kWe) with the 
emplacement of habitat modules, closed-loop life support, personnel 
transporters, construction equipment, optical and radio telescopes as well as 
other limited science facilities, and research and development pilot plants 
for lunar oxygen processing. An additional factor of three to ten power 
increase may be expected for the permanently occupied base of Phase 3 which 
adds major science facilities, operational liquid oxygen production, and 
significant research and development facilities in life science, bioregenera-
tive life support systems, and ceramics processing. The power demands of the 
self-sustained operational base in Phase 4 can easily reach several megawatts. 
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MAJOR POWER DRIVERS 

High power demands are driven mainly by surface materials processing for 
purposes of propellant production, structures fabrication and life support, 
and by electric propulsion vehicles if this transportation mode is chosen for 
the delivery of cargo and crew. Generally, electric propulsion for lunar 
missions would be utilized only for cargo service because of the relatively 
long trip times, but could be employed for delivery of either cargo or crew to 
Mars. Table 1 lists the range of power requirements for nuclear electric 
propulsion systems (NEP) as derived from an extensive analysis of low-thrust 
trajectories and mass performance optimization for these missions. The 
minimum power level for useful cargo payloads is about 500 kWe for both the 
Moon and Mars. A power level of 1.5 to 2 MWe suffices for piloted Mars 
missions on conjunction-class (minimum energy) round trip trajectories with 
several hundred day staytimes at Mars. For shorter trip times and staytimes, 
the NEP power level rises to 10 MWe or more. 

A review of the literature related to in situ propellant production on the 
Moon and at Mars has led to the following regression formula for estimating 
electric power requirements: 

Pg = 0.145 (My)^*^^^ (1) 

where P is electric power in kilowatt units and My is the mass throughput 
measurea in kilograms per day. Thus, at 200 kg/day the power need is 
estimated to be 100 kWe; this increases to 1000 kWe for a throughput 
requirement of 1250 kg/day. 

ADVANTAGE OF NUCLEAR POWER 

A preliminary estimate of surface base power requirements for initial, growth, 
and sustained base operations are 100, 300, and 1000 kWe, respectively, for 
the Moon, and 50, 150, and 500 kWe, respectively, for Mars. Assuming 
projected technology values of powerplant specific mass. Figure 2 compares the 
emplaced power system mass requirement for nuclear reactors and photovoltaic/ 
regenerative fuel cell systems. Figure 3 reflects these mass differences to 
the mass savings (with nuclear) at LEO in transportation of the power systems 
to the surface bases. The nuclear advantage is quite apparent and would be 
even more so if a 100% night duty cycle were required at the Moon. 
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FIGURE 1. Independent Lunar Base Scenario. 

TABLE 1. Nuclear Electric Propulsion Power Requirements. 

Mission Power Level (MWe) 

Cargo Delivery to Lunar Orbit 

Cargo Delivery to Mars Orbit 

Piloted Mars (3-Year Round Trip) 

Piloted Mars (2-Year Round Trip) 

0.5 - 1.0 

0.5 - 3.0 

1.5 - 2.0 

9.5 -13.0 
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AIR FORCE SPACE POWER REQUIREMENTS AND 
NUCLEAR POWER ASSESSMENT METHODOLOGY 
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Kirtland AFB, NM 87117 
(505) 846-4987 

INTRODUCTION 

All Air Force spacecraft, presently operating and planned, require 
electric power. As the Air Force space missions expand and the^ 
operational requirements increase, so too the demand for electric power 
continues to grow. Space power subsystems are often viewed as a low 
priority in spacecraft development; frequently, developers assume that 
"something" will surely be available to provide the needed power. However, 
increased power levels and other requirements on space systems are forcing 
developers to take a serious look at space power. The purpose of this 
paper is to provide the space power development community an unclassified 
review of projected space power requirements and trends and an insight into 
how competing power subsytems will be assessed by the Air Force. 

BACKGROUND 

The Air Force Systems Command (AFSC) has the charter to develop and aquire 
systems for the Air Force's operational commands. Figure 1 illustrates the 
organization of Systems Command and its position relative to the Air Force 
Space Command (AFSPACECOM). 
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1 
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FIGURE 1. Air Force Organization of Systems Command 
(All Product Divisions are not Included). 
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AFSC is organized into Product Divisions which perform the major 
aquisitions of new defense systems through System Program Offices (SPOs). 
The laboratories and test centers within AFSC support these Product 
Divisions. 

Recent studies have been performed by the Air Force Space Technology 
Center (AFSTC) and the Air Force Weapons Laboratory (AFWL) to evaluate 
power levels of Air Force systems in development and/or planning. These 
power requirements are subject to change for any given system but the 
trends should remain the same. 

In early 1987 AFSTC/AFWL performed a study to assess various power 
options for the Boost Surveillance and Tracking System (BSTS). This 
study resulted in a methodology that can be applied to any spacecraft 
to determine the appropriate power subsystem choice. 

CONCEPTS/REQUIREMENTS 

Defining specific power levels for Air Force systems is a difficult task. 
A user organization such as the Air Force Space Command or the Unified 
Space Command defines the mission requirements. It is then the 
responsibility of a SPO within Air Force Systems Command to develop a 
system concept that satisfies the mission needs and hence defines the 
power subsystem requirements. 

The AFSTC recently conducted an extensive survey of space power requirements 
with inputs ranging from the SPOs to long range planning documents. Table 1 
is a listing of the 28 concepts or systems that were evaluated in their 
study. Figure 2 illustrates the power levels for the systems listed in 
Table 1. In order to keep the chart unclassified, specific power levels are 
not associated with concepts; however, near term applications (mid-90s) 
will require 5 to 40 kWe and higher levels are likely in the far term. 

ASSESSMENT METHODOLOGY 

As power levels increase, spacecraft developers will be confronted with more 
difficult problems associated with the selection of prime power. Many 
factors will have to be considered when selecting a specific concept whether 
it be solar or nuclear. We have developed a methodology that can be used 
to assess the various space power options under consideration for a specific 
spacecraft. This methodology is based on a set of evaluation criteria for 
which each concept should be assessed. The importance or "weight" of each 
criterion is determined by the particular mission requirements of a 
spacecraft. The evaluation criteria can be divided into two main 
categories: Technology Readiness and Operational Suitability. 

Technology Readiness 

Technology readiness is the ability of a particular power concept to meet 
the schedule restrictions imposed by the spacecraft need date. There are 
three basic criteria under this category: Technology Risk, Development 
Schedule, and Development Cost. 
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Operational Suitability 

Operational suitability assesses how well a power system meets the mission 
requirements of the spacecraft. It is assumed that the concept has been 
developed and tested and functions as anticipated. The criteria in this 
category are Survivability, Performance, Spacecraft Interactions, 
Production, Launch Vehicle Integration, and Safety. The safety approval 
process is primarily addressed in the development schedule criterion, and 
safety concerns that would exist after receiving launch approval are 
assessed in this category. 

CONCLUSIONS 

Air Force space power requirements are continually increasing. In the 
near term (circa 1995) electric power levels ranging from 5 to 40 
kilowatts will be needed, however, higher levels seem likely in the 
more distant future. 

Space nuclear power developers should be aware of the criteria that will 
used to assess how well a power subsystem will meet the needs of a 
particular spacecraft. 
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TABLE 1. Systems Considered. 

SURVEILLANCE COMMUNICATION 
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INTRODUCTION 

The need for an advanced direct thrust nuclear rocket propulsion engine 
has been identified in Project Forecast 2 (Air Force), the Air Force 
Systems Command report which looks into future Air Force needs. The Air 
Force Astronautical Laboratory (AFAL) has been assigned responsibility for 
developing the nuclear engine and they in turn have requested support from 
teams of contractors who have the full capability to assist in the 
development of the nuclear engine. The Idaho National Engineering 
Laboratory (INEL) has formed a team of experts with Martin Marietta for 
stage design and mission analysis. Science Applications International 
(SAIC) for flight safety analysis, Westinghouse for the nuclear subsystem, 
and Rocketdyne for the engine system. INEL is the overall program manager 
and manager for test facility design, construction and operation. 

The INEL team has produced program plans for both the engine system and 
the ground test facility (Milam). AFAL has funded the INEL team to 
perform mission analyses and to evaluate the cost, performance and 
operational advantages for a direct thrust nuclear rocket stage in 
performing Air Force Space Missions. For those studies, the Advanced 
Nuclear Rocket Engine (ANRE), a scaled down NERVA derivative (Angelo), was 
used as the baseline nuclear engine to compare against chemical engines 
and nuclear electric engines for performance of orbital transfer and 
maneuvering missions. 

In this paper the life cycle cost (LCC) of the three propulsion concepts 
over the period 1995-2020 are compared. The LCC is based on a stage 
designed to deliver a payload of 6350 KG from a service platform in low 
earth orbit (LEO) to geosychronous orbit (GEO) and to return to LEO, 
Table 1 summarizes some of the key attributes of the three concepts which 
have significant effects on the life cycle costs. 

LIFE CYCLE TEST RESULTS 

A life cycle cost comparison for the three types of propulsion systems is 
shown in Figures 1 and 2. In Figure 1 the life cycle costs are shown at a 
low level of mission activity. Below approximately 75 flights or 
three/year over the twenty-five year period the chemical engine is the 
lowest cost system. The direct thrust nuclear and nuclear electric 
systems are close in cost, but the direct thrust system is slightly less 
expensive. Above 75 to 80 missions both the nuclear electric and direct 
thrust nuclear systems become lower in cost than the chemical system. 
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TABLE 1 Significant Characteristics of Three Propulsion Concepts. 
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Figure 2 extends this cost model out 
year period. The cost advantages for 
increase with mission activity, reach 
the highest level of mission activity 
thrust nuclear system has a small but 
nuclear electric system at all levels 
missions shown in Figure 2 are based 
for both NASA and DOD from the Space 
(EG&G Idaho, Inc.). 

to 3000 missions over the twenty-five 
the two nuclear systems continue to 
ing a 50 billion dollar advantage at 
shown in the figure. The direct 
consistently lower LCC than the 
of mission activity. The range of 

on an intermediate level of activity 
Transportation Architecture Study 
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At the low level of mission activity, the lower DDT&E cost of the chemical 
stage results in the lower life cycle costs, but as mission activity is 
increased, the high propellant consumption (due to the lowest specific 
impulse) results in a higher cost than either nuclear stage. The nuclear 
electric system has the lowest propellant requirements, but it has higher 
development and production costs along with a low thrust. At a low 
activity, the high DDT&E results in the highest LCC, and as activity 
increases the low thrust results in high costs. The nuclear electric 
stage requires 116 days to complete a round trip mission compared to 2 
days for either the chemical or direct thrust nuclear stages. This 
results in a low number of missions per stage and requires a large number 
of stages to be in operation at all times. There would be no cost 
advantage for increasing thrust as the selected thrust is close to optimum 
(EG&G Idaho). 

CONCLUSIONS 

The direct thrust nuclear stage is the most cost effective propulsion 
system for performing the LEO to GEO orbital transfer mission given the 
moderate level of mission activity expected in the 1995-2020 time period. 
It has lower life cycle costs than the nuclear electric stage at any level 
of mission activity and is lower than the chemical stage beyond 75 
flights. The selection of the best overall orbital transfer stage depends 
on its capability to perform the full gamut of required missions, the 
risks associated with its deployment and many mission specific technical 
issues. The INEL team has examined many of these parameters (EG&G Idaho -
Harvego, Ramsthaler) and concluded the direct thrust stage is overall the 
most cost effective. The 67,000 N thrust stage can perform 98% of the 
missions identified in the STAS studies without modularizing the 
payloads. It is a relatively low risk stage since an extensive engine 
development program was completed in the early 1970's (LANL). The 
following additional factors support this conclusion: 

0 Eleven of the twelve engines tested in the development program 
could have completed the relatively short burn times required for 
the orbital transfer missions. The twelfth engine was the first 
one tested and it had a nozzle burnthrough. Engines currently 
flying have much more stringent nozzle requirements and this is 
not a problem today. 

0 Documentation has been retained by Westinghouse and capabilities 
exist to rapidly begin fabrication and testing of engine 
components. 

0 There are no technology or production breakthroughs required for 
design or fabrication of the stage, engine or reactor subsystems. 

0 Facilities exist for verification of fuel technology. 
0 The NERVA engine has demonstrated a wide range of operating 

capability and multiple restarts. 
0 Design of the flight qualification engine had initiated when the 

program was cancelled. 

It is concluded that the direct thrust nuclear rocket engine should be the 
priority Air Force development system for orbital maneuvering and transfer 
missions. 
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INTRODUCTION 

The design of future spacecraft will be affected by collisions with man-made debris orbiting the 
earth unless steps are taken to control the debris population. The majority of man-made debris that 
is now orbiting the earth is the result of spent rocket stages that have exploded while in earth orbit. 
It is projected that the source of future debris population will be attributed to fragmentation of large 
objects through hypervelocity collisions (Kessler 1981) To ensure the safety of man-made assets in 
earth orbit it will be necessary to protect them against collisions with the hypervelocity debris 
orbiting the earth. The options to provide protection for the man-made assets will be either (1) 
armoring the satellites, which results in an increase launch mass and further generates debris 
through collisions, or (2) actively removing the debris from earth orbit. 

The paper presents an active space debris sweeper concept that utilizes momentum transfer to the 
debris through laser-induced ablation to alter the debris' orbital parameters and reduce the debris' 
orbital lifetime before entry into the earth's atmosphere. The paper describes the concept, estimates 
the amount of velocity change (AV) that can be imparted to an object through laser-induced 
ablation, investigates the use of a neutral particle beam to transfer momentum to an object, 
estimates the impact of a velocity change on an object's orbital parameters, estimates the system 
power requirements, and investigates the laser options. The space sweeper concept could also be 
extended to provide a collision avoidance system for the space station and satellites or could be 
used for protection during interplanetary travel. 

DESCRIPTION 

A recent study at Los Alamos National Laboratory (Metzger 1986) investigated a Strategic Defense 
Initiative kinetic energy weapon concept, GEDI, that used laser-induced ablation momentum 
transfer to guide a hypervelocity spherical projectile to a target. We propose that this concept be 
used to actively remove debris from earth orbit by altering the orbital parameters of the debris and 
reducing its orbital lifetime. The proposed space debris sweeper consists of a space-based 
platform that includes the laser, an acquisition, tracking, and pointing (ATP) system, a power 
system, and a power storage system. To enable the space debris sweeper to operate over a range 
of altitudes, the platform would also include an electric propulsion system that would allow it to 
transfer between orbits. Electric propulsion has been chosen because the debris sweeper has a 
relatively large projected platform mass and a requirement for numerous orbit transfers. Because 
of the power requirements, which will be estimated below, and mission duration, we project that 
the most suitable power source for the debris sweeper system is a nuclear power system of the SP-
100 class of nuclear power systems (Buden et al. 1979). 

The debris sweeper concept is based upon the phenomenon that when a laser pulse is incident upon 
a surface, material is ejected from the surface if the laser intensity is sufficientiy large and die laser 
fluence exceeds the material's threshold fluence for the volumetric absorption of the laser light. 
When the material is ejected from the surface it produces a rocket-like effect that imparts a 
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momentum transfer to the particle. The interface between the laser fluence (or intensity) and the 
impulse is described by an impulse coupling coefficient Impulse coupling coefficients are a ratio 
of impulse to fluence (N-s/J) and are a function of the laser pulse fluence, the laser pulse length, 
the laser wavelength, and the surface material that the laser light is incident upon. The impulse 
coupling coefficient as a function of the laser pulse fluence exhibits a definite threshold, peak, and 
asymptotic region. The peak coupling coefficient is due to the volumetric absorption of the laser 
light that results in the ejection of mass fragments and a maximum impulse, whereas the asymptotic 
region is characterized by vaporization and plasma formation from the surface of the object. 
Impulse coupling coefficients have been determined at Los Alamos by using hydnxiynamic codes 
and by experimentation (Phipps et al. 1987). The momentum transferred to a spherical particle and 
the resultant velocity change have been modeled for the GEDI program for both annular and 
focussed Gaussian KrF laser pulses. Neutral particle beams have also been analyzed as an option 
for momentum transfer to an object and have been found to be less effective than a KrF laser. 

The laser that is used for the debris sweeper will be required to deliver a short, high intensity pulse 
at a moderate frequency (1 Hz) and must be able to focus over a range of a few hundred meters to 
tens of kilometers. Experimental determination of coupling coefficients at Los Alamos and the 
associated physical explanation require that a laser pulse of short duration to ensure the maximum 
impulse coupling through the volumetric absorption of the laser light. It will also be necessary that 
die laser generate high beam quality (a few times diffraction limited) so that the maximum intensity 
can be focussed on the object and that the laser have a high conversion efficiency. Candidate laser 
systems under consideration for the debris sweeper include CO2 lasers, free electron lasers (FEL), 
excimer lasers, and solid state lasers. 

Owing to the limited effective range of the lasers to focus the pulse, the space debris sweeper will 
require orbital transfer capabilities to clean debris from volume shells at various altitudes. 
Candidate propulsions systems will be required to enable the platform to negotiate an orbital 
transfer in a reasonable time and have a relatively high Isp. At present, both nuclear electric arcjet 
and ion propulsion systems are being investigated for orbital transfer. 

RESULTS 

To determine the feasibility of the space debris sweeper concept the AV that can be imparted to an 
object must be compared to the AV that is required to adequately alter the orbital parameters of the 
debris. The size of debris that is being considered falls in a range of characteristic sizes of 1 to 5 
cm. This size of particle is being considered because it is postulated that the source of the majority 
of future space debris will be predominantiy from fragmentation via collisions that result in 
particles 4 cm and under (Kessler 1981). Also, the power requirements for both the sweeper laser 
and the orbital transfer must be considered. 

Figure 1 is a plot of the AV imparted to a spherical object as a function of the energy of a KrF (X = 

0.25 |im) laser pulse centered on the center of a sphere along its velocity vector. The planar sheets 
of debris of varying size and thickness were converted into spherical shells of equal mass. The 
impulse coupling coefficient curve for aluminium was used. Figure 1 also shows the benefit of 
totally illuminating the object by the laser pulse. The debris is primarily in circular earth orbits. 
When a negative AV is imparted to an object in a circular orbit it goes into an elliptic orbit that has a 
perigee which is less than the altitude of the original circular orbit. Figure 2 is a plot of the amount 
of decrease in an orbit's perigee verses the velocity imparted to an object opposite to its velocity 
vector. From the data that generated Figure 2, it can be determined that a decrease of 1 m/s in an 
object's velocity results in a 3- to 4-km decrease in the orbit's perigee. From the analysis that 
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FIGURE 1. The AV imparted to a 1-cm Diameter Aluminium Sphere with a Mass of 0.027 g 
(representing an Aluminium Sheet 1 cm^ and 0.1 mm Thick) by a KrF Laser. 

generated Figure 1, a 10-kJ pulse will impart a AV of up to 30 m/s to a light object (0.025 g; 1 cm2 
of aluminium 0.1 mm thick) and 2.5 m/s to a heavier object (3.4 g; 25 cm^ of aluminium 0.5 mm 
thick). Thus, it can be concluded that one 10-kJ pulse will cause objects of interest to drop 
between 10 and 100 km. The object's perigee would be reduced further when the sweeper 
descends to a lower orbit and interacts with the object again. It may be possible to illuminate the 
object with multiple laser pulses until the object falls out of the range of the laser, further 
enhancing the ability of the system to reduce the perigee of an object from a high orbit 

As stated above, it is most advantageous for the laser pulse to almost completely illuminate the 
surface of the object. Thus, the laser would be required to focus to spot sizes from 0.5 cm to 5 
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FIGURE 2. The Change in Perigee of an Object initially in a Circular Obit verses the (-)AV 
imparted to the Object. 
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20-km (>bit Transfer using a 1000-s Isp 40% Efficient Nuclear Electric Arcjet 
Propulsion System. 

cm. Using the Rayleigh Range as a first-order guide and using a KrF laser as an example, the 
laser would be required to focus and illuminate objects between 300 m and 30 km from the 
platform. This range limitation not only requires that the sweeper clean debris out of spherical 
shells about the earth, but also removes the burden for a highly sophisticated ATP system and 
keeps the dimensions of the laser optics to a reasonable size. In order to remove debris from 
spherical shells at various altitudes, the sweeper platform will be required to have orbital transfer 
capabilities. Figure 3 is a plot of the power required to transfer a platform between circular orbits 
20 km apart and the required propellant mass per transfer as a function of the platform mass. The 
propulsion system used in the example is a nuclear-powered electric arcjet system (Deininger and 
Vondra 1987) with an Isp of 1000 seconds, a conversion efficiency of 40%, and required transfer 
time of 2 hours. From the figure it can be estimated that to clean out a region 700 km thick would 
require approximately 35 orbit transfers and a total propellant mass between 125 and 250 kg. The 
total propulsion system mass is on the order of 10% of the total platform mass. An ion propulsion 
system (Beattie et al. 1987) could also serve adequately as the orbit transfer propulsion system but 
would require significantiy higher input power for comparable transfer times and be 2 to 2.5 times 
heavier than die arcjet system despite its lower propellant requirement 

From the information on the laser and the propulsion system, an estimate of the power needs can 
be made. Because the laser would probably not be in operation while the platform is transfening 
orbits, the power level of the system could be set by either the sweeper laser and its support 
equipment requirements or the propulsion system requirements. Assuming a 10-kJ laser pulse at 1 
Hz with a 5% efficiency, the laser power requirements would be 200 kWe, whereas (Figure 3) the 
power requirements of the transfer system is between 60 and 120 kWe. Thus, the sweeper power 
requirements parallel the SP-100 class of space nuclear power system capabilities. Because the 
laser would not be firing continuously at 1 Hz, and the orbital transfer would be after a number of 
orbits at specific altitude, an energy storage system could reduce the required size of the power 
system; however, a mass tradeoff would need to be performed. 
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CONCLUSIONS 

There exists a growing hazard from man-made space debris for man-made assets placed in earth 
orbit. A space based laser system can provide an active means for reducing the orbital lifetime of 
debris, subsequentiy decreasing the steady state debris population in earth orbit and reducing the 
hazard to man-made assets in earth orbit The laser energy required to impart a AV to an object has 
been calculated and compared to the AV required to reduce the perigee of an object's orbit and 
appear to be feasible for a variety of laser systems. An SP-100 space nuclear power system is 
appropriately sized to meet the power requirements of the space debris sweeper system and its 
orbital transfer propulsion system. 
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INTRODUCTION 

EETAP (End-to-End Transient Analysis program) is a computer code that simulates the transient and 
steady state operation of a space reactor power system from the reactor thermal power source to the 
user electrical output. EETAP was used to model a generic space reactor power system which 
included a liquid metal cooled fast reactor, primary and secondary loops, thermoelectric 
electromagnetic self induced pumps, thermoelectric generators, power conditioning module, and heat 
pipe radiators. An advantage of this code is its relatively short run time and its ability to be used on a 
personal computer. EETAP can be used to study accidents such as the effect of a pump or radiator 
panel failure or the effect of an inadvertent reactor shutdown and subsequent restart. 

REACTOR THERMAL AND NEUTRONICS MODEL 

The reactor point kinetics equation with one delayed neutron group is used to obtain reactor power 
changes from reactivity changes due to control rod movement and temperature feedback. The 
equations are used in semi-analytic form which eliminates the necessity for very short time steps. ̂  
Reactor thermal power is composed of the power directiy due to fissions and that due to decay heat. 
The fuel pins are modeled using four radial nodes for the fuel, one radial node for the cladding, and 
one node for the coolant. An energy balance is performed for each node using the lumped 
capacitance method and the resulting six equations are solved simultaneously for temperature. 

COOLANT PIPING MODEL 

A mass averaged coolant piping model is used to obtain the temperature of the coolant nodes through 
time. The mass of the entering fluid with a new temperature is averaged with the fluid remaining in 
the node at the old temperature. Choice of this coolant piping model enables decoupling of the reactor 
Uiermal equations from the tiiermoelectric energy conversion assembly thermal equations. 

THERMOELECTRIC POWER CONVERSION MODEL 

Electrical power output is obtained from the thermoelectric assembly which uses the temperature 
difference between the primary and secondary loops to produce electrical power for the user. The 
assembly is modeled by using eight nodes: the hot side heat exchanger, the hot side compliant pad, 
the cold side compliant pad and the cold side heat exchanger nodes with four nodes in the 
thermoelectric model which account for energy generation due to the Thomson effect and Joule 
heating, as well as the energy leaving as electrical power.^ Overall and surface energy balances are 
performed for each of the eight nodes and the resulting 15x15 matrix is solved for the temperature 
and power of each node during a time step. 
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HEAT PIPE RADIATOR MODEL 

The heat pipe radiator model consists of one node each for the evaporator and condenser sections. 
This model utilizes a temperature dependent effective conductivity and permits the simulation of the 
onset of sonic limit conditions in the heat pipe radiators during loss of reactor thermal power.-' An 
energy balance is performed on each heat pipe node with the the evaporator node power outputs 
consisting of energy transport to the condenser section and radiative energy transfer to space. The 
condenser section only possesses a radiative mode of heat rejection. 

MOMENTUM MODEL 

The thermoelectric electromagnetic self induced pumps simultaneously circulate the primary and 
secondary loop coolant. The pump pressure head output is then balanced against the pressure drop 
around a loop due to friction. The resulting mismatch between pump head and pressure drop results 
in a acceleration or deceleration of the fluid in the loop hence resulting in a new mass flow rate. 

COUPLING OF THE THERMAL AND MOMENTUM MODELS 

During initialization, the thermal and momentum models exchange information in order to achieve an 
equilibrium condition between temperatures and mass flowrates. Once this state is achieved, the 
thermal model determines temperatures at every point of the system. From this temperature map, the 
momentum model determines the effect of the change in temperatures on the primary and secondary 
mass flow rates through the system. The thermal model then uses the new mass flow rates to 
determine the temperature map for the next time step. A flow chart is shown in figure 1. 

RESULTS 

Figure 2 is a plot of various powers against time for a shutdown and restart of the system. Shutdown 
of the reactor system was brought about by the insertion of a ramped negative reactivity starting at 
500 s. The ability of the code to stabilize is shown before this time. At 2500 s, a positive ramped 
insertion of reactivity brings the reactor thermal power back to about full operating power. The total, 
neutron and decay heat reactor thermal powers are shown. Also shown are the power into the hot 
side heat exchanger, the power into the thermoelectrics, the jKJwer out of the thermoelectrics, and the 
radiative power of the heat pipe radiators. Figure 3 is a plot of the temperatures of the nodes in the 
thermoelectric power assembly versus time. The temperatures follow well the change in reactor 
power. Figure 4 is a plot of the total mass flow rates for the primary and secondary loops. The mass 
flowrates reach their lowest value when the temperature difference between the primary and 
secondary loops reached a minimum at about 900 s. 

CONCLUSIONS 

EETAP can be used to obatin system behavior changes due to major design changes of the system. 
The decoupling of the thermal and momentum equations of the system permits runtimes at least 10 
times faster than real time on a typical mainframe. The time step used was 0.1 second and the 
approximate run time was 5 CPU minutes on a Vax 8650 for 5000 transient seconds. In addition, 
detalied information about the behavior of the entrire power system is obtained. The program is 
modular so that replacement of selected particular component models with more detailed models 
would be facilitated in the future. 
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FIGURE 1. EETAP Flow Chart. 
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INTRODUCTION 

In the SP-100 space nuclear power concept, thermoelectric (TE) elements 
directly convert about 2 MWt of thermal power generated by a fast flux 
nuclear reactor to 100 kWe of electrical power. Thermoelectric 
electromagnetic (TEM) pumps with self-induced magnets circulate liquid 
lithium to transfer heat from the reactor to the thermoelectric elements. 
Figure 1 shows the key elements of a typical pump. 

HEAT PIPE RAOrATOH 

CURRENT CONDUCTOR 

FIGURE 1. Self-Induced TEM Pump. 

Under a contract with Los Alamos National Laboratory (LANL), the Energy 
Technology Engineering Center (ETEC) conducted an independent analysis of the 
SP-100 Phase I TEM pump concept developed by General Electric (Sapir 1986). 
ETEC's work included developing a model that calculates various pump 
performance parameters (such as efficiency, throat velocity, mass, and 
developed pressure) as a function of material properties and dimensions. 
Using the model, ETEC calculated the minimum pump mass for a range of design 
flows and developed pressures. The results will assist LANL in minimizing 
the primary system mass and in auditing the Phase I design efforts. 

PUMP CONCEPT 

The electrical current for the TEM pump is generated by the heat flowing 
through thermoelectric materials between the hot fluid ducts and the pump 
radiator. The electrical current path is shown in Figure 2. 
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FIGURE 2. Cross Section of TEM Pump. 

The magnetic structure consists of three sections that run along the length 
of the ducts: a central section in between the two ducts and two tapered 
sections on the outer sides of the ducts. The outer sections are connected 
to the central section by crossover pieces that cross the ducts at opposite 
ends. The complete structure resembles a block letter S. 

Magnetic flux is induced in the magnetic structure by the electrical current 
flowing around the central section. Some of the induced flux "leaks" across 
the duct perpendicular to the flow direction, interacting with the fluid 
current to produce the pumping force. 

PERFORMANCE EVALUATION 

An interactive computer program to model the self-induced pump was written 
using LOTUS on an IBM personal computer. This analysis program was written 
based on magnetic, thermal and electrical performance equations analytically 
derived by ETEC. Characteristics of the radiator, thermoelectric elements 
("improved" silicon germanium-GaP) and magnetic material (Hyperco-27) were 
obtained through the Jet Propulsion Laboratory (JPL). 

Assuming reasonable material compatibility, the contact resistances between 
all pump materials were not included because they are negligible compared to 
the resistance of the thermoelectric materials. Joule heating and Peltier 
heating and cooling were included in the thermal analysis. Three current 
paths were included: current through the fluid, current in the duct walls 
and current in the material space outside the magnetic structure (fringing 
current). 

Factors that contribute to pressure loss in the pump include fringing 
currents in the fluid outside the magnetic structure, current bypassing the 
fluid through the conducting duct walls, and loss of magneto-motive force 
(mmf) in the magnetic structure. End effects from the Interaction between 
the fringing current and the decaying magnetic field can result in either a 
loss or gain of pressure. 
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The useful magnetic flux in the self-induced concept is primarily leakage 
flux. In order to verify the accuracy of the magnetic flux density 
calculations, ETEC calculated, measured, and compared flux densities for an 
S-shaped magnetic structure. The fluid current was simulated by a sheet of 
aluminum that surrounded the central section of the magnet. Several 
variations of the magnetic structure were tested including different "duct" 
widths, crossover sizes, constant-area pole pieces, and wedge-shaped pole 
pieces. The test data showed the flux density varied nearly linearly along 
the duct length, with a flux reversal occurring near the crossover piece. 
ETEC believes the reversal of flux density in the duct space is due to the 
loss of mmf in the magnet, which is neglected in the model. 

OPTIMIZATION 

The pump model was slightly simplified by assuming equal temperatures in the 
primary and secondary ducts. This reduced the number of equations to be 
solved and shortened the calculation time. The equations were coded into an 
interactive program that produced a fast response to changes in design 
variables. The optimizing program displays the partial derivatives of pump 
mass and developed pressure with respect to the pump dimensions to help the 
user minimize pump mass. Parameters that were constrained during the 
optimization were radiator temperature (850 K), magnetic flux density in the 
magnetic structure center leg (approximately 1.5 Tesla), thermoelectric hot 
shoe temperature (1270 K) and duct perimeter (to conform to standard tube 
sizes). 

ETEC calculated the minimum pump mass for eleven different pairs of flowrate 
and developed pressure (Berreth and Wait 1987). For three designs, the 
minimum pump mass was recalculated at two other radiator temperatures. A 
portion of the results are shown in Figure 3. 
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FIGURE 3. Minimum Pump Mass versus Pump Flowrate. 
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CONCLUSIONS 

The optimization of the self-induced magnetic pumps revealed several 
important trends: 

1. For a heat transport system having a given pressure drop and mass 
flowrate, the system pump mass decreases as both the number of pumps in 
series and the number of pumps in parallel increase. This trend was 
confirmed down to an individual pump flowrate of 2.04 kg/s and an 
individual pump developed pressure of 1.38 x 10 Pa (2 psi). 

2. In general, pump efficiency increases as pump size Increases (that is, 
higher developed head and flowrate). 

3. Pump mass decreases as the radiator temperature decreases from 850 K to 
750 K. 

A major contributing factor to the reverse economies of scale in pump mass is 
the size of the magnetic structure. For a given flux density, increasing the 
size of the magnetic structure decreases the loss of magnetomotive force 
(iranf). During tests on the self-induced magnetic structure model, a flux 
reversal in the duct area near the crossover piece was observed. Loss of mmf 
along the magnet may contribute to this flux reversal, which would result in 
a loss of pressure in the fluid. In the optimized designs, an attempt was 
made to reduce this loss by limiting the flux density in the magnetic 
material. In future testing and evaluation, efforts should be made to 
further analyze this phenomena and minimize the associated loss. A 
three-dimensional finite element analysis may be required to more accurately 
predict the performance of the magnetic structure. 
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INTRODUCTION 

The combination of a space application and a nuclear power source 
demands high reliability hardware. The possibilities of failure, 
either an inability to provide power or a catastrophic accident, 
must be minimized. Nuclear power experiences on the ground have 
lead to highly sophisticated probabilistic risk assessment 
procedures, as described by the Nuclear Regulatory Commission 
(1983) . However, most of these procedures require quantitative 
information in order to adequately assess such risks. In the 
area of hardware risk analysis, reliability information plays a 
key role. Ferguson (1980) states that one of the lessons learned 
from the Three Mile Island experience is that thorough analyses 
of critical components are essential. Nuclear grade equipment 
shows some reliability advantages over commerical grade 
equipment. However, no statistically significance difference was 
found by Roberts et al. (1985). 

A recent study, reported by Hecht and Fiorentino (1987) 
pertaining to spacecraft electronics reliability, examined about 
2500 malfunctions on over 300 spacecraft. The study classified 
the equipment failures into seven general categories. Design 
deficiences and lack of environmental protection accounted for 
about half of all the failures. Within each class, limited 
reliability modeling was performed using a Weibull failure model. 
The Weibull model has also been used in an earlier study of 
spacecraft reliability, reported by Shockey (1981). 

METHODOLOGY 

Reliability is important in all systems. But, in space nuclear 
systems, it is critical. Reliability must be designed into the 
system and verified through an aggressive testing program. Once 
the critical components are identified, an experimental 
methodology must be developed for assessing the reliability of 
these components. In general, it is desirable to be able to 
assess reliability as a function of key variables, both 
environment and design configuration oriented. Thus, the 
capability to include multiple factors (variables) at multiple 
levels (within some reasonable range) is important. The ability 
to statistically analyze the significance of these variables and 
possible interactions on the reliability response is highly 
desirable. In addition, the ability to relate environmental 
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conditions in a preceding life cycle phase (for example, launch) 
to that of a succeeding life cycle phase (for example, active) is 
of potential importance. 

A conceptual depiction of a sequential life cycle reliability 
experiment applicable to a space nuclear power source is shown in 
Figure 1. This concept incorporates the experimental 
methodologies, such as multifactor, factorial arrangements of 
treatments, thorough failure analysis and statistical analysis. 
Factors (variables) such as design configuration, vibration, 
shock, depressurization and so forth may be explored in launch 
phase testing. Factors such as design configuration, 
temperature, shock, charged particles and so forth may be 
explored in the active phase. In addition, because the active 
phase test consists of testing both new components and surviving 
components from the launch phase, assessment of active phase 
component reliability can include assessing preceding life cycle 
phase (launch) effects on succeeding phase (active) performance. 

New Components 

i 
Launch Phase 
Testing Program 

Designed Experiments 

\ f 

Failure 
Analysis 

Survivor 
Analysis — 

New Components 

1 
Active Phase 
Testing Program 

Designed Experiments 

V 
Failure 
Analysis 

Survivor 
Analysis 

FIGURE 1. Life Cycle Reliability Test Concept. 

MODELS 

Landers (1985) describes a technique whereby the classical two 
parameter Weibull model can be expanded to accommodate a life 
cycle testing concept, similar to that shown in Figure l. 
Lawless (1982) describes the general model as a Weibull 
proportional hazards model: 

R(t; 6,6) = exp - (t/e) (1) 

where e = exp(z6), z = [ẑ , Z2, 

and 6 = [6i, 62, ..., Bn,]. 

Ĵ 
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The vector z is termed a vector of regressor variables and the 
vector g is termed a vector of regression coefficients. The 
regressor variables consist of the experimental factors 
(variables) such as vibration level, temperature level, or design 
configuration. For quantitative variables, cross-product 
interaction terms can also be incorporated in z . In addition, 
variables from a preceding phase may be modeled as ẑ 's in the 
succeeding phase. For example, vibration, from the launch phase, 
could be included as a variable, zi , in the active phase test to 
assess the effect of launch vibration on active phase operation. 
The regression coefficients can be fit from the experimental 
data, with the aid of computer software developed by the 
Statistical Analysis System (SAS, 1985). 

Once the launch phase model and the active phase model are 
developed, they can be combined in a multiplicative relationship. 
This will yield a life cycle model as shown below: 

L̂Ĉ L̂C) = ̂ ^^L' ̂ L' «L) ̂ A^^A; 9A. «A) (2) 

where LC = life cycle, L = launch, A = active and t = t + t . 
LC L A 

This type of analysis model is also compatible with the analysis 
of accelerated stress experiments. Its general form is 
compatible with the inverse power law as well as the Arrhenius 
model. 

CONCLUSIONS 

Critical components in space nuclear power systems require 
thorough reliability testing efforts in the research and 
development process. The classical Weibull model has frequently 
been applied in engineering studies. It is possible to go beyond 
the traditional Weibull model and relate design and environmental 
variables to component reliability during a single life cycle 
phase or over multiple phases, using the proportional hazards 
Weibull model. 

The proportional hazards model is compatible with experimental 
design techniques. Hence, it can be used as an analysis model to 
help assess and interpret the results of reliability experiments 
for critical components in space based nuclear power systems. It 
can serve as a design and development aid, with respect to 
reliability issues, to assess the tradeoff between competing 
component designs. 
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INTRODUCTION 

The "Monolithic" solid oxide fuel cell (SOFC) is a candidate electric power 
source for space applications which require multimegawatts within short 
startup times. In a previous systems study (Fee et al. 1986), an SOFC was 
coupled to a nuclear Rankine cycle to provide both long term housekeeping 
power, short term alert power, and shorter term "burst" power. Waste heat 
from the nuclear system was used to maintain the SOFC components at an 
elevated initial temperature. Despite this provision, it was not known 
whether the SOFC would provide required power levels within the especially 
short time frame demanded by the application. A finite difference transient 
thermal analysis, coupled with the electrochemical equations, was done using 
methodology of Dusinberre (1961). 

The Argonne Monolithic fuel cell construction is depicted in Figure 1. It 
consists of a corrugated sandwich of anode, electrolyte, and cathode elements 
alternating with a sandwich of anode, interconnection, and cathode materials 
in a multilayer structure. Electrical potential develops across the anode-
electrolyte-cathode sandwich and builds in the layered direction. The 
interconnection material permits electron transport, but blocks oxygen ion 
back diffusion, which otherwise would short out the cell. Net electron 
transport is represented by the dashed line in Figure 1. 

FIGURE 1. Monolithic Fuel Cell. 

METHODS 

The thermal transient of the SOFC structure is influenced by simultaneous 
heat generation from electrochemical inefficiency and internal I2R losses. 
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and cooling by the fuel and oxidizer. The transient analysis considered a one 
dimensional "unit cell" which consisted of a half passage of fuel and a half 
passage of oxidizer running the full length of the fuel cell module. The fuel 
cell structure consisted of the anode-electrolyte-cathode sandwich between 
the flows, and half of the anode-interconnect-cathode sandwich between fuel 
cell layers. The resistivity function for this complex electrical circuit was 
modeled and evaluated separate from the transient thermal analysis. The in
dividual resistivities for the four materials differ by five orders of magni
tude, and are each a function of temperature. A series-parallel resistance 
network having 47 nodes was set up to represent the solid composite structu
re. Current balances were done around each node to develop the electrical 
potential resistance equations. A matrix inversion code was used to solve 
each set of 47 current balance equations at a number of temperatures and 
porosity values for the anode and cathode materials. Curve fits of the resis
tance were obtained and used as input in the thermal transient analysis. 

The thermal transient response analysis also includes the heat generation 
effect due to the electrochemical inefficiency. This inefficiency is the 
difference between the heat of reaction and the free energy function and is 
assumed to be deposited directly within the solid structure. The one-dimen
sional unit cell (described previously) was subdivided into a series of equal 
nodes in the flow direction, which were considered to be not connected by 
thermal conduction. The transient problem considers that the fuel cell is 
initially filled with flowing fuel and oxidizer. The hydrogen fuel contains a 
small amount of water vapor (arbitrary mixture ratio). The oxidizer serves as 
fuel cell coolant, wherein the flow rate is about 20 times the steady state 
consumption rate. The finite difference "heat balance" equations (Dusinberre 
1961) incorporate convergence criteria which depend upon flow rates, heat 
capacities of fluids and solid, node size, and the time step. The particular 
solution methodology used in this analysis assumed that the fuel heat capaci
ty effect was included within the solid heat capacity, in order to permit 
longer time steps within the calculational stability limits. 

Evaluation of a heat generation rate at each node was iterative. A unit cell 
(layer) voltage contribution to the external electrical load was assumed. 
Node current was calculated from the difference between the Nernst potential 
and cell voltage divided by the node resistance. Node current determines 
consumption of fuel and oxidizer. Node currents were summed and compared 
with the load current as determined by the load voltage and resistance. 
Developed voltage was forced toward a converged solution by an internal 
routine. The known heat generation rates then allowed determination of the 
thermal transient for the solid and coolant at each node location. 

RESULTS 

A normalized plot of fuel cell temperatures as a function of normalized cell 
length and time is shown in Figure 2. Fuel and oxidizer enter at position 0.0 
and exit at position 1.0. The initial temperature is approximately 83% of the 
final steady state value. Normalized time is related to the time T* required 
to obtain a sufficient steady power level. Though not shown, the fluid tem
peratures follow the solid material temperature closely (within a few degrees 
Kelvin) at any time and location. At intermediate times within the transient, 
the solid material (matrix) temperature is seen to peak within the center 
region of the fuel cell. As time progresses toward the end of the transient. 
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the matrix temperature increases monotonically. This "temperature wave" phe
nomenon results from the non-uniform rate of cur rent generation along the 
length of the fuel cell. The oxygen "coolant" is seen to transfer heat to 
downstream portions of the fuel cell matrix at intermediate times. 
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FIGURE 2. Normalized Matrix Temperature. 

Normalized electrical power (delivered to the load) and fuel cell efficiency 
as functions of normalized time are shown in Figure 3. 

LEGEND 
0 = NORMALIZED NET ELECTRICAL POWER 
A = EFFICIENCY 

>• 
o o 
o Z 

u 

2 . 0 3 . 0 4 . 0 5 . 0 0 . 0 7 .0 B.O 8 .0 10,0 
NORMALIZED TIME , T/T» 

FIGURE 3. Normalized Net Electrical Power. 
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In this particular example configuration of the SOFC, the device is seen to 
deliver more than rated power for a time period equal to the "required time" 
interval. Initial fuel cell efficiency is also higher than the steady state 
value. All of the fuel is not consumed within the fuel cell. Some fuel (10 
mole percent) is exhausted to maintain the anode. In the space power applica
tion of interest to this study^ the reaction product is regenerated in a 
closed cycle. Hence this unreacted fuel is not considered in the efficiency 
calculation. (Shown in Figure 3.) 

DISCUSSION 

The particular results cited are representative of the designs that are being 
considered for modular construction at the "tens of kilowatts" level. These 
transient results suggest that the fuel cells can be operated at high average 
current densities. Further optimization calculations remain to be completed. 
However, significant weight and volume savings are foreseen to accrue. These 
savings are especially important for the space power applications of inter
est. 

Different boundary conditions can be imposed within the model. For example, 
instead of a constant coolant inlet temperature, the coolant might be made to 
recycle from outlet to inlet with no intermediate cooling during an initial 
portion of the transient. Faster overall heat-up would occur. This scenario 
has implications in the space power application of interest, for the heat 
rejection system thermal transient required. It appears that the heat rejec
tion transient will be acceptable. 

CONCLUSIONS 

Calculations of thermal and delivered power transients show that particular 
configurations of the Argonne "Monolithic" solid oxide fuel cell will have 
short time transients (within a required time interval) during which rated 
power (or an excess) will be delivered to the external load. Spatial thermal 
gradients throughout the fuel cell are low for all times during the tran
sient. Although thermal stresses remain to be evaluated, the low spatial 
thermal gradients suggest that thermal stresses will be manageable. 
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INTRODUCTION 

Hydrogen cooled, turbine powered space weapon systems have 
resulted in the need for a relatively simple, but reasonably 
accurate hydrogen gas expansion turbine model. Such a simplified 
turbine model would require little computational time and allow 
incorporation into system level computer programs while providing 
reasonably accurate volume/ mass estimates. This model would 
then allow optimization studies to be performed on multiparameter 
space power systems (Edenburn 1986) and provide improved turbine 
mass and size estimates for the various operating conditions 
(when compared to empirical or power law approaches). An axial 
flow gas expansion turbine model was developed for these reasons 
and is in use as a comparative bench mark in space power system 
studies at Sandia. The turbine model is based on fluid dynamic, 
thermodynamic, and material strength considerations, but is 
considered simplified because it does not account for design 
details such as boundary layer effects, shock waves, turbulence, 
stress concentrations, and seal leakage. Although the basic 
principles presented here apply to any gas or vapor axial flow 
turbine, hydrogen turbines are discussed in this paper because of 
their importance on space burst power platforms and their meager 
design data available to date. The turbine model description, 
operating options, and some results of typical parametric studies 
are presented here. 

TURBINE MODEL DESCRIPTION 

Energy transfer occurs at each stage of an axial flow turbine 
when high velocity gas impacts the rotating blades. This dynamic 
fluid interaction imparts a force to the moving blades, thereby 
transmitting power to the turbine shaft and lowering the enthalpy 
of the gas (Horlock 1966 and Wilson 1984). Given the 
restrictions of a 50% reaction stage (equal enthalpy drop across 
rotor and stator) and constant axial absolute gas velocity, the 
stage outlet gas conditions and power can be determined for the 
mean rotor (or blade) diameter at each stage of a turbine. 
However, the blade velocity is dependent on disk diameter, blade 
length, and rotational speed, which are also dependent on 
material strengths. Thus, each turbine stage must be iteratively 
sized by guessing the blade velocity, then calculating disk 
stress as a function of diameter and speed (Roark 1975), blade 
stress as a function of length and speed (Hill 1965), and flow 
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area as a function of axial gas velocity and continuity of mass. 
The turbine is then sized by solving for these three parameters. 
Finally, the turbine mass is determined from the calculated stage 
volumes and known material density. 

This basic analytical process has also been modified for gases 
other than hydrogen, including combustion products (water vapor 
and hydrogen), air, and helivun. Blade and disk materials may also 
be independently selected. A maximum allowed stage efficiency is 
built into the computer model based on 50% reaction steam turbine 
designs (Lapina 1983) and varies with the stage work coefficient 
(defined as the ratio of actual stage work to the square of the 
mean stage blade speed). The turbine speed may be specified at 
some maximum value or the program can determine the maximum speed 
from material strength limitations. Further, a blade and disk 
cooling algorithm has been developed to study (1) the effects of 
increased material strengths due to lower component temperatures 
on turbine size and (2) the quantity of cooling gas required. 

PARAMETRIC STUDY RESULTS 

Table 1 compares the results from Sandia's turbine model to a 
recent Garrett turbine design (Boyle 1987) for carbon/carbon 
composite construction material and hydrogen gas. Both turbines 
have an overall efficiency of 76% for the indicated gas 
temperatures and pressures. Also, for the same turbine speed and 
material stress limits, the Sandia model results in the same 
niomber of stages and nearly the same first stage disk diameter as 
the Garrett design. Further, the turbine mass differs by only 
25%. The longer blade lengths derived from the Sandia model 
result in a lower axial gas velocity than is probable for the 
Garrett design and is partially responsible for the larger turbine 
mass of the Sandia calculation. 

Table 1. 200 MWe Carbon/Carbon Composite 
Hydrogen Turbine Comparison. 

Incut Parameters 
Turbine Inlet Temp. (K)-
Turbine Exhaust Temp. (K) 
Turbine Inlet Press . (MPa] 
Turbine Pressure Ratio 
Design Stress (MPa) 
Turbine Speed (rpm) 
Blade Aspect Ratio 

OutDut Parameters 
Number of Stages 
Disk Diameter (m) 

Blade Length (m) 

Turbine Mass (kg) 
Hydrogen Mass Flow 

First 

1 

Stage: 
Last Stage: 
First Stage: 
Tast Stage: 

(kg/s) 

Garrett Desian Sandia Model 
2000 
1500 
3.446 
5.0 
690 
10,000 
N/A 

14 
0.973 
0.58 
0.027 
0.123 
2300 
25.7 

2000 
1500 
3.446 
5.0 
690 
10,000 
2 

14 
0.965 
0.965 
0.069 
0.191 
2900 
24.1 
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The turbine model has also been used for several parametric mass 
studies. For example, turbine size can be shown to be a function 
of rotational speed. As indicated in Figure 1, a 100-MWe nickel 
superalloy hydrogen gas turbine with blade and disk strengths of 
425 MPa decreases in mass by nearly two orders of magnitude as 
turbine speed increases from 1000 to 15000 xpm. This is caused 
by lower turbine rotational speeds resulting in larger disk 
diameters (because dicuaeter must be inversely proportional to 
speed to maintain disk stress at some allowable limit), but lower 
mean blade speeds. Thus, lower speeds mean more massive machines 
with a greater number of stages (for a constant maximum material 
strength). Although some disk and blade cooling would be 
required for the higher temperature stages in Figure 1, blade 
strength usually becomes limiting at the larger, lower tempera
ture stages (and eventually limits the maximum obtainable 
rotational speed). 

100000 r 

0) 10000 
CO 
< 

IU 
z 
m 
DC 
3 
I-

1000 r 

100 

POWER - 100 MWe 
PRESSURE - 10.34 MPa 
TEMPERATURE - 1360 K 
PRESS. RATIO • 15 

FIGURE 1. 

0 1 2 S 4 6 • 7 8 9 10 11 12 IS 14 16 

TURBINE SPEED (1000 rpm) 

Variation of Turbine Mass with Rotational Speed. 

Even at a given constant speed, turbine mass can vary signifi
cantly with other design parameters. For example. Figure 2 
represents the expected hydrogen turbine mass as a function of 
pressure ratio for superalloy and carbon/carbon composite 
turbines. Carbon/carbon turbines have lower mass because of 
lower material density and higher allowable blade velocities 
(which require fewer stages for the same energy removal than for 
a superalloy turbine). The curves of Figure 2 cannot accurately 
be extrapolated because greater pressure ratios require longer 
last stage blades that soon reach their maximum allowable 
strength (at the stated turbine speed). This strength limit 
occurs even though the gas flow decreases for increasing pressure 
ratios. It should be noted that the superalloy design utilizes a 
work coefficient nearly double that of the carbon/carbon turbine 
(4 versus 2.5) to minimize the number of stages. 
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The effect of power level and inlet pressure for a hydrogen 
superalloy turbine is shown in Figure 3. Although higher 
pressures reduce turbine mass (by increasing the gas density), 
this effect is significant only at higher power levels that 
require higher gas flow rates. The turbine size at lower power 
levels is set by the disk diameter/strength relationship and is 
nearly independent of gas pressure (the turbine casing thickness 
depends on gas pressure but is a small contribution to the 
overall turbine mass). These curves again cannot be extrapolated 
because material strength limits define the maximum possible 
turbine size and power output for the stated design conditions. 
Figure 3 is based on a higher allowable blade stress and work 
coefficient than the previous figures. 
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CONCLUSIONS 

A simplified gas expansion turbine computer model is available 
that requires very little computer time and can, therefore, be 
used in larger system codes. This model provides reasonable 
agreement with more detailed designs and allows parametric 
studies of turbine powered systems in a realistic and consistent 
manner. The model provides turbine size and mass based on 
material strengths, rotational speed, pressure ratio, power 
output, and gas properties. 
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THEZOF '̂ETICAL PREDICTION OF SINGLE PHAGE 
TURBULENT FLOW DISTRIBUTION IN FARTICULhTE FED REACTORS 

R o b e r t F. Bene r i c i t i and F r e d r l c ^ L . H o r n 
E(r OCJI-have^n N a t i o n a l Labor a t o r v 

U p t o n New r'ort 
( 5 l 6 ) 2 S 2 ~ r 0 4 4 

INTRODUCTION 
The p a r t i c u l a t e bed r e a c t o r i s b e s t c h a r a c t e r i z e d as a 
c o l l e c t i o n o f s h a l l o w r a d i a l f l o w p a r t i c l e b e d s w i t h a ; ; i a ] f l o w 
i r i l e t and o u t l e t d u c t s . A l t h o u g h f l o w c o u l d be r a d i a l I v i n w a r d 
o r r a d i a J ] - / o u t w a r d , t h e p r e f e r r e d s y s t e m i n v o l v e s r a d i a l i n f l o w 
b e c a u s e t h i s c o n f i n e s t h e h o t c o o l a n t g a s by t h e f l u e bed i t s e l f 
and e a s e s some o f t h e m e c h a n i c a l pjrcj talems. P a r t i c u l a t e b e d s a r e 
c u s t o m a r i l y t r e a t e d as homogeneous a l t h o u g h bed v o i d a q e i s o n l y 
a p p r o x i m a t e l y u n i f o r m t h r o u g h c n . i t any g i v e n bed„ 

For many a p p l i c a t i o n s t o s p a c e t e c h n o l o g y , i t i s h i g l i l y 
d e s i r " a b l e f o r t h e c o o l a n t q a s t o e;; 11 t h e r e a c t c j r a t a u n i f o r m 
t ( - m p e r a t u r e . To a c h j e v e t h i s , , we h a v e a t h r e e d i m e n s i o n a l f l o w 
d i s t r i b u t i o n i j r o b l e i n , e ; ! a c e r b a t e d by t h e usuaJ f l u ; ; b u c i - l m g 
common t o n u c l e a r r e a c t o r s and f u f - t h e r e x a c e r b a t e d by t h e fac^• 
t h a t t h e a ; ; i a l c o m p o n e n t o f t t i e e ' l t m g c o o l a n t f l o w i m p o s e s a 
'jynauiic pressLir^e e f f e c t w h i c h u n d e r some c i r c u m s l a n c e s s t r o n g l y 
i n f J U ' ^ ' n c e s t h e r a d i a l f l o w t h i r u t h e b e d - To a c h i e v e <-:• f l o w 
d l .5t ]" i b u t i on t i - i a t a s s u r e s t h e d e s i g n o b j e c t i v e s and c-ddequatel y 
a d d r e s s e s h o t s p o t p r o b l e m s i T, t h e r e f o r e a f o r m i d a b l e t a s t .. 

FHYSICAL DESCFIPTION T v p i c a l l y t h e f u e l b e d s o f i n t e r e s t a r e 
r e l a t i v e l y • i h a l l o w (a jspro , , i mat e3 y I J t o 3''' p a r t i c l e s a c r o s s ; 
w' 1 !i an a s p e c t r - d i o o f a b o u t 1<'.\ and a r e c o n f i n e d b e t w e e n 
s u i t - . b l e r e t a m i n r j t - i a l l s , t h e i n n e r o f w h i c h a l s o s e r v e s as t h e 
oi'j t t h r o u g h " jh ich i t h e h o t q a s i s d i s c h a r g e d . We h a v e c h o s e n Lo 
mod'-'i f l o w t h r u t h i s s t r u c t u r e us i rig t i i e w e l l p u b l i c i z e d 
I: .'•: i i n i que o f Pa t a n I-er^ (193'")) and SpaJ d i n g i, 1978 ) . The p h y s i c a l 
Micjdel I S V'jel ] s u i t e d t o s p h i e r i c a l c o o r d m s t t e s w h e r e we s u b d i v i d e 
r - t d i a l l y , c i rc-umf e r -en t i a l 1 y , and a , ! i a l l y as shown i n F i g u r e l „ 

UEiTHODOL OGY The i n n e r m o s t r a d i a l n o d e r e p r e s e n t s t h e d i s c t i a r q e 
d u c t . The n e ' t r a d i a l node r e p r e s e n t s t h e h o t p o r o u s r e t - n n i n q 
Wc-<1 1 .. The o u t e r - m o s t r a d i a l node r c -p r -ese r i t s t h e c o l d p o r o u s 
r e t n i n i r i g w a l l and a l l t h e r a d i a l ncjdes m b e t w e e n r e p r e s e n t t h e 
p a r t i c l e b e d . F l o w a p p r o a c h i n g tht? c o l d r e t a i n i n g w a l l i s 
cssui i i t -d t o be p u r e r a d i a l f l o w ( a l t h o u g h m an a c t u a l r e a c t o r 
t h i : w o u l d n u t b-^ so ^nd t h e i n c i d e n t f l t j w w o u l d depend s t r o n g l y 
oi"i i-he d e t a i l s o f mecharu c a i d e s i g n ) . The a;; 1^1 and 
c ' l L u(fif er-HTit i r-tj s u b d i v i s i o n s ars a l l u n i f o r m l y s i z e d and have ncj 
s,jec 1 a i s J gn 1 f I c a r i c e , 

" I T ij'-jd p a r t n . l e s c-<re assumed t o h i - un i •'̂  o r ITII v s i ; e d b u t t h e v o i d 
f r a c t i o n a t e-^ch bed node can be i n d i v i d u a l l y - s p e c i f i e d t o 
r - p i S'SfHt w>iJ 1 i-f t -ocL , •-)¥- f t i ' ^ed p a r t i c l e s , ov~ br i d g m d , or ariv 
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other f]c;w aberration conceivable. 

Flow through the inner-most radial node can occur- in the a;;ia] 
direction only. Flow at the nodes r-epresenti nq the retaining 
walls can be radially inward only. Flow at all other nodes can 
be rcidially inwcsrd, circumferential, or axial as required to 
satisfy the mass and momentum balance flow equations. 

Figure 2 shows the system of control volumes used. Each nodal 
point is centered in the control volume used in conjunction with 
the continuity equation and with the energy conservation 
equation. Staggered ccjntrol volumes in the F;, 9, and 2 
directions are used for the momentum balance equations. 

Fluid thermodynamic and trarisport pr-operties ars all ta^ en to be 
both temperature and pressure- dependant and are reevaluated at 
every node during every pass. Pressure loss coefficients and 
heat transfer coefficients are taien fr-cjm the wort- of 
Er-qun(1952) as well as the more recent worl of Achenbacti \ 1 TSI" ,'. 

CONCLUSIONS 
As a n t i c i p a t e d , f l o w i s r -educed i n z o n e s o f t u g l i e r t h a n aver.AUi'i 
r e s i s t a n c e and i n c r e a s e s i n z o n e s o f l o w e r t h a n a v e r a g e 
r e s i s t a n c e , b u t m a l l c a s e s t e s t e d i s w i t h i n a c c e p t a b l e l i m i t s . 
C u r v e s w i J l be p r e s e n t e d s h o w i n g t h e c a l c u l a t e d f l o w and 
tt-mper a t u r e d i s t r i b u t i o n s f o r a number o f v o i d a g e p e r t u r b a t i o n s 
m o t i - i e r w i s e u n i fc;rm b e d s . Of p a r t i c u l a r i n t e r e s t i s '"he u 1 cised 
l oo f j e r f e c t t i i a l ^ f l o w m a l d i s t r i b u t i o n has on temper a t u r - e w h i ' . h 
i r i t u r n i n - * - l u e n c e s - l u i d d e n s i t / w t i i c h i n t u r n i ri f 1 i.ieni_es f 1 OI-J 
d l s t r 1 b u t 3 L)n . 

Acl- nowl c-dqmen ts 

F e s e a r c t i c a r r i e d o u t u n d e r t t i e a u s p i c e s o f t h e U . S . D e p a r t m e n t 
C't Crifc^rciy u n d e r c o n t r ^c t N o . DE-AC' . '2 -7oCHOO' ' ) L i ) . 

R e f e r e n c e s 
A ' . h e n L a c h . t - '. 1 9 8 2 , ' " H e a t TransfErr a r i d P r e s s u r e D r o p or P e b b l e 
B e d s Up To H i g t i R e y n o l d s N u m b e r " I n t e r n a t i o n a l H e a t F r a n s - i E r̂ 
Con-fe^r e n c e , H u n i c h , W e s t Ger " i r ianv , 

E r g u n , 5 . ', J 9 5 ? ) " F l U l d F l o w T h r u l- 'aci e d C o l '.ifTins" , C h e m . E11 q • 
F r o g . 4 S ; 8 9 - ^-^. 

F a t a n I e i - , 3 . V . •' 19'd'"'"' i-Jumei; i c . - l H e a t Tj ;2ai isf_er a n d Flu\ d. F l o w , 
He i i i i s p h e r e F u b i i s h m r j C o . New Y o r ^ , N . Y„ 

S| ic-] d . n q , D. B , ', I 9 "c ! , ' T ' . i r b u l e n t F o r c e d C o n v e c t i o n Ji'! C h a n n e l - , i-ind 
P'- indl e s ,. H e m i s p h e r e P u h i i s h m q C o . New r ĉ r f , N- i'„ 
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GAS DISCHARGE DUCT-

COLD 
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IN 

COLD RETAINING WALL 

BED NODES 

HOT RETAINING WALL 

FIGURE 1. 

HOT GAS OUT 

Fuel Element 3-Dimensional 
Discretization Pattern. 
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R - Z ORIENTATION R-0 ORIENTATION 

w 

NOTE: Node P has neighbors U & D (upstream and downstream) 
and n, e, w, s. 

Control Volumes 1) heavy line around P for mass and 
energy conservation. 

2) dotted line staggered on P for 
moment balances in 3 coordinates. 

FIGURE 2. Grid Arrangement and Control Volumes. 
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REVIEW OF POWER REQUIREMENTS FOR SATELLITE REMOTE SENSING SYSTEMS 

Stanley A. Morain 
Technology Application Center 

University of New Mexico 
Albuquerque, NM 87131 

(505) 277-4000 

INTRODUCTION 

The space environment offers a multitude of attributes and opportunities that 
could be used to enhance human life styles and qualities of life for all future 
generations, worldwide. Among the prospects having immense social as well as 
economic benefits are earth-observing systems that are capable of providing 
nearly real-time data and information on such topics as food and fiber 
production, marine fisheries, ecosystem monitoring, disaster assessment, and 
global environmental exchanges. The era of Space Station, the Shuttle program, 
and planned unmanned satellites in both high and low earth orbit will transfer 
to operational status what, until now, has been largely a research and 
development proof of concept for remotely sensing earth's natural and cultural 
resources. An important aspect of this operational status focuses on the 
orbital designs and power requirements needed to optimally sense any of these 
important topic areas. 

INSTRUMENT AND SYSTEM REQUIREMENTS 

Within the past three years several programs have been unveiled that address 
critical earth observation requirements (see, for example. Scull 1986, Hoeke 
and Irsyam 1984, Mory 1986, Mangano and Rowley 1986, Bignier 1986, and Keyte 
and Davies 1986). The United States, together with its international partners 
(European Space Agency (ESA), Japan, and Canada) is pursuing a low earth orbit 
polar platform called the Earth Observing System (EOS). Separately, the 
European Space Agency has described the European Retrievable Carrier (EURECA); 
the Netherlands and Indonesian space programs have promoted a Tropical Earth 
Resources Satellite (TERS); and both Europe and Japan have plans to launch 
their own versions of an Earth Resources Satellite (ERS). 

According to Ride (1987): 

"the global observational system would include a suite of nine 
orbiting platforms: 

- Four sun-synchronous polar platforms: two provided by the United 
States and one each provided by the European Space Agency (ESA) 
and the Japanese National Space Development Agency (NASDA). The 
first platform would be launched in 1994 and all four platforms 
would be in orbit by 1997. These platforms would provide global 
polar coverage with morning and afternoon crossing times. 

- Five geostationary platforms: three provided by the U. S. and 
one each by ESA and NASDA. These platforms would all be launched 
and deployed between 1996 and 2000." 
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The polar platform EOS series is designed to be serviceable from space station 
by an orbital transfer vehicle. EOS functions will include astronomical 
investigations, earth observations, and microgravity applications, among 
others. The general concept is based on a set of standard subsystem modules 
including power, attitude control, communications and data handling, all 
designed for maximum flexibility in sunsynchronous low earth orbit. Table 1 
shows the number of these platforms, their anticipated launch years, and the 
lead agencies responsible for them. By the year 2000, eight polar platforms 
are planned compared to the four indicated by Ride through 1997. At initial 
operating capability (IOC) the NASA/NOAA platform has a preliminary power 
design of 8 kWe (5 kWe continuous), growing to 15 kWe by 1999. The ESA 
platform IOC is 5 kWe, progressing to 12 kWe. Scull (1986) has reported an 
average power requirement of 3.5 kWe on the NASA/NOAA platform and 12 kWe on 
the ESA platform (Goldsmith, no date). Table 2 from Keyte and Davies (1986) 
provides detail on specific payloads, their applications, and power 
requirements. All of the instruments, except SAR and LIDAR have power needs 
well below 1 kWe. 

For a further discussion of the evolution of concepts and design requirements 
for EOS platforms see Mangano and Rawley (1986). Their work describes variously 
sized systems having peak payload power requirements up to 36 kWe based on 
solar array areas up to 686 m^. Table 3, however, indicates much lower power 
requirements for the five commercial remote sensing packages described in the 
January 1987 Mission Requirements Data Base (MRDB). Here, the average 
requirement is less than 2 kWe with an average peak requirement for 2.5 kWe. 

The EURECA platform is designed as a free flying reusable satellite, launched 
and retrieved by the Space Transportation System (Shuttle). Although designed 
primarily for microgravity missions, EURECA can be adapted to other uses, 
including astronomy and earth observations. Like the EOS platform it is 
designed around standard modules for power, attitude control, communications, 
and orbit change capabilities. The power subsystem will initially generate, 
store, condition, and distribute 5 kWe to all subsystem units and instruments 
through deployable solar arrays (Bignier 1986). One kWe of continuous power 
and 1.5 kWe peak power will be delivered to the payload. Future adaptations of 
the subsystem are expected to deliver up to 12.5 kWe (Mory 1986). 

A Tropical Earth Resources Satellite (TERS) concept has been described by Hoeke 
and Irsyam (1984). Its purpose would be to provide a pushbroom multispectral 
scanner in equatorial orbit (approximately 1680 km) that could be pointed 
anywhere between 10°N or 10°S latitude. This would provide equatorial 
countries an opportunity to observe their territories four times each day 
during daylight hours. Power requirements for such a system would be on a par 
with those systems already described. 

CONCLUSIONS 

Sensors and satellite designs for commercial remote sensing platforms through 
the 1990s will be powered predominantly by solar arrays delivering between 5 
kWe with growth capacity to perhaps 25 kWe. Average continuous power needs,-
according to NASA's Mission Requirements Data Base, approach 2 kWe with 
individual requirements as high as 6 kWe. Some estimates of future growth 
suggest power needs as high as 35 kWe. 
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TABLE 1. Anticipated Polar Platform Series (from Scull 1986). 

1993 1994 

CANADA 

ESA 1 

JAPAN 

NASA 

NASA/NOAA — 1 

OTHER U.S. -_ — 

TOTAL ON ORBIT 1 2 
(Cumulative) 

1995 1996 1997 1998 1999 2000 

K?) 

— ~ 1 ~ 1 

1 -- (-1) 

1 -

2 

4 4 5 5 8 8 
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TABLE 2. Anticipated Instrument Payloads and Power Requirements 
for Land, Oceans, Atmospheric, and Tracking Applications 
(from Keyte and Davies 1986), 

Land Observations 

Instruments 
Mass Power Data 
(kg) (kWe) (M Bit/s) Comments 

Synthetic aperture radar 500 

High spatial resolution optical imager 500 0.6 
- visible and infrared 

Imaging spectrometer 150 0.3 

150 

150 

20 

Experimental, lOC^, growth phase 
to allow multi-frequency, 
multipolaurisation, multidepression 
angle capability 

Operational, IOC 

Experimental, IOC 

Oceans and Ice Observations 

Instruments 
Mass Power Data 
(kg) (kWe) (M Bit/s) Comments 

Ocecin color monitor 

Radar altimeter: 
ocean circulation and wave height 

Wind scatterometer 
sea surface wind stress 

Microwave imaging radiometer: 
sea surface temp 
ice 
soil moisture 

Synthetic aperture radar: 
sea wave spectra 
ice observations 

LIDAR: blue-green bathymetry 

150 0.15 3 Operational, IOC 

120 0.15 0.01 Operational, IOC 

250 0.5 0.01 Operational, IOC 

250 0.3 0.1 Operational, IOC 

300 2 100 Experimental, IOC 

1000 1.5 0.1 Experimental, not IOC, growth 
phase capability 
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TABLE 2 (continued) 

Atmosphere Observations Including Meteorology 

Insttxmients 
Mass Power 
(kg) (kWe) 

Data 
(M Bit/s) Conments 

Medium spatial resolution optical imager 100 0.2 2 
(visible auid infrared cloud 
observations) 

Infrared atmospheric sounder 100 0.2 0.05 
(temperature and humidity) 

Microwave atmospheric sounder 100 0.2 0.05 
(temperature eind htimidity) 

Earth radiation budget package 100 0.2 0.1 
(incoming, outgoing radiation) 

LIDAR (winds, atmospheric pressure) 1000 1.5 0.1 

Needed for operational meteorology 
on morning euid afternoon platforms 
at IOC 

Needed for operational meteorology 
on morning eind eiftemoon platforms 
at IOC 

Needed for operational meteorology 
on morning and afternoon platforms 
at IOC 

Operational, IOC 

Experimental, not IOC, growth 
phase capability 

Limb sounder (atmospheric composition) 100 0.05 0.05 Experimental, IOC 

Tracking 

Instruments 
Mass Power Data 
(kg) (kWe) (M Bit/s) Comments 

Data collection package 

Sê :̂ch and rescue 

Positioning system to support radar 
altimeter observations 

100 

100 

50 

0.15 

0.1 

0.05 

0.1 

0.1 

0.1 

Operational, IOC 

Operational, IOC 

Operational, IOC 

^Initial Operating Capability 
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TABLE 3. Anticipated Power Requirements for Space Station and Polar 
Platform Missions (from NASA Mission Requirements Data Base, 
January 1987). 

Mission: Remote Sensing Test, Development, and Verification (Comm 1014) 

NASA Office of Commercial Programs 

Schedule: 1994-1999 (90 operational days each year) 

Objective: Test, develop, and verification of remote sensors using sample data 
sets. 

Power Requirements: DC 
Operating (kWe) Nominal 6,00 
Hours per Day (Operating) 1,00 
Voltage Nominal 0.00 
Peak (kWe) Nominal 0,00 
Hours per Day (Peak) 0,00 
Standby Power (kWe) 0.00 

(Non-Operational Periods) 
Special Considerations (Power): 

Experiment includes 25 kWe intermittent discharge 
device. 

Location: Space Station (internal, pressurized, and external unpressurized). 
Equatorial Platform (28.5° inclination). 

Hardware: Imaging Spectrometers, Radiometers, and SAR. 

Mission: Large Format Camera (Comm 1015) 

NASA Office of Commercial Programs and NSTL/ERL 

Schedule: 1992-2001 (365 days per year) 

Objective: Provide precise vertical stereoscopic photographic imagery of Earth 
in: (1) wide field synoptic mode and (2) very high resolution. 
Long-term objective is to test and develop for commercial 
operational applications an attached payload. The large format 
camera (LFC) will be selectively operational on a daily basis as 
photographic conditions permit. 

Power Requirements: DC 
Operating (kWe) Nominal 0.28 
Hours'per Day (Operating) 21.00 
Voltage Nominal 32.00 
Peak (kWe) Nominal 0.80 
Hours per Day (Peak) 300 
Standby Power (kWe) 0.17 

(Non-Operational Periods) 
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TABLE 3 (continued) 

Location: Space Station (external, attached, pressurized). 
Equatorial Platform (28.5° inclination). 

Hardware: Large Format Camera (LFC) with 9.5 inch format, 4000 foot film roll. 

Mission: Earth Resource Sensors (Comm 1019) 

NASA Office of Commercial Programs and EOSAT 

Schedule: 1992-2001 (365 days per year) 

Objective: Earth resource scanning on operational commercial basis for 
agriculture, forest, and rangeland monitoring; water resource and 
geologic evaluation; cartography. 

Power Requirements: DC 
Operating (kWe) Nominal 
Hours per Day (Operating) 
Voltage Nominal 
Peak (kWe) Nominal 
Hours per Day (Peak) 
Standby Power (kWe) 

1.50 
5.00 

28.00 
1.70 
0.20 
0.40 

(Non-Operational Periods) 

Location: Polar Platform (98.5° inclination). 

Hardware: Thematic Mapper and advanced Landsat sensor. 

Mission: Commercial SAR (Comm 1020) 

NASA Office of Commercial Programs 

Schedule: 1995-1996 (365 days per year); 1999-2001 (365 days per year) 

Objective: Commercial operational mission for land observations supporting 
cartography, forest monitoring, structural and lithologic mapping, 
and to study water surfaces, soil moisture, glacier, crops, and 
rangelands. May be a shared instrument with science or NOAA. 
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TABLE 3 (continued) 

Power Requirements: DC 
Operating (kWe) Nominal 1.80 
Hours per Day (Operating) 12.00 
Voltage Nominal 28.00 
Peak (kWe) Nominal 10.00 
Hours per Day (Peak) 0.00 
Standby Power (kWe) 0.30 

(Non-Operational Periods) 

Location: Space Station (external, unpressurized). 
Polar Platform (98.5° inclination). 

Hardware: Not available. 

Mission: Ocean Color Imager (Comm 1023) 

NASA Office of Commercial Programs 

Schedule: 1999-2001 (365 days per year) 

Objective: Map ocean chlorophyll and sedimentary concentrations and 
distributions with a resolution of 0.825 km. 

Power Requirements: DC 
Operating (kWe) Nominal 0.01 
Hours per Day (Operating) 24.00 
Voltage Nominal 28.00 
Peak (kWe) Nominal 0.00 
Hours per Day (Peak) 0.00 
Standby Power (kWe) 0.00 

(Non-Operational Periods) 

Location: Polar Platform (98.5° inclination). 

Hardware: Not available. 
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ELECTROMAGNETIC POWERED VEHICLES (EMPV) FOR MARS EXPLORATION 
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MS 301-3 
21000 Brookpark Road 
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INTRODUCTION 

Special attention has been given to manned missions to the Moon and Mars not 
only for exploration, but to establish permanent manned outposts. In order to 
f u l f i l l such ambitious plans, i t is necessary to establish technology bases in 
the areas of transportation, robotics, l i f e support, and power generation. 

In the area of power generation, major progress has been made in solar 
dynamics, photovoltaics, heat cycle engines, thermionics, and nuclear. At the 
level of the present technology, massive structures are required for power 
generation, cooling, and shielding. The excessive mass of these systems wi l l 
hinder a manned mission from obtaining a reasonable mobility over the surface 
of the planet. For planetary exploration, small wheeled vehicles driven by 
batteries or fuel cel ls have been proposed, although other types such as solar 
or nuclear could potentially be used. 

During the mid 1970's, an extensive study was performed in the area of 
microwave power transmission (MPT) with application to the Solar Power 
Satel l i te (SPS). This study placed emphasis on the transmission, reception 
and conversion efficiencies of microwave power beamed from a solar power 
station in an earth synchronous orbit to a ground receiving station. That 
study showed a beam transmitting efficiency of 99%, and a radio frequency (RF) 
to direct current (DC) converter (rectenna) efficiency of around 85%, should 
be possible. 

FIGURE 1. Deployment of Thin-Walled, Light-Weight Slotted Waveguide proposed 
by Raytheon Co. for the Transmitting End (from Brown 1982). 
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Transmission Line 
Inductance Section 
of low Pass Filter 

1 mil Kapton 

1/2 mil Teflon 

Filter Capacitor 
Bottom Plate 

DC Buss 
Bar 

2 Section Low Pass / inductance 
Half ya« " ^ ' ^ ^ " "e ' ' ^ l ' ^ * ' " / to Resonate ^ 
Ma T Mave /Rectif ier CircuitX 

Dipole Antenna ' \ 
Half Wave Schottlcy Bypass Capacitance 

Barrier Oiode Rectifier and Output Filter 

FIGURE 2. (A) Schematic of Thin-Film Rectenna developed by Raytheon Co. 
under the Sponsorship of NASA LeRC (from Brown 1986). 

(B) Equivalent LC Circuit. 

STUDY APPROACH 

The purpose of these studies is to demonstrate the feasibility of an EMPV 
(aircraft or rover) for Mars exploration in order to make possible vehicles 
with a wide range of exploration, of the order of a thousand miles or more. 
Results from previous studies on the feasibility of the SPS will be used as a 
guiaeline. The power plant for this mission will consist of a 1 to 3 MWe 
nuclear reactor located in Mars synchronous orbit (16,700 km of altitude). 

Power requirements for this type of mission will be defined. Trade-offs 
between frequency, antenna sizes (transmitter and receiver) and masses will 
play an important role in the design of the vehicle. Feasibility of rectenna 
diodes at higher frequencies than 2.45 GHz will be considered. GaAs 
photovoltaic (PV) cells with applications to laser power transmission might 
represent another alternative. A conceptual design of such a vehicle will be 
the outcome of this analysis. 

RESULTS 
MICROWAVE PEAK POWER DENSITY AT THE SURFACE 

OF MARS AS A FUNCTION OF TRANSMITTER AREA 

PONER OENSITr ( K/n̂  I 
TRANSMITTER MASS 

TOTAL MEIGHT I tonnes ) 

100 000 00 3O00 10 000 30. 000 

TRANSMITTER AREA I iî  ] 

FIGURE 3. Power Density assuming Power Satel l i te at 
16,700 km of Altitude and 1 MWe Power at 
the Transmitter. 

FIGURE 4, 

3000 10 000 30 000 100 000 

TRANSMITTER AREA ( « 'l 

Extraoolation of 2.45 GHi Slotted Waveguide 
to Higher Frequencies. 
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RECTENNA DIODE POWER REQUIREMENT FOR POWER 
DENSITY OF 1 kw/ra^ 

POHER { nM 1 

300 

FREQUENCY I GHz I 

t loa 10* lOe 

Transmikston rmB* A kT̂  

*1W1ronointcalunit« t«9599000IUT^ 

FIGURE 5. This is an Extrapolation of the 2.45 GHz 
Rectenna. The Element Density at that 
Frequency is 170 Diodes/m2. 

FIGURE 6. Comparison between Microwave Power 
Transmission (MPT) Systems and Laser 
Power Transmission (LPT) Systems in 
re la t ion to the i r receiving and 
t ransmit t ing Antenna Sizes I from 
Je Young et a l . 1983). 

DISCUSSION 

The rationale for going to higher frequencies could be jus t i f ied by Figures 3 
ana 4. Despite the fact some progress has been made with 300 GHz rectennas, 
very l i t t l e can be done with the power available at the surface with a 
reasonable size transmitting array in orbi t (100 W/m2 on the surface, 150 m 
diameter, 12 tonne dish). At 500 GHz the same performance could be obtained 
with a smaller dish (112 m d ia . , 3.2 tonnes). 

One way to overcome this situation could be to u t i l i ze an aircraf t to carry 
the aesired payload instead of a rover. The advantage of this is that 
a i rcraf t by nature have large surface areas. This is especially true at Mars, 
where the atmospheric pressure is only 1% of the earth's atmosphere. 
Airplanes are not suitable for this kind of mission because they wi l l require 
taKeoff and landing by means of rockets due to the absence of airstr ips on 
Mars. This approach is also not practical because this system wi l l require 
refueling. On tne other hand, a blimp type vehicle wi l l be able to provide 
i t s own l i f t , eliminating the use of chemical rockets for takeoff and 
landing. Because of the low atmospheric density, a large blimp wi l l be 
required to l i f t a significant amount of payload (say 100 m dia. x 1,000 m 
long for 3 tonnes of payload). Although i t seems large, the weight of frame 
and rectennas wi l l represent only a fraction of the total mass since materials 
l ike mylar and kevlar could be used for the cloth of the fuselage and frame, 
respectively. This structure wi l l have such a large cross-sectional area that 
i t mignt be able to capture between 30% to 40% of the beamed power. 

Laser power transmission (LPT) may be used to power small wheeled vehicles 
(700 to 1,000 kg). I t is known that at frequencies of 370.4 THz (A= .81 |jm) 
GaAs photovoltaic cells reach a peak efficiency of 40%. Assuming a 10 m 
diameter dish, i t is possible to obtain a peak power density at the surface of 
429.2 kW/m*̂ . This last approach reduces the sizes and masses of the 
receiving and transmitting arrays, also reduces the power requirements of the 
power sate l l i te making feasible the use of EMPV for precursory missions. 
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CONCLUSIONS 

The necessity of going to submillimeter frequencies is clear. Despite 
progress in the neighborhood of 300 GHz, stronger effort should point toward 
1000 GHz, or to lighter weight transmitting antennas. The primary advantage 
of EMPT for rovers for Mars exploration is the very large range (of the order 
of 1000 miles or more, compared to about 50 miles for full cell powered 
rovers). This is balanced by extra weight of the transmitter. Arguments 
supporting feasibility of submillimeter frequency rectenna diodes are based on 
Figure 6 where it shows very low power requirements for these diodes even at 
large power densities of up to 1 kW/m^. Although LPT seems to be a 
promising alternative, it is debatable whether its performance will be 
affected by molecular resonant absorption (MRA) or dust clouds at quasi optic 
frequencies. Also, work on lightweight transmitting antennas might 
substantially improve the weights needed for EMPT. 
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INTRODUCTION 

This paper is a report on research in progress on the use of nuclear power in 
mining the mart ian moons for volatiles and hydrocarbons as well as to power 
microwave generators for processing both Lunar regolith and the spoils from 
the Martian mines into bui lding products . 

Numerous authors (Criswell. 1976, Cordell. 1986. OLeary. 1982. 1985 and 1986) 
have discussed ut i l iz ing lunar and ex t ra te r res t r i a l resources. Several papers 
(Pollack, et al, 1973. Duxbury. 1979. Delano. 1982 and Gaffey and McChord, 1978) 
have presented data character izing Phobos and Diemos. the two moons of Mars. 
Keaton (1985. 1986) developed orbi tal parameters and concepts for nuclear 
electric propulsion. Carlson (1987) summarized mass character is t ics for man 
rated and un-manned space nuclear power systems. 

Previous work on mining the Martian moons (Leonard, Blacic and Vaniman. 
1987, 1987 and 1985) developed estimates for the costs and power requirements 
for ext ract ing and shipping any volatiles that might be found on Phobos and 
Deimos. The costs were compared to the cost of shipping those same volatiles 
from Earth and it was found that the mining operation would breakeven for 
launch costs from Earth as low as $198/KG ($90/ lb) . Above the 198 dollar per 
kilogram figure the mines would generate a profit . In the previous work the 
use of nuclear powered mining facili t ies and freighters assumed. 

Based on the resu l t s of the previous work plus recent work on the microwave 
processing of Lunar regolith it was decided to refine the concept descript ion. 
Work underway and which will be reported in the final paper deals with the a 
bet ter definit ion of the power required for mine operations, nuclear electric 
propulsion, and the microwave processing of mater ials . 

The major factors in determining the power requirements are: 1) the types of 
resources that might be avai lable on Phobos and Deimos has well as the 
composition of the Lunar regoli th and 2) how those resources are extracted 
and re tu rned to: low Eartn orbi t (LEO), geosynchronous Earth orbi t (GEO), 
Lunar Orbi t or to t r anspor ta t ion nodal points such as the L-1 (Lagrange) 
Ear th-Sun or Mars-Sun locations. Cost comparisons with s imi la r material 
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brought from Earth are highly dependent of the size and mass characteristics 
of power reactors. 

The conclusions from the previous work are: 1) it would be commercially 
viable to mine the Martian moons, (a profit of at least a 10 percent return on 
capital could be realized); 2) most of the technology needed to mine Phobos and 
Deimos is already developed; 3) extraterrestrial sources of propellants for ion 
propulsion systems are needed to lower the cost of transportation; and 4) 
mining the Martian moons would reduce the cost of exploring Mars as well as 
the cost of space operations near Earth (out to the orbit of the Moon). 

Based on preliminary results it would appear that modular power plants 
having a rated output of between 0.5 and 1.0 Megawatts electric are needed for 
operations. This level of power implies a more efficient though probably less 
reliable system of power conversion than that proposed for SP-100. 

SYSTEM DEFINITION 

Organizational S t ruc ture : We include in our system definition some 
assumptions about the organizational structure of the entity which would 
undertake the mining of the Martian moons. We postulate an extraterrestrial 
resources company which would operate the mines and associated processing 
facilities. This company might be a partnership of large companies or the 
result of large venture capital offerings similar to those which resulted in the 
major railroad companies of the 1800s. 

Other alternative models are the East India Company, the cooperative effort 
involved in developing the North Slope oil fields in Alaska, or the Intelsat or 
Comsat models. Based on historical experience, a state-owned company would 
be an economic disaster and would probably never produce a product. A 
classic example is the British Government's attempt to build the R-1 dirigible. 
That project ended in disaster while a commercial venture built a similar 
vehicle which was very successful. 

Regardless of the organizational structure, the operation would probably have 
three major divisions: a) Martian mining operations, b) transportation, and c) 
near-Earth operations or processing. Divisions a and b would be nuclear 
powered while c could be either nuclear or solar. 

Mining and Processing: The mine and local processing plant might consist of 
either a tunnel borer or nuclear powered thermal rock melter muck handling 
system, crushers, process ovens, casting facility, electrolyzers for converting 
water into oxygen and hydrogen, compressors and liquefaction equipment, an 
ice making unit, a chemical olant for producing methane and other chemicals, 
a 2 to 4 Megawatt electric nuclear power plant, maintenance and repair 
facility, a habitat complex, and a research facility. 

The mine's initial power plant could be the same one used to power the ion 
thrusters needed to move the mine and processing plant from LEO to either 
Phobos or Deimos. Based on remote sensing data and a possible Soviet sampling 
of the moons in the 1990s, tne facility would spiral into the orbit of whichever 
moon appears most promising from remote sensing data and possible lander 
samples. The facility docks with the moon rather than lands on it. 

72 



A series of augers or screws could be used to anchor or pull the mining 
equipment up against the moon. Once a sufficient degree of holding power is 
developed to resist the thrust of the tunneler, mining operations would 
commence. 

Material would be moved back from the mine's face, probably in batch lots, to 
the crushers. Due to the lack of gravity these would probably be force fed. 
From the crushers the material in the form of fines would be moved to the 
vapor extraction unit or roasting oven. 

Processing Operat ions: We estimate that process temperatures of 
approximately 1170 *K (900 *C) will be needed to extract most of the water. 
From the roasting ovens the residue could be moved to a process furnace or the 
temperature in the roasting oven increased to where the material would be 
completely melted and extruded into structural shapes. This last step would 
require temperatures of about 1470 *K (1200 'C). 

Some of the molten material might be foamed to produce rigid insulation using 
some of the gases derived from the roasting process. In addition, it might be 
possible to use powder metallurgy techniques and microwave processing to 
fabricate products which were reinforced with various types of fibers 
including vacuum processed ultra-high strength glass fibers (Blacic, 1986) 

However, the main first generation product for shipment back to earth would 
be ice in 200 to 500 metric ton lots. Secondary, near-term products might be 
methane and ablation shells for use in aerobraking delivery of products from 
elsewhere in the solar system to LEO or Mars. 

Transportation: The transportation system would likely consist of a number of 
unmanned fully automated nuclear powered tugs and barges. The tugs would 
use ion thrusters for propulsion. With a modular power plant supplying 
electric power to the thrusters one design could be used for all the routes. The 
tugs could be reconfigured depending on route and desired transit times. 

The power delivered to the thrusters ranges from 2 to 10 MWe depending on 
payload, transit time and the gravity gradient that the tug traverses. The 
following power levels are for 200 metric ton payloads. The range in power 
levels is due to the interrelationship of total cost to Earth launch costs, power 
plant size, and propellant. 

Tugs having between 2 and 4 MWe power plants are proposed for spiraling out 
from the Martian moons to th(» Mars-Sun L-1 node. Transit times for this leg 
would range between 0.5 and 3 months. Four to ten MWe power plants would 
be needed for the tugs making the run between the Earth-Sun L-1 node and 
the Mars-Sun L-1 node. One way transit times for this leg would range from 6 
to 18 months depending on both costs and planetary position. One to four MWe 
power plants could bt yaed to provide service between LEO. GEO. lunar orbit, 
and the Earth-Sun L-1 noue Transit times for this leg would range from two 
weeks to 8 months. Again the optimum, cost effective transit times are 
strongly determined by the cost of propellant for the thrusters. Higher 
propellant costs result in longer transit times being more cost effective. 
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Total, one way transit time from Phobos to LEO would range between 7 and 2 0 
months with 14 months being a good first order approximation of the median. 
The latter is only slightly longer than some of the old sailing ships took to do 
the spice run a couple of hundred years ago. 

The optimum economic transit time is primarily a function of the cost of the 
vehicle and the cost of the propellant. The latter's cost is dependent on launch 
costs from Earth if the propellant comes from Earth. As launch costs go up the 
optimum economic transi t time becomes long, minimizing the amount of 
propellant needed. If the ion thrusters can use a propellant such as oxygen 
derived from the mines on either of the Martian moons or on the Moon, then 
overall costs can be greatly reduced and transit times shortened. 

The barges, pushed by the tugs, could consist of a light weight thrust structure 
designed to hold the ice mass together and to transmit the engine's thrust to 
the ice. A cover or sheath would be needed to keep the ice from sublimating. 

The final processing facility could be located at the Earth-Sun L-1 node. This 
facility would probably consist of a solar or nuclear powered ice melter. an 
electrolyzer for converting water into oxygen and hydrogen, and a gas 
liquefaction plant. 
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INTRODUCTION 

At the present rate of world energy consumption (10 TW-y/y) and allowing for 
an "equilibrium" consumption of 20 to 30 TW-y/y in the mid 21st century, we 
will exhaust our economically recoverable fossil fuels in the next 50 to 60 
years. At that time we will have to rely on nuclear (fission and fusion) and 
renewable energy to feed, keep warm, and protect the world's population. 
Fusion energy is expected to play an important role in the 21st century and 
there is presently a 2 billion $/year research program to commercialize that 
energy source. One main problem with the current worldwide approach to fusion 
is its reliance on the D-T fuel cycle which releases 80% of its energy in the 
form of neutrons. These neutrons can cause significant radiation damage and 
induce large amounts of radioactivity. 

There is another fusion fuel cycle involving the isotopes of D and He-3 which, 
if configured properly, releases 1% or less of its energy in neutrons. Obvi
ously such a fuel is preferred, but up to 1986 there was no large source of 
He-3 known that could satisfy the world energy needs. Fortunately, a very 
large source of He-3 was discovered on the moon, implanted over 4 billion 
years by the solar wind. Recent analysis of Apollo and Luna data reveals that 
over 1,000,000 tonnes of He-3 still reside on the moon (Wittenberg et al. 
1986). The energy in this He-3 fuel is 10 times that contained in all the 
coal, oil and natural gas on the earth (Kulcinski and Schmitt 1987). The 
purpose of this paper is to address the energy required to extract that He-3 
from the lunar regolith. 

ANALYSIS 

The energy required to thermally recover the implanted He-3 is largely derived 
from the sun. Concentrated solar energy is used to heat the lunar regolith 
up to 900 K to 1000 K. It has been shown by Pepin et al., 1970 that at these 
temperatures 80-90% of the He-3 is evolved from the regolith (see Figure 1). 
The gases evolved are collected in a mobile mining unit (see Figure 2) and the 
spent regolith is returned to the surface of the moon. During the lunar night 
(14 earth days) the gases are allowed to cool by radiation to outer space and 
all except the He gases are condensed. The energy to power the roving vehicle 
and separate the He-3 from He-4 can be derived from several sources: solar, 
beamed microwaves from a central station, or small mobile nuclear reactors. 
A total estimate of the energy investment in mining the He-3 reveals that 250 
times more energy is evolved in burning the He-3 on earth than is invested in 
obtaining the He-3 from the moon. This is to be compared to a value of 16 for 
mining coal on earth and 20 for uranium used in light water fission reactors. 
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CONCLUSIONS 

The energy return from burning Helium-3 in thermonuclear reactors is at least 
2 orders of magnitude more than the energy required to bring i t back to ear th , 
not including credi ts for other lunar vo la t i les (H2, N2, carbon compounds) 
obtained in the mining process. This provides a great incentive to i nves t i 
gate the use of Helium-3 for space power plants or space propulsion units as 
well as for t e r r e s t r i a l power systems. 
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FIGURE 1 

HELIUM-3 EVOLUTION FROM LUNAR SOIL 
Data from Pepin et ai., 1970 
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FIGURE 2. Design of a lunar vehicle which uses direct solar radiation to extract 
He-3 from regolith. 
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INTRODUCTION 

A large data base exists covering almost all aspects of the requirements for 
the successful development of electromagnetic launchers (Kolm 1980, Fair 1982, 
and Driga 1986). To extend the use of electromagnetic launchers to the limits 
of technology for such exotic applications as hypervelocity weaponry or space 
launch systems, it is useful to examine the energy and power requirements for 
such uses. One way of examining the power and energy limits is to purposely 
neglect all system losses in order to determine the minimum power and energy 
requirements. Actual power requirements will most likely be higher by at 
least a factor of three. Calculations are presented for minimum power 
requirements, launch acceleration time, projectile kinetic energy, and 
projectile inertial force as a function of projectile mass, projectile 
terminal velocity, and length of the launch tube. Results of these calcula
tions are presented in Figures 1 through 4. 

RESULTS 

Figure 1 shows that the power requirements increase quite rapidly with 
increasing projectile velocity and with decreasing launch-tube length. 
Assigning an electromagnetic launcher efficiency of 30% and a power source 
cycle efficiency of 30% would increase the value of the power required, as 
shown in Figure 1, by a factor of 11.1. Thus, as an example, the power 
required to accelerate a 1-kg projectile to a terminal velocity of 10 km/s 
with a 100-m launch tube would be in excess of 27,000 MWt. The same 
projectile accelerated with a 1000-m launch tube would require only 2,700 MWt. 

Figure 2 shows that extremely short time periods are required to accelerate 
the projectiles to the required terminal velocities. For example, the time 
period to accelerate a 1-kg projectile to 10 km/s with a 100-m launch tube is 
20 ms (requiring 27,000 MWt), and the use of a 1000-m launch tube yields a 
time period of 200 ms (requiring 2,700 MWt). It is evident that the shorter 
launch tubes require much higher power generation rates with much shorter 
acceleration times. Therefore, there is a large advantage in using very long 
acceleration paths. 

Figure 3 shows the projectile kinetic energy as a function of projectile 
velocity. The kinetic energy is not dependent upon the length of the launch 
tube. Energy deposition varies from about 10 to 200 MJ per kg of projectile 
mass. 
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Extremely high values of projectile inertial force result from the high 
acceleration rates involved in the launching process. Figure 4 presents the 
projectile inertial force as a function of projectile terminal velocity and 
launch tube length. The inertial force for the case of a lOOO-m launch tube 
and a projectile terminal velocity of 5 km/s is 1273 gee (1 gee = 9.8 m/s ) . 
A long launch tube and a low projectile velocity are required to prevent 
deformation and possible damage to the projectile (delivery package) due to 
inertial forces. 

Considerations of aerodynamic heating appear to preclude the use of the 
electromagnetic launcher for direct launching of most materials into orbit 
from the Earth's surface. However, the concept of surface-to-orbit launch 
would be reasonable for any satellite, moon, or planet with little atmos
phere. For example, delivery of material from the surface of the moon to an 
orbiting cargo ship waiting to transport material to Earth or elsewhere could 
be accommodated by an electromagnetic launcher. 

The power source for such a remote launcher would probably require the use of 
a nuclear heat source which dissipates waste heat into space by radiation. 
The dual requirement of extremely high powers coupled with extremely short 
pulse times most likely demands a steady-state nuclear-electric power 
generation station coupled to an energy storage device with power pulse 
capabilities. Such a system would be capable of long term operation without 
the need for refueling. An example of such a system is described by Powell 
(1982). 
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INTRODUCTION 

The development of individual station power requirements in a space-based Strategic Defense 
Inititative (SDI) system, needs to be made in the context of the defensive effectiveness of the 
system as a whole, and not on the maximum effectiveness of the individual platform. It is 
possible, for instance, that a few platforms with high effectiveness might be a less cost effective 
way to achieve a given level of performance than a larger number of platforms, each with a lesser 
effectiveness. In order to make such a tradeoff study, one needs to have a method of calculating 
the performance of the defensive system as a whole. 

Further, total system power is important because it is a major determinant of the launch resources 
required. An evaluation of the resource requirements for such a system thus requires a 
knowledge not only of the individual station power but also of the number of platforms. 

These are just two examples of problems that the computer program DEFENSE can help solve. 
DEFENSE is a computer simulation of the engagement of a space-based SDI defense against a 
given offensive threat. A typical offensive threat contains hundreds of thousands of objects. 
Given the characteristics of a defensive platform and the number of such platforms, DEFENSE 
calculates the performance of the system as a whole. It can thus be used to determine the size of 
(numbers in) the constellation required for a given level of performance. It can also help optimize 
the system through the use of tradeoff studies. 

DEFENSE is a fast, flexible, and easy-to-use code: Fast so that it can be used for parametric 
studies of system variables, flexible so that it can be readily modified in order to answer new 
questions in a timely manner. SDI is a very new and a very changeable area of study; therefore, 
new questions are constantly arising. In order to achieve flexibiUty, the code was constructed in a 
modular fashion with a high degree of function localization, making it easy to modify. Input 
preparation is easy, consisting largely of modifying already existing, self-documented input files 
with a text editor; it normally can be done without reference to the input manual. A final 
characteristic is that it is largely conservative, in the sense that in most contexts it will predict a 
lesser system performance than would be the case in a more detailed simulation. 

Primary usage of DEFENSE has been on the Cray computers at Los Alamos National 
Laboratory. However, since DEFENSE is written in FORTRAN-77 it is easily transportable to 
other computers. Versions have also been made available locally on a VAX780 and an IBM-PC. 
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EXAMPLE OF USE 

Figure 1 below shows the results of a calculation to determine the performance of a hypothetical 
110 satellite system as a function of the orbital inclination of the satellites. The 110 satellites were 
arranged in eleven orbital planes with ten satellites in each circular orbit at an altitude of 900 km; 
satellites are equally spaced about the orbit. Each satellite had the capability to lay down a 
destroying dose to an offensive missile 2000 km away in one second with a satellite power of 
unity. Satellites were constrained to take shots no longer than one second. The offensive threat 
consisted of 1000 boosters, simultaneously launched from latitudes between fifty and sixty 
degrees and headed in a northerly direction. The defense had to fight a booster battle, that is, it 
was required to wait until the boosters cleared the atmosphere (130 km altitude) and could not fire 
after booster bumout; this is a period of engagement of less than a minute. 

The performance, in percent of the boosters destroyed, is shown as a function of the platform 
(satellite) power. Three constellations of satellites are evaluated, differing only by the inclination 
of the satellite orbits. As the satellite power is increased, shots taken at a given range will require 
proportionally less time to destroy the target and furthermore, shots of one second duration can 
be taken at longer ranges; the maximum range increases with the square root of the power. For 
constellations which traverse the higher latitudes (65 and 80 degree cases), the performance is 
seen to differ only slighdy and all the offensive threat is destroyed when the relative power is 
slightiy over a magnitude of two. The constellation with an inclination of 65 degrees is a slighdy 
better performer than that with an 80 degree inclination. However, for the case of 50 degree 
inclination, the defense finds itself in a too southerly position and performance suffers 
accordingly. At this inclination, it can be seen that the platform power would have to be increased 
by roughly a factor of two in order to achieve the same level of performance. 
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FIGURE 1. Performance Dependence on Orbit Inclination 
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MODELING DETAILS 

The ballistic trajectories in DEFENSE are modeled in such a way as to present reahstic time lines 
not only for the ballistic portion of the flight but also for the boost, post boost deployment, and 
reentry phases. Proper time exposure of the offensive objects to the defensive actions is crucial to 
a valid determination of the defensive performance. DEFENSE has the capability to rapidly 
compute accurate and realistic rocket trajectories for a wide variety of situations. Various rockets 
can be simulated by simply entering their different characteristics (for example, stage masses, 
thrusts, propellant flow rates, and ballistic coefficients). Flight profiles can be constructed by 
specifying a succession of any number or type of flight section (for example, a short vertical 
flight, followed by a gravity turn, followed by a 1st stage constant-flight-angle flight, followed 
by a 2nd stage constant-flight-angle flight, followed by ballistic ftee-flight, followed by a reentry 
flight). Offensive and/or defensive missiles that offload multiple independentiy targeted reentry 
vehicles are accomodated with a realistic simulation of bus maneuvering and payload 
deployment. Bus fuel use and bum times are computed to determine if the mission is feasible, 
and, if so, what fuel and motor would be required. Trajectories can be generated under various 
constraints to yield, for example, minimum bum time trajectories or minimum flight time 
trajectories. Launch and target points are not constrained to the surface of the earth, which 
allows simulation of the full range of possible missiles (FBBs, ASATs, HVPs, SBKKVs, and 
others). 

Constellations of defensive satellites (there may be up to three) share a common type, orbital 
inclination, and altitude. A constellation consists of all the satellites in an input specified number 
of orbital planes; the planes are equally spaced around the equator. Each orbital plane contains an 
input specified number of satellites, equally spaced thoughout the orbit. All orbits are circular. 
The user may specify the position (phasing) of the constellation at the beginning of the battle. 

Defensive weapons may either destroy or interrogate objects in the offensive cloud. For each 
individual action, DEFENSE determines the amount of time required to process the object. 
Separate functional relationships are used to determine the amount of time to kill or interrogate. 
Dead time is allowed after a shot is taken in order to retarget. Slew rate during this retarget time 
is constrained to an input value. Up to two of the constellations may be designated as detector 
constellations, a concept used chiefly in Neutral Particle Beam (NPB) studies, hi this scenario, in 
the interrogation mode, a platform trains a beam of neutral particles on an object. The resultant 
neutron radiation is then observed by a detector satellite. Analysis of the neutron radiation 
determines whether the object was massive or not, thus distinguishing a reentry vehicle (RV) 
fi"om a Ughter decoy. 

The atmospheric model, as far as engagement goes, is at present a very simple one, consisting 
solely of an input specified altitude, below which the atmosphere is considered opaque so that no 
shots may be taken. For an NPB system, which penetrates air poorly, that altitude is near the top 
of the atmosphere; for a laser weapon, this engagement altitude might be as low as the surface of 
the earth, depending on the wavelength and supposed weather conditions. The atmospheric 
model used in the trajectory calculations is a more sophisticated one, employing an exponential 
falloff in density with altitude. 
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DEFENSE handles the time variable with discrete time steps, updates positions at the beginning 
of each time step, and takes appropriate action during each time step. It does not use an event 
loop. 

The neutron emission from an object being interrogated by a neutral particle beam may be 
anisotropic with respect to the incident beam line. Generally, the higher the incident particle 
energy, the higher the degree of anisotropy. This anisotropy may be user-specified in tabular 
form. 

MISCELLANEOUS 

DEFENSE is driven by the nature, number, and contents of the input files supplied to it. Files are 
organized functionally; for instance, a separate file describes each constellation. Others describe 
die timing of the battie, assignment and fmng strategies to be employed, platform assets, detector 
characteristics, and emission anisotropy, as needed. In general, files may be omitted if they are 
not needed. In fact, certain program features are driven by file presence. All input files are read 
with an implementation of the Chameleon input primitives (Brinkley 1982), a system that 
supports embedded comments. Sets of input files have been prepared, with the embedded 
comments describing each input quantity. In order to form a new case, it is thus only necessary 
to replace the numerical values in each already existing, self-documented file in order to reflect 
the current case. The input files, in general, are small; they can be viewed in toto on a single 
display screen. 

Output from the DEFENSE simulation comes in several forms. A very brief summary of the 
performance is provided on the terminal screen. There is also a more comprehensive printed 
summary of the engagement with, optionally, all the platform assignments, and a complete record 
of the input driving the case. There is also, optionally, a very detailed, complete shot record 
written to another file that may be subsequendy post processed to investigate details. And lastly, 
an easily accessible interface is provided for a user written routine that can provide additional 
calculations or output fiiom the engagement or, indeed, analyze a totally separate engagement In 
this mode, DEFENSE functions as a geometry shell or library from which the user routine can, 
through simple FORTRAN subroutine calls, obtain the positions of any of the objects at a given 
time. This mode has been used to provide analyses of engagements other than NPB 
engagements, such as that of an Anti SATellite (ASAT) attack or of a popup defense rather than 
of a space-based defense. It has also been used to provide graphics output for a "look" at 
particular features of an engagement. 
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INTRODUCTION 

In high power radiator applications for space systems, heat pipes are employed to transfer heat over long 
distances with relatively small temperature gradients (Mahefkey and Barthelemy 1980). However, there also 
exists a need for a complementary structure in which heat is transported between two surfaces seperated 
by a relatively short distance. The structure must have load bearing capability and high thermal conductance 
in both in-plane and transverse directions. Such a structure thus can serve the multiple function of tem
perature control, isothermal mounting base for equipment modules, and primary structure/radiator panels. 
It can also be used as high efficiency radiator fins with direct heat pipe interface or as coupling elements in 
thermionic reactors. 

In the present work, a structure with load bearing capability and high thermal conductance is developed 
using transport of latent heat similar to that employed in heat pipes. The structure consists of porous wicks 
bonded to the two surfaces and a wickable core which provides liquid coupling between the two surfaces 
as well as load bearing capability. A general configuration is first examined and analyzed. Potential problems 
and limitations are identified to assist in future developments. Parameters such as the structure's overall 
thickness, liquid flow area and wick properties are varied to optimize performance. Experiments are carried 
out with a copper/water combination to verify the feasibility and merit of the concept. 

ANALYSIS 

A basic configuration chosen for the structure is shown in figure 1. Porous wicks are bonded to the 
evaporator and condenser surfaces. Support structures are made from thin plates with width W and lined 
on one side with porous wicks to provide liquid coupling. These support plates are arranged in an array 
whose dimensions are shown on figure 1. 

Thermal Resistances 

Figure 2 shows a typical cross section of the evaporator surface. Because the porous wick must be bonded 
to the evaporator surface, there is a resistance across this bonding material given by R(, = i^b/Kt, where 
5^ and K^ are the thickness and thermal conductivity of the bonding material. During bonding,the wick 
may be warped and thus makes only partial contact with the bonding material. In operation, this gap wUl 
be filled with liquid. The gap resistance can be obtained by R„ = 5JKi where 
(5, is the gap clearance and K[ is the thermal conductivity of the liquid. Similarly the fhermal resistance 
across the wick is given by R^ = tJK^ where tg and Kg are the thickness and thermal conductivity of the 
liquid saturated wick on the evaporator side. During the charging phase, it is possible for excess liquid to 
collect on top of the wick. This excess film resistance can be given by Rf = (5f/K|. 

In addition to the four thermal resistances described above, there is another resistance Rg incurred by 
evaporation at the liquid-vapor interface. The total resistance experienced by the evaporator surface then 
can be given as a sum of all resistances involved 

l^evap. = J^b + Rg + l^w + ^f + ^e O 

Essentially all resistances experienced by the evaporator surface are also experienced by the condenser sur
face. However, the resistance caused by phase change at the liquid vapor interface now becomes a 
condensation resistance R^. The total resistance on the condenser surface thus can be given as 

l^cond. = Rb + ^ g + If̂ w + ^f + J^c (2) 
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The total resistance R^ between the two surfaces then can be given as 

• t̂ "" '̂ evap. "f '̂ cond. (3) 
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Figure 1. Basic Configuration of the Structure. Figure 2. Thermal Resistances on the Surface. 

Liquid Flow Resistance 

For a given heat flux q, the pressure drop experienced by the liquid along the support plates shown in figure 
1 is given by Darcy's equation as 

A P , = 
(W4-L)SHvi 

WtKh, 
(4) 

fg 

The pressure drop experienced by the liquid along the evaporator and condenser surfaces can be given by 
similar equations 

1 S Vi 

2 tgKghfg 

1 S^i 

2 t̂ Jĉ Jifg 
(5) 

The factor 1/2 in equation (5) results from the fact that evaporation or condensation occurs uniformly on 
the surface so that the effective flow distance is only S/2 instead of S. The total pressure drop expenenced 
by the liquid then can be given as 

A ? : (1 + L ^ HS ^ J_ S + J_ S 
W ' tK 2 tgKg 2 t ^ c j hf 

(6) 

The maximum capillary pressure available to overcome this liquid pressure drop can be related to surface 
tension and pore diameter on the evaporator side as 

APcap. = 4<r/dg (7) 

Limitations on Heat Flux 

There are several limitations on the maximum heat flux wliich can be transported between the two surfaces 
such as the wicking limit and the boiling limit. If the pressure drop required to drive the liquid exceeds the 
available capillary pressure, dryout wUl occur on the evaporator surface yielding a maximum heat flux 
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For a given heat flux, liquid will be superheated at the top of the bonding material as shown in figure 2. 
Once nucleation begins, vapor will work its way into the wick and disrupts the wick's capillary action re
sulting in early dryout of the evaporator surface. The maximum superheat which can be sustained without 
nucleation then determines the boiling limit on heat flux as 

qb = ATnuci. / (Rg + Rw + Rf + Re) (9) 

Optimization Procedure 

There are several ways to optimize the performance of the present structure depending on specific require
ments for the appUcation at hand. For example, once the wicks have been chosen, the overall density of the 
structure can be minimized by selectiog the largest seperation distance S possible. The maximum distance 
S, however, must be chosen such that the wicking and boiling limits are equal. Optimal performance then 
is obtained without sacrificing the maximum heat flux. If the wick properties are uniform everywhere, S can 
be given by 

- T 4tK;ffhr„ R „ - l - R ^ - F R f - l - R g 
S2 + (1 + ^ ) H S = — - A - " i 1 (10) 

The support structures in the present experiments are fabricated from 1/8" OD brass tubes with 0.028" wall 
thickness. Details are shown in figure 3. The support sructures are bonded to the evaporator and condenser 
surfaces with a silver-base epoxy. The two surfaces are seperated by a distance H of 57.2 mm. The porous 
wicks are made from 100 /im copper strands with t = 0.76mm, W = 2.54mm, £ = 0.4, d;, = dg = 44.4/^m, 
K:= 1.2xl0-iim-2, R,y= 4.34xlO-6(W/m2Kr'- Based on the value of thermal conductivity (8 W/m K) 
supplied by the manufacturer of the epoxy, the bonding resistance can be calculated as 
Rb=5.6xlO-5(W/m2K)-'. 

At this point, the extent of the liquid layers shown in figure 2 is not fully understood. As a first attempt, 
assumptions will be made that R„, Rf, Rg, and R^ are all negligible. The optimal seperation distance S for 
the present experiment then can°be obtained by equation (10) with L/W= 0. With water as the working 
fluid and AT :^ 1 K, the optimal value for S is determined to be 12.7 mm. With a seperation distance of 
12.7 mm, a 50.8 mm x 50.8 mm surface requires 4 rows of tubes as shown in figure 3. 

EXPERIMENTS 

Figure 3 shows construction details of the structure used in present experiments. Thermocouple holes are 
drilled into the condenser block so that thermocouple junctions are located at 1.3 mm from the condenser 
surface. Cooling tubes are brazed to the top of the condenser block for heat removal. The evaporator side 
is made from 50.8 x 50.8 x 114 mm copper block. Thermocouple junctions are located at 1.3 mm and 25.4 
mm from the evaporator surface. Heating is accomplished by 4 resistance heaters embedded inside the 
block. Each heater can supply 400 W at 120 V. Power input to the block is varied by a Variac control 
connected to a 115V/60 Hz wall outlet. The structure is enclosed by 25.4 mm thick transparent LEXAN 
side plates with sihcone rubber gaskets. 

At the beginning of each experiment, purging and charging of the structure are first carried out. The system 
is alternately connected to a vacuum pump and a reservoir of deaerated water while power input is main
tained at 80 W. After 3 or 4 cycles, water is allowed to boil off until only enough water is retained in the 
structure to saturate the wicks. 

Once purging and charging have been completed, the structure is positioned horizontally. Heat is removed 
from the condenser side by tap water running through the cooling tubes. Power to the evaporator side is 
determined by temperature gradients inside the block. Temperatures and system pressure are monitored at 
all times by a Fluke 2280A Data Acquisition System. 

RESULTS AND DISCUSSIONS 

The observed total resistance can be broken into two components - Rcond. ^"'^ Revap. Results, normalized 
with calculated values of (R^ -I- R^), are shown in figure 4. The resistance on the evaporator side was ob-
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served to remain fairly constant as expected until dryout began at AT = 65K. Thereafter, a rapid increase 
was observed due to partial dryout of the wick caused by nucleation on the evaporator surface. The re
sistance on the condenser surface, however, showed a monotonous decrease with increasing AT. It is be
lieved that some non-condensible gas had been trapped inside the structure. At higher temperature and 
pressure, a reduction in non-condensible mass fraction resulted in higher condensation film coefficients and 
lower resistance at the condenser surface. The optimal operating condition thus coincides with the point 
of dryout. Under this condition a conductance of 740W/m^K and an effective thermal conductivity of 
42W/mK were observed between the two surfaces. 

It should be noted that the present work was only exploratory in nature. Even though the measured re
sistances were 8-12 times higher than expected due to the presence of non-condensible gas and contact re
sistance, better fabrication and purging procedures should eliminate these parasitic resistances. It is 
recommended that future works be expended in this direction. Additionally, boiling at the evaporator sur
face was the limiting factor on maximum heat flux. Therefore, future efforts should also be concentrated 
on nucleation suppression to increase the heat transfer capability of the structure. 

1/8 Tube Epoxy 13" 05" 

VIEW A 

• Condansotion Side 
o Evoporatun Side 

AT (K) 

Figure 3. Experimental Configuration. 

CONCLUSIONS 

Figure 4. Resistance versus AT , 

Analyses performed on the present structure indicated that low weight performance can be optimized with 
a given set of minimum requirements. 

It was found that boiling on the evaporator surface limited the maximum heat flux to 4.8W/cm2 while 
non-condensible and contact resistances limited the overall thermal conductance to 740W/m2K for an ef
fective thermal conductivity of 42 W/m K between the two surfaces. Future works should be aimed at the 
elimination of these parasitic resistances as well as at the suppression of nucleation on the evaporator sur
face. 
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INTRODUCTION 

An alternative rejection system is possible that will meet survivability cri
teria while greatly enhancing space nuclear power systems. This alternative 
radiator design, the reflux tube fabric radiator, uses light weight high 
strength fabric materials, relies on an induced artificial gravity, and builds 
on the long established technologies associated with reflux tubes and thermo-
syphons, (Prenger et al. 1983, Nguyen-Chi and Groll 1981, ESDU 1982) the prede
cessors of the modern microgravity heat pipes of today. 

The various types of heat pipes developed to date, fall into two basic cate
gories: (1) gravity return thermosyphons and reflux tubes, and (2) capillary 
return heat pipes. NASA Lewis Research Center (Gray 1969) worked on a rotating 
wickless heat pipe that was rotated about its longitudinal centerline using 
centrifugal acceleration instead of capillary action or gravity to return 
condensate. With this single exception, thermosyphons and reflux tubes have 
always been considered unsuitable for space flight applications because they 
required a gravitational field for fluid return. 

DISCUSSION 

The rotating fabric reflux tube radiator shown in Figure 1 consists of 
cylindrical tubes made of a sealed composite fabric material and filled with 
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FIGURE 1. A Typical Reflux Tube Radiator Design, 
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an appropriate working fluid. For improved boiling, the reflux tube may have 
a screen inserted in the evaporator region only. A series of these tubes are 
combined to form radiator panels by inserting the evaporator end into a heat 
exchanger. Artificial gravity is introduced by rotating the entire assembly 
about the condenser end. The centrifugal accelerations generated provide motive 
force for fluid return to the condenser end. 

Figure 2 is a simplified representation of a thermosyphon or reflux tube and 
a heat pipe (Dunn and Reay 1982). Preliminary evaluations of the reflux tube 
radiator have shown this to be an effective radiating system but the uses of 
small diameter tubes, 3 cm or less, produces a system that does not perform 
as well as advanced heat pipe radiator designs of the same size. However, at 
larger diameters, 5 cm for example, they appear to outperform annular heat 
pipes (as shown in Figure 3) and possibly could have an order of magnitude 
gain in specific mass. 

FEASIBILITY 

The thermosyphon of Figure 2a can be regarded as a special class of heat pipe. 
In a thermosyphon, a small quantity of fluid is placed in a tube from which 
the air is evacuated and the tube sealed. Heat addition to the lower end of 
the tube causes the liquid to vaporize and the vapor to flow to the cold end 
where it is condensed. The condensate is returned to the heated end by gravity, 
making the thermosyphon, in effect, a two-phase natural circulation loop. 
Because the latent heat of vaporization is large, considerable quantities of 
heat can be transported with a negligible axial temperature gradient. 

Other body forces can be used to drive the condensate return, for example, 
centripetal acceleration, osmotic, electrostatic, magnetic, and capillary 
forces. In its conventional form, the annular heat pipe shown in Figure 2b 
utilizes capillary forces to provide return flow through the introduction of 
a wick into the closed tube. The wick comprises a porous capillary material, 
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FIGURE 2. A Simplified Thermosyphon and an Annular Heat Pipe Designs, 

94 



• 
0 
a. 

O 3 cm RT 
T«mp«ratur« (K xlOO) 

+ 3 em HP •* 5 em RT 

12 

A S em HP 

FIGURE 3. A Performance Comparison of an Equivalent Diameter Reflux Tube 
and Screen Annulus Heat Pipe. 

constructed, for example, from a few layers of fine gauze and fixed to the 
tube's inside surface. The wick is saturated with the liquid phase of the 
working fluid and the remaining volume of the tube contains the vapor phase. 
Heat applied at the evaporator vaporizes the working fluid in that section. 
The resulting difference in pressure drives vapor from the evaporator to the 
condenser where it condenses, releasing the latent heat. Depletion of liquid 
by evaporation causes the liquid-vapor interface in the evaporator to recede 
into the wick surface and develop a capillary pressure. This capillary 
pressure pumps the condensed liquid back to the evaporator. 

The actual permissible operating regime of either device is delineated by the 
interaction of up to five independent processes: viscous, sonic, capillary, 
entrainment, and boiling phenomenon. For an artificial-gravity assisted 
thermosyphon, the limiting phenomena are basically the same. However, due to 
the absence of the wick and the replacement of the capillary head with an 
induced gravity field, the phenomena interact to produce very different limits. 
Centripetal acceleration can provide a much larger driving force than capillary 
action, unfortunately, not all of the potential performance gain can be 
realized. Without the mechanical barrier of the wick, entrainment becomes 
the limiting phenomena the same as the counter-current flooding limits are in 
the annular flow-regime. Because the film thickness is not fixed as it is in 
a wicked system, significant entrainment begins when the film thickness exceeds 
the critical value and the surface waves become unstable, thus limiting the 
power throughput of the reflux tube. The entrainment of drops from the liquid 
film has been studied by numerous investigators. Several different mechanisms 
for entrainment have been proposed, most of which depend upon the stability 
of the liquid film. The hydrodynamics of film flow as they relate to entrain
ment are extremely complex and have not been completely quantified. 
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Random perturbations in the flow cause the development of a wavy interface on 
the film. These waves will grow as a result of the hydrodynamic and surface 
tension forces acting on the wave. Eventually the amplitude of the wave 
becomes so large that the pressure differential over the wave exceeds the 
restraining force of surface tension, and the wave breaks toward the gas core. 
The resulting drops are then carried along with the vapor. The shape and 
size of the wave depend on whether the film flow is cocurrent or counter-
current. Lower-amplitude roll waves with drops being sheared off of the wave 
crest are typical of cocurrent flow. Abrupt, large-amplitude waves are typical 
of countercurrent flow. This may be partially attributed to the fact that 
high vapor velocities are required to cause vertical cocurrent upflow. As a 
result, the film thickness and wave amplitudes are generally smaller than 
those found in countercurrent vertical flow, which occurs at lower vapor 
velocities. Also, in countercurrent flow the shear forces act in opposition 
to gravity, causing larger wave amplitudes. 

The onset of entrainment in countercurrent flow is predicted to occur when 
the liquid film thickness exceeds a critical film thickness (or conversely, 
void fraction). The void fraction at which a stable liquid film will exist 
depends on the flow channel size and the vapor velocity. The critical void 
fraction is determined from a force balance between the disruptive force of 
the pressure gradient over the crest of waves on the film and the restraining 
force of surface tension. 

ANALYSIS 

To establish the theoretical feasibility assess the operation of a rotating 
thermosyphon or reflux tube, analytical expressions and models representing 
the various phenomenon were combined into a steady state code developed 
specifically to examine rotating reflux tubes. This code served as the basis 
for the analysis and parametric studies performed. In the parametric studies 
the rotational speed, operating temperature, and tube diameter were varied. 
These results guided the selection of the reference design diameter of 5 cm 
and rotating speed of 20 rpm. Table 3 contains the relevant information for 

TABLE 1. Reference Reflux Tube Data, 

Tube Diameter 5.0 cm 
Evaporator Length 25.0 cm 
Condenser Length 580.2 cm 
TOTAL Tube Length 605.2 cm 
Rotating Speed 20 RPM 
Radial Offset 500.0 cm 
Tube Pressure 2.79 psia (19.2 kPa) 
Maximum Power 41.78 kw 
Maximum G Forces 1.23 g 
Working Fluid Mass 0.0738 kg 
Fabric Mass 0.8366 kg 
TOTAL Mass 0.9010 kg 
Specific Mass 0.0218 kg/kw 
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a 5-cm rotating fabric reflux tube design. Based on calculations at 1000 K, 
this design shows the theoretical capability of rejecting 41.8 kW of thermal 
energy with a specific mass of 0.02 kg/kW. 

CONCLUSIONS 

Based on these preliminary parametric results, this heat rejection concept 
employing large diameter tubes has significant potential to enhance the 
capabilities of various multimegawatt space power systems. This concept has 
the potential to provide an order of magnitude reduction in mass over currently 
considered heat pipe radiator designs. With such a lightweight system, 
survivability can be easily insured by simply adding redundant reflux tubes. 
The conclusion that rotating fabric reflux tubes theoretically have the 
potential to outperform heat pipes (at large diameters), as shown in Figure 3, 
is based on the equivalent comparisons and does require experimental 
verification because reflux tubes and thermosyphons have never been employed 
under these conditions before. 
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INTRODUCTION 

The Lewis Research Center of NASA has a thermal management pro
gram, supporting SP-100 goals, which includes heat pipe radiator 
development. As a part of this program Lewis has elected to pre
pare an in-house heat pipe code tailored to the needs of its 
SP-100 staff to supplement codes from other sources (Woloshun and 
Merrigan 1988, Cunningham et al.1986, McLennan 1983). These 
codes, which were designed to meet the needs of the originating 
organizations, were deemed not entirely appropriate for use at 
Lewis. However, a review of their features proved most bene
ficial in the design of the Lewis code. 

FEATURES OF THE LEWIS CODE 

Guidelines established for the Lewis code were, among others, a 
simple, logical, modular structure, and extensive documentation. 
Also, the capability of using the code as a design tool on a per
sonal computer, or as a subroutine in a radiator code on a main
frame, was sought. Most of the required physical parameters, 
wick resistance for example, are computed from input specifica
tions using accepted formulae, as in other codes. However, pro
vision for user input of physical parameters enables wick config
urations of the user's choice to be considered. The code at 
present incorporates the alkali liquid metals as working fluids, 
and the equilibrium between monomers and dimers in the vapor 
phase is considered. 

A convenient iteration structure enables the computer to conduct 
an efficient search for the lowest applicable heat pipe limit by 
varying one input parameter chosen by the operator from several 
that are available. The aim has been to avoid the need for con
tinuing operator interaction during a single solution. Alter
natively, the program can be run using fixed inputs to determine 
the heat transfer, with warnings being provided when limits are 
encountered. 

Because of the space power orientation of the program, some 
otherwise useful features have been omitted. These include the 
effect of hydrostatic head in a "g" field, which will be inserted 
when the need arises. Also, provision is not made for multiple 
heat addition and removal sections. 
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The source code was written and compiled with Microsoft FORTRAN 
Optimizing Compiler Version 4.01 to fully meet the FORTRAN 77 
standard. Problems in compiling the code on a mainframe are not 
expected to be serious. 

APPLICATION OF THE CODE 

As a part of its SP-100 responsibilities Lewis was asked to 
participate in the periodic design review of the SP-100 GES 
(Ground Engineering System) program. Lewis elected to provide an 
ongoing independent evaluation of the heat pipe configurations 
being considered for the radiator. This gives an impetus for the 
development of the code while at the same time furnishing a 
useful service to GES. A computation for one of the GES proto
type heat pipe configurations will serve to illustrate the use of 
the Lewis Heat Pipe Code. 

Figure 1 shows some of the wicking systems that have been consid
ered for the GES heat pipes. Singly, or in combination, these 
wicks constitute the liquid transport system for the heat pipe. 
The foil wicks provide an annulus between the pipe and the inner 
wall and are supported either by longitudinal spacers or at the 
ends. Foil thickness is about 50 um. Slots in the foil are 
about 50 um wide and 250 um long. Square orifices are formed in 
wick (b) by double wrapping of wick (a).The orifices of wick (c) 
are intended to be 75 um in diameter. The sintered wick has a 

(a) Slotted foil (b) Slotted foil (c) Orifice foil (d) Sintered 
One wrap Two wrap One wrap with 
25% open 8% open 10% open arteries 

All dimensions in centimeters. 

FIGURE 1. Some Wick Configurations in the GES heat pipe program. 
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porosity of_about 0.24 to 0.28, a permeability of 2.2x10 m to 
3.0x10" m without arteries, and an effective pore radius of 37 
um. Some of the wick designs may be considered as interim stages 
on the path to a more desirable technology. 

Various combinations of these wick types have been tested or 
considered in the course of the GES heat pipe development pro
gram. Thus a sintered wick evaporator may be mated to an orifice 
foil condenser wick. For this example a configuration was con
sidered that may represent the direction in which the wick is 
evolving. Wick (b), in which slots intersect to create a roughly 
rectangular open space, is intended to approximate the circular 
orifice wick of configuration (c) for which the fabrication 
technology is being developed. 

Figure 2 shows the performance of a heat pipe containing a 
configuration (b) wick throughout its length. The assumed pipe 
dimensions, approximating those that have been under considera
tion, are a length of 89 cm, an outside diameter of 2.5 cm, a 
vapor space diameter of 2.2 cm and a wick groove width of 50 
micrometers. A fin giving a total effective isothermal radiating 
area 1.25 times that of the pipe exterior was assumed. 

BOIUNG UMIT 

ENTRAINMENT UMIT 

ESTIMATED RADIATION 
HEAT LOAD 

CAPILLARY UMIT 

SONIC UMIT 

1400 

FIGURE 2. Performance of a Heat Pipe with Wick Configuration B, 
Two-Wrap Slotted Foil. 

The perforated foil wick has a greatly diminished effective 
evaporation area compared to screen or sintered wicks. For this 
reason the vapor-liquid interface thermal resistance recommended 
by Dunn and Reay (1982) was compensated by multiplying by the 
ratio (total wick area)/(hole open area) . The approximate 
location of the recognized heat pipe limits are shown for this 
pipe. Also shown is the load placed on the heat pipe by the 
radiator at the specified conditions. The only limit near this 
transported heat flux is the sonic limit of Busse (1973). 
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The entrainment limit was computed from the theory of Feldman and 
Thupvongsa (1977). From Figure 2, it appears that the pipe should 
operate below its limits for the application intended. Data 
points for the limited experimental data available at this time 
could not be placed directly on the figure because too many 
parameters of the experiment are not specified. 

Figure 3 illustrates the use of the program to search iteratively 
for the envelope of heat pipe limits. At fixed evaporator 
surface temperature, the condenser length of the heat pipe of 
Figure 1 was varied to change the radiative power until the 
lowest heat pipe limit was reached. The data for the figure were 
produced in one pass through the main heat pipe program. In a 
similar manner, parameters other than condenser length can be 
varied to search for the limit envelope. 

HEAT TRANSPORT CONDENSER LENGTH 
AT UMIT (kW) REQUIRED (m) 

EVAPORATOR SURFACE TEMPERATURE (K) 

FIGURE 3. Envelope of Limiting Heat Transport for Variation of 
Condenser Length. 
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HTPIPE: A STEADY STATE HEAT PIPE ANALYSIS PROGRAM 

Keith A. Woloshun and Michael A. Merrigan 
Group MEE-13. MS J576 
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Los Alamos, NM 87545 

(505) 667-3664 

INTRODUCnON 

A steady state heat pipe analysis computer program has been developed as an aid in the design of 
high performance heat pipes. The program is the result of a major revision of a previous version 
used at Los Alamos National Laboratory (LANL), which calculated the capillary, sonic and 
entrainment performance limits, as well as pressure and temperature profiles for a specified power 
throughput and evaporator exit temperature. ̂  Program modifications include changes in the 
entrainment limit calculations to reflect recent developments,^'^ a change in the condenser pressure 
recovery prediction at high radial Reynolds number, and boiling limit calculations. The program has 
also been expanded to calculate temperature and pressure profiles based on the specification of any 
two of four design parameters: Power throughput, evaporator exit temperature, source temperature 
and sink temperature. Heat input and removal is assumed to be uniform over the length of the 
evaporator and the condenser, respectively, unless source and/or sink conditions are specified. In 
this case, local heat input and/or removal is determined by the local temperature gradient and the 
thermal coupling, which may be convective or radiative. 

The following discussion outlines the equations used in the code and then describes the user 
input/output, which is illustrated by several examples. 

PROGRAM MODEL 

The program performs two primary calculations, identified by two distinct input-output (1/0) 
options: (1) pressure and temperature profiles, and (2) performance limit calculations. Both options 
require pressure drop calculations; the hydrodynamic model and references will be detailed in the 
final report as well as the HTPIPE users manual.** In most cases, pressure drop calculations are 
based upon the fluid properties at the evaporator exit temperature on die assumption of uniform heat 
input over the length of the evaporator and uniform heat rejection over the length of the condenser. 
However, if source and/or sink temperature are specified with I/O Option 1, then heat rejection and 
pressure drops are based upon the local vapor temperature. The calculated pressure losses are the 
viscous liquid and vapor pressure losses and the vapor inertia loss. The vapor inertia pressure loss 
includes a model for partial pressure recovery in die condenser. 

The pressure and temperature profiles in Option 1 are determined on the basis of die local velocity in 
die heat pipe. 

The capillary power limit is established by determining, by iteration, the power throughput for 
which the maximum pressure drop sustainable by the wick pore size and the liquid surface tension is 
equal to the sum of the various pressure drops in the fluid loop. 

Heat pipe performance may also be limited by entrainment of the returning liquid by the 
counterflowing vapor. The entrainment limit is calculated from empirical correlations developed at 
LANL.^ These correlations are based upon die criterion that entrainment will occur when the 
Weber number is 1, where the Weber number is defined as the ratio of vapor inertial force to the 
liquid surface tension force. Some modification of diese correlations is used in cases in which 
experimental results deviate from predicted entrainment.^ 
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The sonic limit represents the maximum mass transport possible due to the limiting vapor velocity 
established by a Mach 1 condition at the condenser entrance. The equation used in the program was 
developed by C. A. Busse.^ 

A boiling limit is calculated by determining the radial power density necessary to establish sufficient 
superheat to initiate nucleate boiling. The existing superheat is determined by the temperature drop 
between the heat pipe inner surface and the working fluid vapor phase. A user defined surface 
nucleation site size establishes the required superheat. The effective heat transfer area used in the 
calculation is the actual liquid-vapor interface area, which is the total liquid-vapor interface area times 
the surface porosity. Because the boiling limit is generally too large to be of concern, it only appears 
in the output if it is less than twice the controlling limit at the temperature of interest. 

When I/O option 1 is used to calculate pressure and temperature profiles, the performance limits are 
also calculated and compared with the specified power throughput. An error message is printed if a 
limit is exceeded. 

PROGRAM STRUCTURE 

The program accepts user input interactively from the terminal screen. The user's first option is to 
run an existing input file or to enter a new input file. The user also has the option of running a 
series, or sequence, of calculations. If this option is selected, the program will run and display the 
results on the screen, as well as the plots, if desired. After reviewing the results, the user may vary 
any of the input parameters and re-execute. This program structure allows for rapid, user-controlled 
parametric optimization of a heat pipe design. Only the initial and final input files, and the final 
output file (named after the input file name preceded by an 'o"), are saved. 

The required input depends upon which of the two I/O options is chosen. In general, input includes 
a complete description of die heat pipe geometry, plus specification of die liquid return geometry, 
thermal coupling, and working fluid. Liquid return geometries handled by the program include 
homogeneous wick, arteries, annular gap, grooved wall, helical gutters and smooth wall. A 
complete list of input variables appears in the user's manual.^ 

Output is in column format, first echoing the input and then presenting the calculated pressures, 
temperatures and power as appropriate to the I/O option. The complete list of output file 
nomenclature is defined in the user's manual.^ 

Plots are generated using DISSPLA graphics. 

Figure 1 illustrates a sample program output file. Figure 2 is the corresponding plot files. 
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input fila: saapla data: (7/11/16 tia*: 13:59:09 
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3 
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annulus thicknass (ca) 
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aaissivity, condanssr 
wick surfaca porosity (0.<poro<l.) 
tharaal conductivity of pip* wick (W/ca K) 
tharaal conductivity of pipa wall (W/ca K) 
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114. 

69(034. 
22(. 

694176. 
3(1. 
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694069. 
(61. 

694054. 
931. 

69404(. 
955. 
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dpi 

(00. 

2401. 

4(02. 

(003. 

7162. 

6507. 

6037. 

5753. 
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0. 

964. 
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FIGURE 1. Sample Output from a Heat Pipe rejecting 4 kW from a Radiation Coupled Condenser. 
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PRESSURE VS LENGTH 
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HGURE 2. Temperature and Pressure Profiles along the Heat Pipe Illustrated in Figure 1. 
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INTRODUCTION 

The resurrection of the space nuclear power program has refocused interest on 
the development of high temperature heat pipes. Present analysis techniques 
for predicting heat pipe performance are steady state, one-dimensional, semi-
analytic treatments. These models are further limited to uniform axial and 
azimuthal heat addition and rejection. For space radiator applications, the 
uniform heat removal assumption is inappropriate due to the interaction of 
the heat pipe with the radiator panel. In addition, the transient response 
of the heat pipe radiator is important. 

A multidimensional two-phase flow numerical model is under development to 
provide the needed transient heat pipe analysis capability. Expected 
transients include both short and long term system responses. To be of 
practical use, the time step cannot be limited by the convective Courant 
condition. Also, large interface relative velocities exist requiring a 
treatment that allows mechanical nonequilibrium. Fortunately, the intrinsic 
nearly isothermal nature of a heat pipe renders the assumption of thermal 
equilibrium valid. These considerations led to the selection of the implicit 
four equation (liquid and vapor momentum, mixture mass, and mixture energy) 
model described below. 

ALGORITHM DEVELOPMENT 

Explicit numerical schemes suffer from a time step restriction imposed by 
sonic propagation. Implicit schemes, being generally unconditionally stable, 
have a time step controlled only by the accuracy desired. Unfortunately, 
fully implicit schemes--which require the simultaneous solution of the 
conservation equations for mass, momentum, and energy--are saddled with a 
large computational effort per time step, greatly reducing the advantage of 
using larger steps. 

A compromise between these extremes led to the use of semi-implicit schemes 
in which only the terms affecting sonic propagation are treated implicitly. 
An effective method for solving these schemes (Liles and Reed 1978) gives a 
set of equations coupled spatially only in pressure. Thus, only a system of 
N equations (where N is the number of mesh cells) must be solved 
simultaneously. 

Although semi-implicit numerical schemes have dominated two-phase flow 
numerical methods, the convective Courant condition often leads to time steps 
smaller than those required to preserve the accuracy of the calculation. A 
new method, unconditionally stable for one-dimensional, two-phase subsonic 
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flow, was developed (Free and Schor 1984). This paper describes the exten
sion to three dimensions, which allows an implicit solution with only an 
incremental increase in the computational effort per time step over that of a 
semi-implicit method. 

A stability analysis of one-dimensional, single-phase isentropic flow demon
strates unconditional stability for subsonic flow using a semi-implicit 
formulation (Free and Schor 1985). This suggests that the convective Courant 
limitation arises from the semi-implicit differencing of the energy convec
tion term. To realize the advantages of a fully implicit scheme without the 
attendant computational burden, we formulated an algorithm that treats both 
mass and energy convection implicitly, but retains the semi-implicit form of 
the momentum equation. 

NUMERICAL MODEL 

The semi-discretized form of the four equation model described above yields: 

Mixture Mass 

' N+1 
inn 

At 

Mixture Energy 

V'GU"^^ = 0 : k = «. and V (1) 

{(V.Y' - ( ^ ^ ^ ̂ ^j,,,jj^,,, ^ ̂  j j ^ ̂ ,,j . k = e and V (2) 
At 

Phasic Momentum 

At 
- V. Gf V|! . a|! VpN-1 = - F ^ ^ : k = £. or V (3) 'k '' ' k 

where p = density, V = velocity, 
G = mass flux, Q = heat sources, 
e = internal energy, F = shear forces, and 
P = pressure, 

with subscripts m = mixture, 
2, = liquid phase, and 
V = vapor phase. 

The conservative form of the equations is maintained and the spatial dif
ferences for the convective terms are upwinded. The resulting system of 
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finite difference equations can be reduced to a set of 2N equations spatially 
coupled through pressure and mixture internal energy. This is accomplished 
by using the phasic momentum equations to eliminate the new time mass fluxes 
in the mass and energy equations in favor of the new time pressures. The 
coupled pressure-energy system is solved iteratively using Newton's method. 
The resulting Jacobian is a seven-band 2x2 block matrix. 

Although direct solution of this seven band block matrix is possible, it is 
more efficient to use a matrix factorization approach (Beam and Warming 
1978). Using matrix notation, this pressure-energy system can be written: 

(I + Bx + By + Bz)AU = R, (4) 

where 

I = 2x2 identity matrix, 
Bx'By'Bz = 2x2 block tridiagonal Jacobian matrices, 

AU = solution vector (5Pi,5ei,... ,<5PN,5eN), and 
R = vector of mass and energy residuals. 

Equation (4) can be factored: 

(I + Bx)(I + By)(I + Bz)AU = R + 0(8^). (5) 

Because the induced error, O(B^), is of the same order as the truncation 
error of the difference scheme, the solution vector can be determined through 
the solution of three tridiagonal matrices. The solution takes the form: 

(I + Bx)AU' = R, 
(I + By)AU" = AU', and 
(I + Bz)AU = AU". 

RESULTS 

This partially implicit method has been applied to the simulation of the 
vapor dynamics in a heat pipe core. Stable numerical results have been 
achieved for time steps far exceeding the convective Courant condition (CFL 
numbers of 100 to 200). 

Presented below are the results of data comparisons with the experimental 
results of Bowman (1987). He modeled the heat pipe vapor core using a porous 
pipe with blowing (evaporator) and suction (condenser). The working fluid 
was air at 300 K. The test section was a porous tube with an inside diameter 
of 1.65 cm and 0.62 m long, equally split between the "evaporator" and 
"condenser" regions. 

Figure 1 shows the comparison between measured and predicted axial pressure 
profiles. In the one-dimensional (axial only) simulation, friction factors 
for fully developed turbulent flow were used. In contrast, the two-
dimensional (radial and axial) simulation calculated laminar shear stresses 
using a finite difference model employing five radial nodes. 
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FIGURE 1. Measured and Predicted Axial Pressure Profile for Bowman Test 150. 

CONCLUSIONS 
From this comparison, it was concluded that: 
• The one-dimensional model underpredicts both the axial pressure drop in 

the evaporator and the pressure recovery in the condenser; and 

• The two-dimensional model underpredicts the axial pressure drop but 
overpredicts the pressure recovery. 

The predicted pressure recovery, due to the deceleration of the fluid in the 
condenser, is dependent on the amount of axial momentum convected out of the 
pipe by the radial flow. A one-dimensional model convects the mean axial 
velocity, whereas a two-dimensional model convects the axial velocity of the 
node nearest the wall. Consequently, the one-dimensional model convects too 
much momentum radially and underpredicts the recovery. Conversely, the 
laminar shear stresses of the two-dimensional model result in an axial 
velocity near the wall lower than actual, thereby overpredicting the pressure 
recovery. 

To improve the prediction capability of the numerical model, a two-
dimensional model of the vapor core should be used with an appropriate 
turbulence model for the shear stresses. 
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INTRODUCTION 

Understanding the transient behavior of the liquid metal heat pipe is essential to the operation 
and survivability of space based nuclear power systems. In these systems, high temperature, 
liquid metal heat pipes are incorporated either as the main energy transport device in the reactor 
core (Koening 1985) or in the radiator (Katucki et al. 1985). Because the transient heat pipe 
models reported in the literature hydrodynamically decouple the vapor and liquid phases, they 
can not be used to detect the heat pipe's operation limits. Also these models assume constant 
thermal and physical properties, which simplifies the modeling effort but limits the applicability 
of results. 

A recent review of the literature indicated that there are six transient heat pipe models at 
different stages of development (Chang and Colwell 1985, Costello et al. 1987, CuUimore 1986, 
Hall and Doster 1987, Peery and Best 1986, and Ransom and Chow 1987). Costello's model 
(Costello et al. 1987), although quite comprehensive, did not report any calculation results. The 
model by Peery and Best (1986) uses oversimplifying assumptions, suffers from numerical insta
bility problems and is incapable of predicting the transient behavior beyond two seconds. The 
ASAHP (Advanced Simulation and Analysis of Heat Pipes) code developed by Martin Marietta 
uses a thermal and flow resistance network method to model the heat pipe (Cullimore 1986). 
Because this model assumes quasi-steady state hydrodynamics for both the liquid and vapor 
phases, it has limited applicability for simulating the transient behavior of heat pipes. Chang 
and Colwell's (1985) model for low temperature heat pipes neglects the hydrodynamics of both 
the liquid and vapor phases and, therefore, cannot predict the operation limits of the heat pipe. 
The ATHENA (Advanced Thermal Hydraulic Energy Network Analyzer) heat pipe model is 
modified from the general purpose thermal hydraulic transient simulation code for the two fluid, 
two phase flow (Ransom and Chow 1987). Although, this model uses the capillary pressure rela
tionship to couple the vapor and liquid momentum equations, it neglects the evaporation and 
condensation phenomena for the mass transfer at the liquid-vapor interfaces. Furthermore, tran
sient results were not given and only limited steady state results were reported. Finally, the 
THROHPUT (Thermal Hydraulic Response Of Heat Pipe Under Transients) model by Hall and 
Doster (1987) uses governing equations similar to those in the ATHENA heat pipe model, how
ever, it considers mass transfer by the evaporation and condensation controlled by the kinetic 
theory. In this model, the solution of the governing equations was simplified by assuming a para
bolic radial temperature distribution in both the wall and the liquid regions and linearizing both 
the governing and constitutive equations. 
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All the transient heat pipe models discussed above assumed constant thermophysical properties. 
According to Bohdansky (1967), for example, the surface tension of the liquid potassium 
decreases about 42.5% as its temperature increases from the melting temperature (336 K) to 
1000 K. Other thermophysical properties of liquid metals are also a strong function of tempera
ture. These models also assumed a completely thawed heat pipe except those by Costello et al. 
(1987) and Hall and Doster (1987). Additionally, these models employ either isothermal or 
isoflux boundary conditions in the evaporator and the condenser regions of the heat pipe except 
the model by Costello et al. (1987) which can handle the radiative boundary conditions. This 
boundary condition is essential to modeling heat pipe performance in space environment. 

OBJECTIVES 

The focus of this research is to develop a liquid metal heat pipe transient model that is capable 
of predicting the operation limits of the heat pipe during both steady state and transient opera
tion, as well as handling any combination of boundary conditions in the evaporator and con
denser regions. In this model, the thermophysical properties of both the liquid and vapor phases 
are allowed to vary with temperature. 

MODEL DESCRIPTION 

The transient heat pipe model under development at the Institute for Space Nuclear Power Stu
dies is summarized in Table 1. As shown in this table, this model solves the two-dimensional (r,z) 
transient energy equation in the wall region, and the transient energy, mass, and momentum 
conservation equations in the liquid region. Because the vapor hydraulic time is approximately 
two orders of magnitude smaller than the liquid heat transfer time, the transient operation of 
the heat pipe will be limited by the latter. Therefore, a quasi-steady state, one dimension 
approximation can be used in solving the energy, mass, and momentum conservation equations 
in the vapor region. The mass and energy conservation equations of the liquid and vapor are cou
pled to calculate the rate of evaporation and condensation at the liquid-vapor interface (Dunn 
and Reay 1982). Also, the liquid and vapor momentum conservation equations at the 
liquid/vapor interface are coupled through the wick capillary pressure relationship, which takes 
into consideration changes in the liquid surface tension with temperature (Dunn and Reay 1982 
and Bohdansky 1967). 

This model employs cylindrical coordinates with an annular wick structure and uses temperature 
dependent thermophysical properties. The model treats any combination of constant or time 
dependent boundary conditions at both the evaporator and condenser regions of the heat pipe 
(temperature, heat flux, convection, and radiation). The calculated parameters include tempera
ture, pressure, and velocity distributions in the heat pipe, as well as the heat pipe operational 
limits during both steady state and transient operation. 

RESULTS 

To verify the results of the model, the model predictions are compared with the experimental 
data reported by Merrigan et. al. (1986), as shown in Figures 1 and 2. The heat pipe used in this 
calculation is the same one that Merrigan et. al. (1986) used in their experiment. The heat pipe is 
4 m long cylindrical heat pipe with 1.9 cm outside diameter and 1.52 mm wall thickness, and 
utilizes liquid lithium as the working fluid. The wick structure of the heat pipe is an annular 
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type covered with screen wick (see Figure 1). Figure 1 compares the experimental data with the 
model predictions of the temperature distribution along the heat pipe after shutdown when the 
lithium reached its freezing point. Before shutdown, the heat pipe was operating at 1250 K eva
porator exit temperature with 15 kW power throughput. As these results indicate, although the 
condenser and evaporator temperatures during cooldown are quite uniform, the temperature of 
evaporator remains much higher than that of the condenser. Also, the temperature of the adia-
batic region remained higher than those in both evaporator and condenser regions. The model 
predictions of temperature distribution along the heat pipe are in good agreement with the 
experimental results except at the end of condenser region. The higher measured temperatures 
at the end of condenser region are caused by the pooling effect of the excess working fluid in the 
heat pipe which filled about 0.5 m at the condenser end during normal operation. The sensible 
heat of the working fluid pool at the end of condenser caused the temperature of the heat pipe in 
this part to remain higher than predicted values. Figure 1 also indicates that using high emis
sivity coating in the evaporator region cause the heat pipe to cooldown faster. The model predic
tions of the effects of surface emissivity of 0.2 and 0.6 on the evaporator temperature during 
cooldown were in excellent agreement with the experimental values. 

Figure 2 presents the change in temperature distributions along the heat pipe during the shut
down transient for the case of evaporator emissivity of 0.2. As this figure shows, the condenser 
region cools faster than the evaporator region because of the high emissivity of the condenser 
surface. The condenser reached lithium freezing temperature 548 seconds after the shutdown, 
which is only 38 second longer than the reported time in the experiment by Merrigan et. al. 
(1986). Based on these comparisons with experimental data, we concluded that the model can 
accurately predict the transient behavior of the heat pipes. However, further testing of model 
against transient experimental data is recommended. Transient experimental data on the perfor
mance of heat pipes, however, are scarce at best. 

CONCLUSIONS 

A transient model for the liquid metal heat pipes developed and the model predictions were com
pared with cooldown data of lithium heat pipe. The advantages of this model over previous 
models include : incorporating temperature dependent thermophysical properties, treating vari
ous combinations of boundary conditions at the evaporator and the condenser regions, and 
predicting the operation limits of the heat pipes during both steady state and transient opera
tion. The model predictions of the temperatures as well as the cooldown time of lithium heat 
pipe with radiative boundary conditions were in good agreement with experimental data. Based 
on the results of this comparison, it is concluded that the model can provide accurate predictions 
of the transient performance of high temperature liquid metal heat pipes. However, further com
parison of the model with transient data, whenever available, is highly recommended. 
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TABLE 1. Description of Liquid Metal Transient Heat Pipe Model. 

Physical Model Descriptions 

o. Equations Solved : 
- Transient wall energy equation 
- Transient liquid energy, mass, and momentum conservation equations 
- Steady state vapor energy, mass, and momentum conservation equations 
- Mass and energy equations of the liquid and vapor are coupled 

through the evaporation/condensation at the interface 
- Momentum equations of the liquid and vapor are coupled through 

the capillary pressure relationship of the wick 
o. Geometry and Dimensions : 

- Cylindrical coordinate 
- 2D (axial and radial) for the wall and liquid regions 
- ID (axial) for the vapor region 

o. Heat Pipe Phenomenological Models : 
- The evaporation/condensation at the liquid-vapor interface is governed 

by the heat balance 
- Capillary pressure relationship based on the vapor volume 

fraction and temperature dependent surface tension 
o. Numerical Method : 

- Implicit finite difference method 
o. Capabilities : 

- Handle any combination of constant or time dependent 
boundary conditions at the evaporator and condenser 
regions (temperature, heat flux, convection, and radiation) 

- Predicts the heat pipe operation limits for steady state and transient operation 

Assumptions 

o. Quasi-steady state model for the vapor region 
o. Molten liquid metal working fluid 
o. No noncondensible gas 
o. Annular wick structure 
o. Good wettability between wick and working fluid 
o. Temperature dependent thermophysical properties 

Remarks 

o. The results of the model is verified by comparing 
with transient experimental results (Merrigan et. al. 1986) 

o. It is designed to be fast running for incorporation in an 
integrated SP-100 system model, SNPSAM (El-Genk and Seo 1987) 

o. The model could simulate reversed operation due to an external 
thermal exposure; a feature that is desirable for the 
survivability studies of the SP-100 system 
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INTRODUCTION 

The THROHPUT code is a special purpose transient thermohydraulic model of high temperature 
liquid-metal heat pipe response (THROHPUT is an acronym for Thermal H.vdraulic Response Q{ 
H.eat £ipes J^nder Transients). A special purpose code like THROHPUT is needed due to the 
complex nature and interconnection of the physical processes occurring in the operation of a heat 
pipe with the working fluid partially frozen, such as is the case during the startup, shutdown, and 
subsequent restart of a lithium filled heat pipe. This paper discusses the modeling strategy which 
enables THROHPUT to deal with radial and axial melt fronts, capillary forces, and near vacuum 
operating conditions accurately and effectively. 

MODEL DEVELOPMENT 

Assumptions 

A detailed thermohydraulic model must be somewhat geometry-specific. The particular geometry 
chosen for the THROHPUT model coincides with that of the current designs for space reactor heat 
pipes. It consists of a cylindrical tube lined with an annular screen wick. The dimensions of the 
geometry are user-specified, both radially and axially. The heat pipe is assumed to be filled with 
lithium as a working fluid. The lithium may exist as a solid, liquid, or gas. A noncondensible gas, 
assumed to be air. is present in the vapor phase. The operating fluids could be changed by the 
suitable substitution of state relations. 

The lithium gas and the noncondensible are assumed to be intimately mixed, occupying the same 
volume with the same temperature at any particular location. They are not assumed to have the 
same velocity, but rather the difference in their velocities is described by the Dusty Gas Model 
(Cunningham and Williams 1980). 

A common assumption used in two-phase thermohydraulics is the equality of the liquid and vapor 
pressures, but such an assumption is not proper when capillary forces are the main driving forces 
of the system. In this case, the pressure difference between the liquid and vapor phases is related 
to the curvature of the interphcisic meniscus. 

In the absence of gravity and azimuthally varying boundary conditions, the flow is entirely axial 
and radial. The major flow field is in the axial direction. With this in mind, the equations are 
solved by area averaging over the radial and azimuthal directions, yielding a one-dimensional axial 
system. However, there are important flows in the radial direction which are treated in a separate 
radial submodel. 
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Axial Model 

The main model in the THROHPUT code is the axial model. It consists of a set of fifteen simul
taneous partial differential equations which describe the behavior of the main system variables: 
density, pressure, temperature, velocity, and volume fraction for each of the four system compo
nents (lithium solid, liquid, and gas; and the noncondensible gas). The equations used are: mixture 
continuity, noncondensible continuity, liquid continuity, solid continuity, mixture internal energ\'. 
liquid internal energy, solid internal energy, wall internal energy, mixture momentum, liquid mo
mentum, mixture state, liquid state, solid state, volume fraction sum, and a capillary pressure 
relation. (Mi.xture denotes the mixture of lithium gas and noncondensible). 

The axial model equation set is discretized using a staggered spatial mesh, with the conventional 
donoring and upwind differencing techniques. Temporal discretization is accomplished using a fully 
impUcit scheme. This results in a nonlinear system which is solved using Newton's method. The 
Jacobian matrix for this system is block tridiagonal, with 15x15 blocks and as many blocks as 
there are axial nodes. Multiple passes are made through the system, updating the Jacobian at 
each pass, until the error norm of the variables is less than a user-specified value. This differs 
from the previous THROHPUT model (HaU and Doster 1988). which made only one pass through 
the same system. The temporal discretization of the previous model was described as a linearized 
fully implicit model, and yielded the same accuracy with less stabihty. The main impetus behind 
going to a multiple pass technique was not the stability of the method, but rather the time step 
size. Multiple passes allow the updating of several highly nonlinear equations (namely, the mixture 
state equation and the capillary pressure relationship) and, thereby, the reduction of linearization 
error. Since the linearization error in these two equations was the limiting factor in time step 
control, eliminating the error was very attractive. The THROHPUT model is not limited by 
Fourier modulus or Courant limits because the temporal discretization scheme is fully implicit. 
Time step size is governed only by the ability to converge to a solution within the allowed number 
of passes, and by the preservation of the physical significance of the variables. However, the time 
step must also be small enough to capture the fluctuations of the heat input data. 

Radial Submodel 

The radial submodel was developed as a means of incorporating radial heat and mass transfer into 
the axial model. Its main objective is to provide interphase linkage terms to the axial model that are 
as implicitly determined as possible without sacrificing linearity. Interphase mass transfer between 
all of the phases is modeled. Melting and freezing are modeled with a discontinuous heat flux at 
the liquid-solid boundary. In order to simplify the radial submodel, some assumptions about the 
radial locations of the phases have been made. It is assumed that the phases exist in radial layers, 
in one of four specific configurations. These configurations represent the following conditions: cold 
state (all solid); startup or melting (liquid-solid); normal operation (all liquid); and shutdown or 
freezing (solid-liquid). The THROHPUT model assumes that the radial temperature distributions 
are parabolic in each nonvapor layer. The three coefficients for each region are determined by 
forcing the equations to satisfy boundary conditions and to match the average values computed in 
the axial model. This solution strategy gives a temperature distribution in each region which can 
be evaluated to yield the surface temperatures. If the crossover between two cases is overstepped, 
a rebalance is done after the time step that conserves both mass and energy. 

First, in each region the average temperature found by integrating the parabolic distribution over 
the area is set equal to the temperature at that node from the axial model. Second, temperatures 
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and heat fluxes are matched at the interior wall boundary. The exterior wall boundary heat flux 
is matched to a known heat input value for the evaporator section. The exterior wall boundary 
heat flux in the condenser is calculated by assuming radiative heat transfer into an empty space. A 
heat balance on the inner wick surface includes conduction into the wick, convective heat transfer 
into the core, and evaporative heat transfer. Finally, if a liquid-solid interface exists in the case in 
question, it is forced to be at the melt temperature and satisfy a phase change jump condition in 
the amount of heat conducted through it. 

.\xial Melt Front Submodel 

.A.fter the initial melting of the evaporator section (which is primarily radial), the melt front pro
gresses down the length of the heat pipe axiaUy. This type of melt front is not accurately modeled 
with a solely radial model, hence the development of an axial melt front (AMF) model. The radial 
submodel is used twice by the AMF model: once for the liquid side and once for the solid side. 
The total heat and mass transfer for an AMF node is then determined by a volume weighted aver
age of the two radial submodel results, along with some terms derived from a lumped parameters 
treatment of the axial interphasic boundary. Similar actions are taken when the axial melt front is 
coincident with a cell boundary. 

Surface Submodel 

The heat pipe concept is based on the recirculation of the condensate liquid to the evaporator, 
which would be impossible without the capillary pressure head supplied by the wick. The capillary 
pressure relationship is therefore of utmost importance in heat pipe modeling. This relationship is 

P^-Pi= =—JL^ (1) 

where Re is the radius of curvature of the surface of the liquid-vapor interface. In order to make 
Equation (1) as implicit as possible, the radius of curvature should be related to some other system 
variable. The resulting equation could be linearized to yield an implicit representation of the 
capillary pressure relationship fit for inclusion in the a.xial model equation set. 

.•\ geometric approach to modehng the radius is taken in lieu of methods commonly used by other 
researchers. Some of these methods set the liquid and vapor pressures equal at an assumed a.xial 
location and compute the phasic pressure distributions independently, which does not allow the 
capillary pressure difference to adjust to system parameters. In the geometric method, the volume 
fraction of the vapor in the core is set equal to a nominal (flat surface) value plus the amount 
contained in the wick pores: 

Qm = Olmo + ^pC^p- ( 2 ) 

The nominal volume fraction is easily related to system dimensions: 

_ xRJAz Rj 

The number of pores is equal to the surface area available divided by the surface area of a single 
pore: 

6,(27rfl^,Az) 2€,R^\z 

t-mtn ^min 
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The volume fraction for a single pore is found by assuming that a pore is a spherical sector with a 
certain cosine of the contact angle /i, yielding the relation: 

a„ = 
{^RLJ^)^(f^) i?LnV (̂/̂ ) 

TTR^AZ 3i?fA: 

where V (fi) is defined by: 

Equation (2) then becomes: 

2 - (/|2 + 2) y/l-fi' 

Olm = «mo { 1 + 
2€,Rc„ 

oR'ti 
V{ti) 

(o) 

(6) 

(") 

This equation is inverted to yield fi(am), which is then linearized with a truncated Taylor series 
expansion and combined with Equation (1). to yield an equation of the form: 

yn+l -P.« = J£L( , . + ^ " M „ ) 
Rcrr,.. V dam J 

(8) 

which fits readily into the a.xial model. Also, it is assumed that any liquid pooling in the core 
region will result in a flat liquid-vapor interface and, therefore, zero capillary pressure difference. 
The capillary pressure relationship is not applied if a node is solid or in the process of melting. This 
method of treating the capillary pressure relationship inherently handles the capillary operating 
limit modeled by steady state researchers. The ATHENA code (Ransom 1986) uses a similar 
approach to determining the capillary pressure difference, but evaluates it explicitly. 

Axial Capillary Force 

In some stages of the transient, there is not enough total system pressure, Pm. to support the 
capillary pressure difference predicted by the surface submodel (Pi would be forced less than zero). 
In this case, the capillary pressure difference is understood to be equal to Pm, and Pi is set to zero. 
If adjacent nodes show this same condition, then there is no liquid pressure difference between 
them, resulting in a lack of liquid flow. To rectify this, it is assumed that some of the capillary 
force is directed axially when there is a change in volume fraction of liquid from one node to the 
next. This axial capillary force is represented in the axial model equation set by a term in the 
liquid momentum equation which is proportional to the slope of the volume fraction and to the 
maximum possible capillary head. 

Vacuum Treatment: The Dusty Gas Model 

In the initial stages of heat pipe startup, an effective vacuum (ss 10"""* Pa) exists in the vapor 
core region. The only specie present is the noncondensible gas. As the evaporator heats up and 
the vapor pressure of lithium increases, great density and concentration gradients are set up along 
the length of the heat pipe. Due to the extreme low pressure, the mass transport is governed by 
Knudsen diffusion, which occurs when the mean free path of a vapor molecule is much greater 
than the physical dimensions of the system. Past modeling in THROHPUT used the Bosanquet 
interpolation formula (Evans et al. 1961) to determine the diffusion coefficient for the transition 
region, but further research discovered that this formula is only applicable for isobaric systems. 
Currently, THROHPUT uses the Dusty Gas Model (DGM) as put forth by Cunningham and 
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Williams (1980). The DGM provides for mass transfer due to both density and concentration 
gradients, and has been experimentally verified. The diffusive fluxes predicted by the DGM (after 
conversion into mass-based units and a mass average velocity) are: 

;„ = -D^^Xn-D2^Pm (9) 

jg = DiVA'^ + Z?2Vp„, (10) 

where 

A = D^Pm{D':i,,WgMg^D^gWnMn), (11) 
Z?2 = D^ [Dt'^^gMgXn- D^^WnMnXg) . (12) 

£>̂  = Dgn [{MgWg + MnWr,) [Og^ + O'^^Wn + D^i^^Wg)] "^ , (13) 

and the mass fraction and mole fraction are represented by A' and w, respectively. 

RESULTS 

Model Conditions 

The model has been applied to a 4.0-m heat pipe that uses lithium as a working fluid. Initially, 
the heat pipe is filled with a noncondensible gas at 10"'' Pa and has a temperature of 300 K. 
The dimensions, initial conditions, and heat input to the heat pipe correspond to an experiment 
conducted at Los Alamos National Laboratory (Merrigan et al. 1986). The heat input is slowly 
ramped to 15 kW throughput during a period of four hours. Currently the THROHPUT code has 
modeled the first two hours of the transient, using approximately 24 hours of cpu time on a \AX 
8600. THROHPUT is written in FORTR.A.N and exists in both CRAY and VAX versions. 

Model Results 

There is a distinct lack of experimental data for comparison to high temperature heat pipe models. 
The primary experimentation in high temperature heat pipes has been conducted at Los Alamos 
National Laboratory, and no property data that requires intrusive monitoring is available. Only 
exterior wall temperatures and total heat throughputs have been measured experimentally. These 
facts relegate validation of interior property modeling to agreement with steady state analyses and 
expected behavior. 

The THROHPUT model shows good agreement with exterior temperature data for the first two 
hours of the transient. Most interior heat pipe performance conforms to expected behavior: melting 
proceeds radially through the evaporator section, then cixially down the pipe; lithium gas travels 
farther and farther before condensing as the pipe heats up; the mixture pressure is governed by the 
vapor pressure of the wick surface at a particular location; a velocity spike grows at the evaporator 
exit: and liquid return, and thereby partial length operation, is accomplished. There is. however. 
a problem: the liquid does not return fast enough to keep up with evaporation, resulting in an 
ever decreasing liquid inventory in the evaporator section. This problem may be related to the fact 
that the actual experiment was conducted under the influence of gravity (the pipe was horizontal) 
and the model assumes a space environment. A submodel to correct this aberration is under 
development. 
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CONCLUSIONS 

Future efforts will concentrate on minor refinements to the model. Upon completion, the THROH
PUT model will be used to examine the sensitivity of heat pipe operation to various physical 
phenomena, to predict heat pipe response to extreme transients, and to analyze the merit of pos
sible design alternatives. 
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INTRODUCTION 

Dynamic Isotope Power Systems (DIPS) provide the means of meeting power 
requirements in the 1- to 10-kWe range. This paper will summarize the 
technology status and the planned demonstration program for DIPS. 

BACKGROUND 

The use of dynamic conversion systems with isotope heat sources dates back to 
SNAP-1 in the 1950s. Since then, various concepts have evolved leading to a 
DOE-sponsored experimental study in the mid-1970s of Brayton and organic Rankine 
conversion cycles. Both conversion cycles offer the potential of meeting the 
next regime of spacecraft power - 1 to 10 kWe. 

Studies of a dynamic isotope power system (DIPS) integrated with a spacecraft 
have shown the intrinsic compactness, ruggedness and survivability of DIPS. The 
use of an isotope heat source with the conversion system avoids the necessity 
for heavy shielding and/or long booms to reduce the radiation at the payload. 
Also, DIPS can be tested at full power before or during launch for critical 
full-up systems checkouts without generating fission products. Figure 1 
illustrates how a DIPS unit can be integrated closely with a spacecraft to 
produce a compact, survivable space system. (Bennett and Lombardo 1987 and GE 
1979). 

Table 1 lists the system advantages of a DIPS. (Boretz 1984). In general, for 
nuclear systems, radioisotope thermoelectric generators are the most 
advantageous up to about 1 kWe and reactors above 10 to 15 kWe. DIPS has the 
mass and size advantages in the range of 1 to 10 kWe. 

TECHNOLOGY STATUS 

Brayton power systems for space applications have been under development since 
1962. A number of ground test units of the closed Brayton cycle (CBC) have been 
developed with power levels up to 30 kWe. The basic bearings concept has been 
incorporated in production open-cycle turbomachinery since 1970 and has 
accumulated more than 100 million service hours on more than 5,000 units. 

The development of an organic Rankine cycle (ORC) for space applications began 
with the Advanced Solar Technology Energy Conversion (ASTEC) 15-kWe solar 
dynamic program in 1960. A number of organic Rankine systems followed with 
power levels spanning the range up to 600 kWe for a total of more than 120,000 h 
of operation. Other terrestrial applications of 3000 ORC systems have led to 
100 million hours of operation. 
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The work carried out on both Brayton and organic Rankine systems under 
government and commercial sponsorship has clearly demonstrated the viability of 
DIPS for space applications. In addition, both solar-heated CBC and solar-
heated ORC are being considered by NASA to power the space station. 

DEMONSTRATION PROGRAM 

With changing power requirements and increased interest in survivability, the 
DOD signed a supplemental agreement with DOE in 1986 for the demonstration of 
DIPS. The goal is to develop DIPS as a viable enabling technology that can 
provide reliable electrical power in the 1- to lO-kWe range for DOD spacecraft. 
A particular focus will be on meeting the 6-kWe power requirement of the Boost 
Surveillance and Tracking System (BSTS). 

Under the demonstration program, both Brayton and organic Rankine conversion 
cycles will be assessed. A selection of a conversion cycle will be made to 
support the design, fabrication, and testing of an electrically heated 
qualification power unit to demonstrate potential long-life reliability of 7 to 
10 years. With demonstration completed, DIPS will be ready to meet a wide 
variety of future DoD and NASA missions. 
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Table 1. System Advantages of a Dynamic Isotope Power System (DIPS). 

ALLOWS SPACECRAFT ORIENTATION TO BE INDEPENDENT OF POWER 
OR THERMAL SUBSYSTEM REQUIREMENTS 

ELIMINATES ARRAY INTERFERENCE WITH SENSORS AND ANTENNAS 

MAXIMIZES MISSION FLEXIBILITY; NO ORIENTATION/MANEUVER LIMITS 

ELIMINATES DEPLOYMENT AND SOLAR ARRAY DRIVE MECHANISMS 

MINIMIZES SOLAR PRESSURE DISTURBANCES ON SPACECRAFT 

ELIMINATES FLEXIBLE BODY/ATTITUDE CONTROL SYSTEM INTERACTIONS 

MINIMIZES AERODYNAMIC DRAG AT LEO (LOW EARTH ORBIT) 

MINIMIZES VULNERABILITY TO MICROMETEOROID DAMAGE 

ELIMINATES SPACE PLASMA INTERACTIONS AT HIGH VOLTAGES 

CAN OPERATE WITHOUT DEGRADATION IN VAN ALLEN BELT 

PROVIDES RUGGED STRUCTURE TO TAKE G-LOADS ASSOCIATED WITH 
INSTANT RESPONSE FOR EVASIVE MANEUVERS 

MINIMIZES VULNERABILITY OF CYCLE WORKING FLUID AND 
COMPONENTS TO TEMPERATURE RISE DUE TO LASER ATTACK 
(SMATH IV LEVEL) 

MAXIMIZES SURVIVABILITY IN FISSION ELECTRON ENVIRONMENT 
RESULTING FROM NUCLEAR BLAST 

PROVIDES INHERENT SURVIVABILITY AGAINST THERMAL SHOCKS FROM 
X-RAY BURSTS DUE TO NUCLEAR ATTACK (JCS) 



CHARACTERISTICS OF THE CLOSED BRAYTON CYCLE FOR 
DYNAMIC ISOTOPE POWER SYSTEMS 
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P.O. Box 22200 

Tempe, Arizona 85282 
(602) 893-4878 

INTRODUCTION 

The objective of the Department of Energy Dynamic Isotope Power 
System (DIPS) program is to develop and demonstrate the hardware 
required to provide a dynamic conversion electrical power system 
for space applications. Thermal energy for the system is to be 
obtained from the decay of the Plutonium 238 isotope. Electric 
power levels for DIPS range from 1 to 10 kilowatts with 6 kilo
watts selected for a demonstration unit. 

The development of gas bearings and integral brushless alter
nators that allow complete hermetic sealing of the gas loop has 
made implementation of the closed Brayton cycle (CBC) attractive 
for space power use. This technology is supported by 45 years of 
heat exchanger experience, 35 years of turbomachinery experience, 
and 25 years of CBC space power system development at Garrett. 

Operational flexibility is a hallmark of CBC systems, allowing a 
variety of operating modes and power levels from any given 
system. Ease of control and simplicity of design provide systems 
with high reliability and long operational life. 

DISCUSSION 

The proposed CBC configuration for DIPS is shown in Figure 1. 
Two independent power conversion units (PCUs) are used in a power 
conversion assembly to increase reliability and provide a system 
with no single-point failure modes. 

From a thermodynamic viewpoint, the CBC system is a derivative of 
the conventional gas-turbine Brayton cycle, shown in Figure 2. 
The working fluid of the CBC is continuously recirculated within 
the flow-path circuit through a heat rejection heat exchanger 
(cooler) and a heat source heat exchanger (HSHX). For increased 
thermal efficiency, a regenerative heat exchanger (recuperator) 
is added to recover a significant portion of the thermal energy 
available at the turbine discharge. 
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The flexibility of the CBC system is first apparent when the gas 
loop is initially charged. The PCU working fluid pressure and 
molecular weight can be varied to achieve a wide range of power 
output while maintaining high aerodynamic efficiency and heat 
transfer effectiveness. Only the main radiator size and heat 
source thermal output require modification to match the system 
thermal requirements. 

For a given gas charge, the CBC control system can provide a 
variety of operating modes. System operating characteristics can 
be matched to spacecraft and mission requirements. The rotor 
speed is set to complement the gas charge and obtain maximum 
cycle efficiency at the desired power level. 

Electrical power delivered to the user can be varied from zero to 
a maximum value through the use of a variable parasitic load. As 
user demand fluctuates, compensating adjustments in the parasitic 
load maintain constant total alternator load and thus provide 
steady rotor speed and constant temperatures in the CBC loop. 
The Rice alternator, which employs controllable field excitation, 
can provide both constant or variable output voltage levels. 

The dual-loop CBC can be configured with one or both units oper
ating. Common insulated packaging of hot components allows quick 
start-up of a dormant standby PCU by maintaining heat transfer 
components at elevated temperature. If both units are precharged 
to operate at half power, a single unit can be brought to full 
power by injection of additional gas stored at high pressure 
within the hermetic closure. The output power varies as a direct 
function of the mass flow within the loop. 

System start-up and shutdown can be easily accomplished without 
the complications inherent in systems using two-phase thermo
dynamic cycles. Starting torque is applied to the turbine rotor 
by using the alternator as an electric motor. Conversely, the 
system is stopped by increasing the electrical load on the 
alternator using the parasitic load described above. 

Compensation for decay of isotope thermal output can easily be 
accomplished. Available user power is maintained by reducing 
parasitic load as described above. Turbine inlet temperature 
(TIT) will gradually fall during the life of the system, or rotor 
speed can be gradually reduced to maintain constant TIT. 

Brief peaking power needs can be met by taking advantage of the 
heat source thermal mass. Turbine speed can be raised, resulting 
in increased mass flow and power output. Heat source temperature 
will gradually fall and a period of reduced power output will 
follow the peaking operation to re-establish the initial thermal 
equilibrium conditions. 
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Thermal threats to the main radiator will cause reduced power 
output of the CBC as the compressor inlet temperature rises. The 
inert gas working fluid is unaffected by high temperatures. No 
damage will occur to the system if shutdown is required prior to 
reaching component temperature limits. The thermal capacitance 
of the heat source will prevent overheating for some time period 
during which action must be taken to neutralize the threat 
conditions. Standard system restart procedure, as mentioned 
previously, will quickly restore full-power operation after 
removal of the threat. 

CONCLUSIONS 

The CBC system offers a uniquely qualified solution for dynamic 
isotope power systems. Inherent operational flexibility and ease 
of control will allow a single CBC system to operate effectively 
over a range of power levels and to meet the operating require
ments of a variety of future space missions. 
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STATUS OF THE ORGANIC RANKINE CYCLE 
FOR 

SPACE APPLICATIONS 

T. J. Bland, P. D. Lacey and G. L. Sorensen 
Sundstrand Corporation 
4747 Harrison Avenue 

Rockford, IL 61125 
815/226-6000 

INTRODUCTION 

The Organic Rankine Cycle (ORC) has been under continuous development and 
evaluation since the 1960s for both terrestrial and space power applications. Recent 
activities (Bland et al 1987) have focused primarily on the Space Station's solar 
dynamic power system and Dynamic Isotope Power Systems (DIPS) applications. This 
paper addresses ORC - DIPS system level trade studies conducted during the past 
year and a half. Two companion papers - (Bland) (Pearson) present more detailed data 
on specific ORC - DIPS technology issues and testing conducted during this same 
time period. 

RECENT ORC - DIPS ACTIVITIES 

Between mid 1986 to the end of 1987, ORC DIPS trade studies have been conducted 
as part of two separate but related activities: 

— Providing data for proposals in response to the Department of Energy's RFP for the 
Dynamic Isotope Power System (DIPS) Demonstration Program 

— The USAF funded DIPS - Technology Assessment Program - ORC 

The information presented here is a compilation of data generated for these various 
activities. A significant effort has focused on defining overall system characteristics 
such as weight, radiator area and efficiency. 

Block diagrams of the systems which have been evaluated are shown in Figure 1. The 
ORC - DIPS configuration consists of two independent, hermetic power conversion 
systems which share the same heat source assembly (HSA) and radiator. The hybrid -
DIPS configuration is similar except that a thermoelectric generator is incorporated 
between the HSA and the ORC resulting in increased system efficiency. 
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Figure 1 - ORC DIPS Block Diagrams. 

Overall system characteristics which serve as the basis for the trades presented here 
are shown in Table 1. 

Heat Source Configuration 
Rating kWe (End of Mission) 
T/E Type (Hybrid only) 
Life yrs. 
ORC working fluid 
Turbine Inlet Temperature °F 
Output - V.D.C. 
Cylindrical Radiator 

Specific Weight Lb/Ft̂  
Effective Sink Temperature 

Planar Radiator 
'»R 

Specific Weight Lb/Ft* (Radiating area) 
Effective Sink Temperature °R 

General Purpose Heat Source (GPHS) 
6 

Multicouple 
12 

Toluene 
750 
120 

0.9 
420 

0.6 
436 

Table 1 - Overall System Characteristics. 

Three different criteria have been used for system optimization: 

• Minimum Weight 
• Radiator Area 
• Efficiency 
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With all other requirements remaining constant, each of these optimization criteria 
results in a different system. Figure 2 shows the variation in DIPS weight, efficiency 
and radiator area for one system configuration. The curves represent a system which 
is optimized for minimum weight at each condenser temperature. 
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Figure 2 - Weight, Efficiency and Radiator Area Trends, 

Over the range of conditions evaluated, the heat source assembly and radiator vary 
considerably in weight while the Power Conversion Unit (PCU) weight remains fairly 
constant. Table 2 shows the relative weight of these components for the three different 
optimization criteria. 

Component Weight - Percentage 

High 
Efficiency 

45 

25 

30 

Minimum 
Weight 

48 

25 

27 

Small* 
Radiator 

55 

25 

20 

HSA 

PCA 

Radiator 

Table 2 - Component Weight - Percent. 
*350 Ft' Cylindrical Radiator 
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Characteristics of four different configurations are shown in Table 3. 

Cycle ORC Hybrid 

Radiator 
Rating (EOM) kWe 
Life yrs. 
System Efficiency % 
Radiator Sink Temp '̂R 
Radiator Radiating Area - Ft̂  
Radiator Observable Area - Ft̂  
System Weight - Lbs. 

Cylindrical 
6 

12 
22.4 
420 
504 
161 

1705 

Planar 
6 

12 
23.3 
436 
574 
183 

1569 

Cylindrical 
6 

12 
26.8 
420 
450 
225 

1498 

Planar 
6 

12 
26.8 
436 
478 
239 

1381 

Table 3 

The data presented above is based on current demonstrated technology and does not 
take into account component improvement which can, in the near term, substantially 
improve the system's performance with corresponding reductions in weight and 
radiator area. 
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INTRODUCTION 

Radioisotope thermoelectric generators (RTGs) have been employed safely and 
reliably since 1961 to provide spacecraft electrical power for various NASA 
and Department of Defense missions. Historically, RTG development, 
fabrication and qualification have been performed under the sponsorship of the 
Department of Energy's Office of Special Nuclear Projects and its predecessor 
groups. RTG technology improvement programs have been conducted over the 
years by the DOE to improve RTG efficiency and operating performance. The 
Modular RTG design concept resulted from such a program (reference 1) and is 
currently being developed by the General Electric Company for the Department 
of Energy. 

MODULAR RTG DESIGN 

The distinguishing feature of the Modular (MOD) RTG design is its modularity 
which permits scaieability of RTG power to meet spacecraft power 
requirements. The design is centered around the modular General Purpose Heat 
Source (GPHS) which has been qualified for the Galileo and Ulysses missions. 
The referenced MOD-RTG flight design is shown in Figure 1. Each modularized 
segment of the RTG provides a power output of approximately 19 watts at 30.8 
volts dc. Each modularized RTG segment consists of a GPHS surrounded by eight 
thermoelectric multicouples which convert the thermal energy from the heat 
source to useable electrical energy. The RTG design can accommodate up to 18 
GPHS modules and, therefore, the RTG can provide power in the range of 19 watts 

FIGURE 1. MOD-RTG Conceptual Flight Design. 
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to 342 watts at 30.8 volts dc. The design provides significant advances in 
efficiency and specific power. This is accomplished by innovative design, new 
materials and increased efficiency of the multicouple device. The MOD-RTG 
design offers a 15% increase in efficiency and over 50% increase in specific 
power (watts/kilogram) when compared to the GPHS-RTG, which will power the 
Galileo and Ulysses missions. The critical design attributes and parameters 
for the MOD-RTG reference design are shown in Table 1. 

TABLE 1. MOD-RTG Reference Flight Design. 

Voltage 
Power Output 
Specific Power 
Cold/Hot Junction 
Temperature 
Converter Efficiency 
Number of GPHS Modules 
Number of Multicouples 
Length 
Overall Diameter 
Weight 
Operating Life 
Storage Life 

30.8 volts 1 
342.5 watts 
8.4 watts/kg 

573 K/1273 K 
7.6% 
18 
144 
1.08 m 
0.33 m 

41.1 kg 
5 years 
3 years 

MULTICOUPLE TECHNOLOGY STATUS 

The MOD-RTG design features the use of a thermoelectric multicouple device. 
This Innovative concept is shown in Figure 2. The multicouple consists of 40 
thermoelectric legs. Each leg is separated by a high temperature insulating 
glass and the legs are electrically connected in series through the use of hot 
shoes and cold contacts. Silicon germanium/gallium phosphide (SiGe/GaP) 
material is used for the N legs and silicon germanium (SiGe) material was 

•UCIUCikL U*M 

FIGURE 2. MOD-RTG Multicouple Design 
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chosen for the P legs. A graphite heat collector, located at the hot end of 
the device, maintains the heat source at 1370 K and the thermoelectric hot 
junction temperature at 1270 K. A graphite cushion and tungsten mounting stud 
are located on the cold end for attachment to the radiator housing. The 
multicouple is designed to produce 2.4 watts at 3.8 volts dc. Devices built 
to this design were placed upon in-gradient life testing in 1986. 

In-gradient testing revealed, after only several hundred hours, unusual load 
voltage fluctuations in the performance of the multicouple. These fluctua
tions appeared to be related to the negative electrical bias of the test 
circuit. This resulted in sporadic. Intermittent drops in multicouple output 
power and voltage. An extensive investigation was performed which indicated 
the voltage anomaly was caused by internal shorting between thermoelectric 
couples. The shorting occurred primarily at the hot end of the thermopile and 
was produced by the transport of thermoelectric materials across the inter-
element insulating glass. The location of the shorts appeared to be asso
ciated with pores or pore like structures in the inter-element glass. 

Process and design improvements were developed to minimize material migration 
within the multicouple device. These improvements included: 

a) Reducing the residual germanium in the hot shoe bond area and on the 
surface of the thermoelectric legs to minimize migration (This was 
accomplished by applying the germanium used to bond the hot shoes by a 
sputtering technique rather than by screen printing. Excellent hot shoe 
bonds were achieved with little excess germanium available for transport.); 

b) Process modifications associated with the application of the inter-element 
insulating glass which significantly reduced the porosity in the glass; 

c) Application of a silicon nitride/silicon dioxide coating on the thermo
electric legs to suppress migration of thermoelectric leg constituents; and 

d) Development of a high density zircon insert which is bonded to the thermo
electric legs for the purpose of suppressing material transport. 

These process and design Improvements are currently being incorporated into a 
series of 8 multicouples for long life test evaluation. Several multicouples 
have been fabricated with several of the Improvements identified above and are 
currently undergoing long life in-gradient testing. Results are encouraging. 
One multicouple has surpassed 5000 hours and the other 4000 hours without 
exhibiting load voltage fluctuations. A comprehensive test evaluation is 
scheduled to be completed by the second quarter of 1988. It is expected that 
the tests will demonstrate a multicouple design capable of stable, long term 
performance. 

CONCLUSIONS 

The MOD-RTG design represents a significant advancement in state-of-the-art 
RTG technology. Its improved efficiency, specific power and modularity will 
provide the spacecraft designers with a power system that requires less 
radioisotope fuel Inventory, is the lightest weight system available, and can 
best be adapted to the power needs of the spacecraft. Long life component 
testing is in progress to evaluate these new technologies and a Ground 
Demonstration System (6DS) will be fabricated and tested to verify system 
performance. 
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chosen for the P legs. A graphite heat collector, located at the hot end of 
the device, maintains the heat source at 1370 K and the thermoelectric hot 
junction temperature at 1270 K. A graphite cushion and tungsten mounting stud 
are located on the cold end for attachment to the radiator housing. The 
multicouple is designed to produce 2.4 watts at 3.8 volts dc. Devices built 
to this design were placed upon in-gradient life testing in 1986. 

In-gradient testing revealed, after only several hundred hours, unusual load 
voltage fluctuations In the performance of the multicouple. These fluctua
tions appeared to be related to the negative electrical bias of the test 
circuit. This resulted in sporadic, intermittent drops in multicouple output 
power and voltage. An extensive investigation was performed which Indicated 
the voltage anomaly was caused by internal shorting between thermoelectric 
couples. The shorting occurred primarily at the hot end of the thermopile and 
was produced by the transport of thermoelectric materials across the inter-
element insulating glass. The location of the shorts appeared to be asso
ciated with pores or pore like structures In the inter-element glass. 

Process and design Improvements were developed to minimize material migration 
within the multicouple device. These improvements included: 

a) Reducing the residual germanium in the hot shoe bond area and on the 
surface of the thermoelectric legs to minimize migration (This was 
accomplished by applying the germanium used to bond the hot shoes by a 
sputtering technique rather than by screen printing. Excellent hot shoe 
bonds were achieved with little excess germanium available for transport.); 

b) Process modifications associated with the application of the inter-element 
insulating glass which significantly reduced the porosity in the glass; 

c) Application of a silicon nitride/silicon dioxide coating on the thermo
electric legs to suppress migration of thermoelectric leg constituents; and 

d) Development of a high density zircon insert which is bonded to the thermo
electric legs for the purpose of suppressing material transport. 

These process and design improvements are currently being incorporated into a 
series of 8 multicouples for long life test evaluation. Several multicouples 
have been fabricated with several of the Improvements identified above and are 
currently undergoing long life In-gradient testing. Results are encouraging. 
One multicouple has surpassed 5000 hours and the other 4000 hours without 
exhibiting load voltage fluctuations. A comprehensive test evaluation is 
scheduled to be completed by the second quarter of 1988. It is expected that 
the tests will demonstrate a multicouple design capable of stable, long term 
performance. 

CONCLUSIONS 

The MOD-RTG design represents a significant advancement in state-of-the-art 
RTG technology. Its improved efficiency, specific power and modularity will 
provide the spacecraft designers with a power system that requires less 
radioisotope fuel inventory, is the lightest weight system available, and can 
best be adapted to the power needs of the spacecraft. Long l i fe component 
testing is in progress to evaluate these new technologies and a Ground 
Demonstration System (GDS) will be fabricated and tested to verify system 
performance. 
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INTRODUCTION 

For the first start up of a SP-lOO class reactor, the lithium coolant must be thawed. During this 
thawing, the walls of the reactor will be stressed due to thermal expansion of the liquid metal. To 
analyze thoroughly the stresses transmitted, creep properties of lithium are needed (Magee et al. 
1985). Little mechanical data are available due to difficulties associated with conducting an 
experiment on lithium near its melting point A compact apparatus has been designed and tested for 
a comparable experiment 

DESCRIPTION OF THE APPARATUS 

Using a dead weight creep design, the apparatus is composed of four major parts: the compressive 
plates, an oven, an insulating box, and a camera to record displacements. A schematic of the oven 
and of the compressive plates is given in Figure 1. The total dimensions, once the insulating box is 
added, are 20cm x 20cm x 32cm (base x width x height). Two Pyrex windows were left in the 
insulation to allow visual observation of the sample. A camera was set with a macro zoom in order 
for the sample to be accurately recorded. The oven was able to reach a temperature of 300° C and 
exhibited a very good stability at lower temperatures, ensuring possible studies near the melting 
point of Uthium (180.5°C). 

CALIBRATION OF THE APPARATUS 

Test measurements were made using a lead sample, because this metal has been very well 
characterized with respect to creep near its melting point. In order to decrease the applied load and 
facilitate the measurements, the sample was worked into a simple shear geometry with a central 
column of 3mm diameter. Stresses from 0.5 to 1.0 MN/m^ were achieved. The tests were 
conducted for periods of 6 to 10 hours per sample. 

A good definition, ~10"^cm, was obtained using the camera. Different runs at the same stress level 
gave consistent results. At 300°C, recrystallization processes were noticed, accelerating the creep 
rate. 

ANALYSIS OF THE RESULTS 

Comparison of the results obtained with previous studies of the Harper-Dom model for lead gave 
good agreement with the following power law: 
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where a is the applied stress, G the shear modulus, D̂ fj the diffusion coefficient in the material, 
and b the burger vector (Frost and Ashby 1982). 

Both Dgff and G were corrected for temperature dependency and activation energies, using the 
following equations: 

[, . Cr-300) \ dol 

-Q /RTF -Q./RT1 

•^^'V l'*"̂ A« J, (3) 
where Q^ is the lattice activation energy and Qg is the core activation energy. 

At a temperature of 300°C, and a stress of 0.98 MN/m ,̂ the experimental creep rate was 2 x 
lO^^s'^ Using results from previous experiments, the constants A and n are 2.5 x 10̂  and 5, 
respectively. The calculated creep rate using these values with Equation (1) gave 0.66 x 10"*s'̂  
Recrystallization could be the factor leading to the slightiy higher experimental value in Figure 2 
(Sellars 1978). 

CONCLUSIONS 

Because of the relative small size of this equipment, it is possible to locate the apparatus in a glove 
box under an argon atmosphere with a minimum of modifications. The calibration conducted with 
lead was successful, showing good agreement with previous studies. It will be possible to pursue 
further studies with lithium using the same measuring device. 
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GASESOUS LASER SYSTEM 
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INTRODUCTION 
Using uranium hexafluoride gas to power a reactor core has been proposed 
previously. Considerable work was done on this concept both as basic reactor 
(core) physics relating to gaseous core reactors (Kunze 1969) and as an 
optical pumping source to drive another laser medium (Boody 1978). The first 
of these studies was aimed primarily at the nuclear propulsion application 
for space vehicles. However, the necessary core and reflector design 
differed substantially from the configuration required for the flash!amp 
driven laser application. This paper examines the specific results of the 
reactor physics design for the latter concept. Also briefly examined is the 
reactor physics of a direct UFg laser, though we have not seriously examined 
the feasibility of the laser physics of this direct application. 

TECHNICAL APPROACH 
The specific concepts examined are shown in Figure 1. For the flashlamp 
driver concept, the cylindrical-shaped reactor flashlamp is located in a 
mirror concentrator, with the laser at the opposite focus from the flashlamp. 
It is suggested that a Nd-YAG laser, with its good visible and near-infrared 
wave length optical pumping characteristics, be the target laser. However, 
the sensitivity of this laser to nuclear radiation damage requires that it be 
at least shadow-shielded from the reactor flashlamp gamma rays and fast 
neutrons. 

FIGURE 1. Nuclear Floshlomp Powered Loser 

(Loser Shielded from Nucleor Rodiotlon). 

The reactor flashlamp must have relative optical clarity through the radial 
sides of the core. This means clear glass walls, resultina in very minimal 
pressure capability. (See concept "a" in Figure 2) An option is to construct 
the flashlamp out of a number of smaller tubular segments with relatively 
thin walls, and stack these together to make the same size of effective 
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(o) Low Pressure (b) Seperote High Pressure Cells 

(c) Opttcol Path Through D20 Reflector 

FIGURE 2. Nucleor Floshlomp Concept. 

flashlamp. (See concept "b" in Figure 2.) These smaller tubes would permit 
higher UF^ pressures. Because of the low density of the UFg gas, moderator 
will be required. It is proposed that this be introduced by radial slabs of 
beryllium, occupying approximately 65% of the core volume. Another possi
bility is to provide a relatively thin, but still neutronically effective 
heavy water reflector, approximately 20 cm (8 inches) thick radially around 
the core. (See concept "c" in Figure 2.) The optical pumping of the laser 
would require that the light pass through the rather thin heavy water 
reflector into the concentrating mirror section of the system. 

Previous work on the dynamic characteristics of a large, thermal core with 
heavy water or beryllium as moderator or reflector, has shown that the long 
lifetime (1 to 3 ms) requires very large initial k-excess to achieve the 
short pulses needed to obtain the high power densities desired. (Gu 1987). To 
attain these large multiplication factors, the design of the core and 
reflector has been through a number of iterations, with the latest results 
shown in Figures 4 and 5. Note that the optimum '"°d«';«t°:,;°l";%Jr^'^^JJ 
(of the slabs of Be in the core region) is approximately 70%. Of 
considerable interest is the self-controlling aspect of the temperature 
coefficient! which is very negative and large. All <^^^^^^'^'%^':'''JZ 
with a diffusion theory code, in which the Behrens' correction for the 
diffusion coefficient in streaming paths was employed. 
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FIGURE 3. UF6-G0S Loser (65S5 Be Rods, Mirror Ends). 
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Using these sane neutronics codes, the reac t i v i t y pulse that would resu l t 
from the f lowing of a pulse of UFg through the core was calculated. Using 
the case of maximum k-ef fect ive = 1 .41 , Figure 6 shows the reac t i v i t y pulse 
i f the fuel flow ve loc i ty is 320 m/s. 

CONCLUSIONS 
Placing a reflector of heavy water (20 cm thick) around the reactor does not 
add significantly to the multiplication factor, increasing it by only 4 to S% 
delta k. Thus, the flashlamp concept is shown to effectively reach the high 
multiplication factors needed, in a design that does not require a radial 
reflector. Thus, the penalty that such a reflector would create in light 
transmission losses can be avoided. 

Calculations were also made on a laser concept, in which clear-path propaga
tion is needed in the axial (longitudinal) direction of the cylinder. In 
this case, 65% volume fraction of small rods of beryllium was used as the 
moderator volume fraction. Initial (cold) k-effective of 1.56 was calculated. 
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The Institute for Space Nuclear Power Studies 
Department of Chemical and Nuclear Engineering 

The University of New Mexico 
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(505) 277-5442/1827 

I N T R O D U C T I O N 

The SP-100 system currently being developed by the General Electric Company employs a fast 
flux nuclear reactor cooled by liquid lithium. The reactor's nominal thermal power is 2.0 MWt 
at 1300 K core coolant exit temperature and the system's thermoelectric(TE) converters nomi
nally produce 100 kWe. The rest of the reactor's thermal power is removed from the cold shoes 
of the TE converters by twelve independent secondary coolant loops, which utilize liquid potas
sium as the working fluid, to the radiator where it is rejected into space. The SP-100 system 
employs twelve primary coolant loops, and the circulation of the working fluids in each pair of a 
primary and a secondary loop is maintained by a common thermoelectric-electromagnetic(TE-
EM) pump. Each of the twelve primary coolant loops incorporates two spring loaded accumula
tors - a forward accumulator placed at the reactor core exit and an aft accumulator located 
behind the radiation shield (Kirpich et al. 1986 and Meyer et al. 1987). To reduce the shielding 
cone angle, and hence the size and the mass of the shield, the maximum capacity of the forward 
accumulators is limited to 20 liters, while the maximum capacity of the aft accumulators is as 
high as 80 liters. The function of these accumulators is to adjust the lithium coolant pressure 
during operation and to accommodate the increase in the lithium volume upon thawing and as 
its temperature approaches the system's nominal value of 1300 K (total volume increase of 
16.5%). At this temperature and at the beginning of its life, the lithium's total volume and the 
operating pressure are approximately 230 liters, and 61 kPa, respectively (Meyer 1987). 

Although lithium is an excellent coolant because of its low pumping requirements, low density, 
high specific heat, and low vapor pressure, it interacts with neutrons in the reactor core and pro
duces helium gas. The accumulation of helium gas in the system's primary loops due to the 
Li(n,a) reactions could cause the reactor core to overheat, due to the reduction in the heat 
transfer coefficient and the degradation of the TE-EM pumps' operation. Such gas accumulation 
would also increase the coolant's volume and, hence, the system's pressure. The degradation in 
the pumps' operation will be caused by an increase in the coolant's electric resistivity as well as 
by the reduction of the magnetic flux density in the pumps' ducts. Because the increase in the 
coolant's electric resistivity due to the accumulation of helium gas is expected to be much larger 
than the decrease in the effective magnetic flux density, however, the latter efi'ect can be 
neglected (Ammert 1987). In addition, the circulation of the coolant in the primary loop will 
decrease due to the increased friction losses caused by the presence of helium gas bubbles. 

This paper focuses on modeling the helium gas generation in the SP-100 primary coolant loops 
due to the Li(n,a) reaction and assessing the effects of helium gas generation on the performance 
of both the TE-EM pumps and the SP-100 system. These analyses were performed using an 
upgraded version of SNPSAM - Space Nuclear Power System Analysis Model (El-Genk and Seo 
1987). This version of SNPSAM incorporates a model of the recent design of the TE-EM pump, 
which couples the primary and secondary coolant loops, and models a total of 12 forward and 12 
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aft accumulators in the primary coolant loops (El-Genk et al. 1987). 

MODEL DESCRIPTION 

This model calculates the generation of the helium gas in the reactor core due to the Li(n,a) 
reaction as a function of the initial abundance of both lithium-6 and lithium-7 isotopes in the 
coolant, the average neutron's energy and flux, as well as the system's operating time. The 
model also considers the changes in the helium gas generation rate with operating time caused by 
the decrease in the number densities of lithium isotopes in the primary coolant loop due to the 
(n,a) reaction as well as by the accumulation of the helium gas and the corresponding increase in 
the system's pressure. The net volume of the helium gas in the primary coolant loop is deter
mined by subtracting the amount of the helium dissolved in the lithium coolant from the total 
gas generated (Slotnick et al. 1965). 

The effect of helium gas generation on the heat transfer coefficient and on the TE-EM pumps' 
operation is investigated by using two approaches. The first approach assumes that the helium 
gas bubbles will be homogeneously mixed with the lithium coolant. In this approach, the volume 
averaged thermal and physical properties are used to calculate the coolant's effective heat 
transfer coefficient and electrical resistivity. The second approach assumes that the gas bubbles 
will coalesce and form an annular type flow with the helium gas at the center flowing at the 
same velocity as liquid lithium. In this approach, the heat transfer coefficient will not be affected 
because the thermal boundary layer will be gas free. However, the increase in the electric resis
tivity of the coolant will be similar to that calculated for the homogeneous approach. The 
increase in the primary loops' pressure losses due to the accumulation of helium gas is calculated 
using Lottes-Flinn correlation (El-Wakil 1978). 

RESULTS AND ANALYSIS 

Parametric analyses were performed to investigate the effects of the helium gas generation in the 
SP-100 system on the operation of the TE-EM pumps and the system's operating parameters. In 
these analyses, the generation of helium gas due to the interaction of neutrons with lithium 
coolant outside the core region was neglected since this would require highly sophisticated neu
tron transport calculations. 

.Figures 1 through 3 present the calculated volume fraction of helium gas in the SP-100 system's 
primary coolant loops and the corresponding coolant's pressure and temperatures as functions of 
the operating time, the abundance of lithium-6, and the average neutron's energy in the reactor 
core. In these calculations, the base case parameters are an average neutron energy, E„, of 0.1 
MeV, an average neutron flux, <|>, of 10 cm~ s , and a coolant residency time fraction in the 
core, tp, of 20%. In addition, the accumulators are taken to be initially 1/4 full with liquid 
lithium, and the cross sectional area of the bellows is taken to be 133 cm and 335 cm for the 
forward and aft accumulators, respectively. As Figures 1 through 3 indicate, the helium gas gen
eration and, hence, the increase in the coolant pressure are very sensitive to the initial abun
dance of lithium-6 and the average neutron energy in the core; they decrease as these quantities 
decrease. For example, reducing the abundance of lithium-6 from its natural value (7.42%) to 
0.1% reduces the volume fraction of helium gas at the end of a seven year operation from 33% 
to only 3% of the total coolant volume. This reduction of lithium-6 abundance will also reduce 
the increase in the coolant pressure for the same period from 241 kPa to only 72 kPa. Further 
reduction in the helium gas generation and hence the coolant pressure can be achieved through 
increasing the average neutron energy in the core. However, increasing this energy would reduce 
the effective fission cross section and increase the neutron's leakage, resulting in a larger mass 
and size of the reactor core.. Results also demonstrate that combining an average neutron's 

154 



energy of 0.01 MeV and natural lithium would eventually saturate the accumulators in the pri
mary coolant loops (see Figure 1). Although this saturation would precipitously increase the 
coolant's pressure to 437 kPa, it would only minimally affect the coolant's temperatures and flow 
rate because the volume of helium gas in the primary loop would remain unchanged. Conversely, 
using a lithium coolant with a lithium-6 abundance less than 4 . 1 % would not saturate the accu
mulators for the range of neutron's energy studied (0.01 MeV to 0.1 MeV). 

The results in Figures 1 through 3 also indicate that while the accumulation of helium gas 
greatly degrades the TE-EM pumps' performance and increases both the coolant and cladding 
temperatures, it only minimally affects the system's electric power output. As indicated in Fig
ure 3, for the lithium-6 abundance, 73,, of 1%, the total coolant mass flow rate in the primary 
loop will decrease by about 9% or 10% at the end of 7 years, (from 10.1 kg/s at the beginning-
of-life to as low as 9.1 kg/s or 9.2 kg/s at the end-of-life, with the lower value calculated using 
the annular gas flow approach). This decrease in the coolant mass flow rate causes the core 
coolant exit temperature and cladding temperature to increase by 5 K and 7 K, respectively; the 
corresponding increase in the maximum fuel temperature is approximately 8 K (from 1375 K to 
1383 K). When natural lithium is used, however, the results show that the reduction in the 
coolant flow rate at the end of 7 year operation is as high as 23% (see Figure 1) and the 
corresponding increase in the cladding and the fuel temperatures is 25 K and 27 K, respectively. 
This increase in the fuel temperature could result in a higher fuel swelling and fission gas release 
as well as high cladding creep rate and, hence, it might cause a premature fuel pin failure. 

C O N C L U S I O N S 

The generation of helium gas in the SP-100 system's primary coolant loops can be effectively 
reduced through the use of a lithium coolant with a low abundance of lithium-6 (^ 0.1%). 
Results show that although the helium gas accumulation in the primary coolant loops only 
minimally affects the system's electric power output, it degrades the TE)-EM pumps' operation 
and causes an increase in both the coolant and fuel temperatures. If a lithium coolant with an 
abundance of lithium-6 greater than 1% is used, the helium gas must be removed from the pri-' 
mary loop to avoid saturating the accumulators and overpressurizing the primary coolant loop. 
Even with a low abundance of lithium-6, the accumulation of helium gas and the possibility of 
small bubbles coalescing to form larger bubbles might cause a gas lock in the pipings and, hence, 
initiate a loss of flow event. For higher system reliability, even though gas separators are 
employed, it is strongly recommended that lithium coolant with low abundance of lithium-6 be 
used. This, however, would require developing a dedicated lithium enrichment facility to meet 
the national space power program's growing demand for highly depleted lithium. The cost of 
such a facility would be more than justified by the enhanced system's reliability and safety. 
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INTRODUCTION 

As the space station grows, so will its power needs. Currentiy, the proposed power generation 
system is solar cell panels. In order to increase the available power, more panels can be added to 
the station. However, at some point the added mass and drag of these extra panels will become 
prohibitive. For this reason, tiie National Aeronautics and Space Administration (NASA) is 
investigating the design of a solar dynamic organic Rankine power generation cycle to replace the 
solar panels. Although this concept is more mass effective, it too has its limits as even more power 
is required. At higher powers, significant savings in mass might be achieved by replacing the solar 
thermal energy source with a nuclear source. Consequentiy, the major purpose of the current 
investigation is to investigate the tradeoffs between solar dynamic and nuclear powered systems for 
the space station. 

PROCEDURE 

This research is based upon a typical organic Rankine cycle using toluene (methyl benzene) as the 
working fluid. The first objective is to produce an adequate thermodynamic cycle model and 
calculate its efficiency. The next step is to implement a sizing algorithm that calculates the capacity 
of the various elements of the system, such as the radiator and regenerator, for a given electrical 
output. Subsequentiy, the mass of each component must be calculated to give the overall total 
system mass (Ruppe 1967 and Blumenberg 1981). Likewise, the space required for each 
component can be determined, giving an estimate of what volume must be available to place the 
system into orbit 

These calculations are performed for the solar dynamic cycle equipment (turbine, heat exchanger, 
mirror, solar receiver, and tracking assembly) and repeated for a reactor supplying the same power 
output. 

All of these calculations are used to prepare a comparison of the masses, efficiencies and volumes 
of each system to enable the determination of the optimal generation technique for a given power 
level. 
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WORK TO DATE 

A complete thermodynamic cycle has been modeled (Figure 1). This model consists of a heater 
(usually this component is called a boiler, but in this case the toluene is supercritical, and, 
therefore, all heat addition is single phase), turbine, regenerator, condenser, heat pipe radiator, and 
a pump. 

TURBINE 

HEATER REGENERATIVE 
HEAT 
EXCHANGER 

CONDENSER 
r1 AND 

RADIATOR 

FIGURE 1. Schematic Diagram of the organic Rankine cycle with numbered state 
points (see also Figure 4). 

The output state of the heater is currentiy fixed at a temperature of 672 K and a pressure of 4.2 MPa 
(in order to maintain a supercritical fluid and at the same time minimize thermal decomposition of 
tiie toluene). Varying the radiator temperature changes the efficiency, as shown in Figure 2. 

0.4 

3^5 3S0 3)5 4(50 4 ^ 4^0 4t5 56o 5 ^ 5^0 

TEMPERATURE (K) 

FIGURE 2. The Organic Rankine Cycle: Efficiency versus Radiator Temperature. 

160 



The temperature - entropy and pressure -
given in Figures 3 and 4, respectively. 

enthalpy diagrams for various radiator temperatures are 
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FIGURE 3. Temperature - Entropy plots for various radiator temperatures. 
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FIGURE 4. The Effects of varying radiator temperature on the pressure - enthalpy 
diagram. 
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There are several things to note about these plots. First, the vapor dome of toluene folds back upon 
itself, so that, unlike steam, toluene expansion through a turbine does not typically bring the turbine 
exit state into the saturation region. In other words, the turbine always sees superheated vapor, and 
the only components that see two phases are the condenser and, possibly, the regenerator. 

Second, in Figure 4, state 3 is at the hot side regenerator exit, and state 6 is at the cold side 
regenerator exit. The other cycles plotted in this figure do not have regenerators and thus do not 
have points 3 and 6; above a radiator temperature of about 375 K, the regenerator becomes 
thermodynamically less effective and is dropped fi-om the model, reducing it to a simple Rankine 
cycle. Tliis, in turn, causes the change in slope of cycle efficiency versus radiator temperature seen 
in Figure 2. 

A further point is that the thermodynamic model is constructed in such a way that the firiction and 
form pressure drops in the condenser are assumed to occur while the toluene is still superheated, 
resulting in constant pressme condensation for the no regenerator model. On the other hand, the 
regenerator model accounts for these losses under the vapor dome, resulting in a variable pressiu^ 
condensation process. 

Although not fully implemented, parametric sizing models for volume and mass are still under 
development to enable determination and optimization based on these important parameters. 

FUTURE WORK 

The overall model being created will be made more robust by the addition of a tradeoff calculation 
between heater outiet temperatiu-e and toluene decompostion. In other words, the peak cycle 
temperature will be allowed to increase, and the resulting increase in efficiency will be weighed 
against the increase in mass of the toluene makeup system. 

It also remains to be determined whether the reactor should be directiy cooled by the toluene or by 
heat pipes. The best way to make this decision is to answer the questions,"Will the toluene makeup 
required by radiolytic decompositon be less massive than the heat pipes of the other option, and 
how will this affect the efficiency and volume of the system?" 

To verify the complete model, plans have been made to benchmark it against calculations perfonned 
on similar models. 
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INTRODUCTION 

In order to develop techniques for producing a high-emissivity surface on 
stainless steel at elevated temperatures, we have conducted a series of preli
minary tests and measurements using a Jones and Laughlin 304 stainless steel 
(as-rolled condition) as the primary basis material (Jones and Laughlin). 

Numerous reports confirm that emlssivities of stainless steel (and other) sur
faces can be Increased by the formation of an oxide film. Generally, these 
reports indicate that the total hemispherical emittances of several 300 series 
stainless steels can be increased up to 0.7 to 0.9 by oxidation. Oxidation 
time and temperature, as well as preoxidation surface treatment, are important 
variables. Best results seem to be achieved when the oxidation is carried out 
at temperatures from 1173 to 1373 K OOO-llOO'C) for times sufficient to pro
duce a continuous film exhibiting constant emittance values. In addition, the 
films are adherent and resist abrasion or spallation. 

PRELIMINARY EXPERIMENTS 

Several oxidation treatments and emittance measurements were carried out to 
characterize oxidized stainless steel surfaces. The initial oxidation experi
ments were done in air at 1073 and 1273 K (800 and 1000°C) on as-received 
0.5-mm (0.020-in.) sheet specimens of type 304 stainless steel. These experi
ments confirmed the literature-based conclusion that the higher temperature 
oxidation produces the higher emissivity surfaces. 

Many years ago, E. A. Gulbransen and associates (Gulbransen and Copan 1959) 
found that the low-temperature oxidation of pure iron, particularly in 
moisture-containing oxidants, produced a surface containing whiskers, blades, 
and platelets of a-Fe203. While the ramifications of such a microscopically 
rough surface in terms of the emittance were not considered, clearly such a 
surface would enhance this property. Partly supported by this background, as 
well as knowledge of other modifications of oxides formed at low oxygen poten
tials, we then compared the oxide structure and the emissivity of stainless 
steel specimens after oxidation in stagnant air and after oxidation in moist 
argon. 

Specimens were oxidized in flowing high-purity (nominally 99.997%) argon at 
atmospheric pressure that had been bubbled through a fritted disk immersed in 
water at room temperature. The specimens were then heated to 1273 K (1000°C), 
held for 1 h, then furnace cooled. Thus, the oxidation was accomplished at a 
low oxygen potential of approximately 0.1 Pa (1 x 10"^ atm) at 1273 K (1000°C) 
[PH 0 - 3 ^^^ (3 ** l*̂ "̂  atm)]. While the tank argon presumably held trace 
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oxygen as an impurity at about this same level, an experiment conducted in 
flowing argon without added moisture produced specimens having far less oxide 
(virtually a tarnish film) that also had a different morphology. 

RESULTS AND DISCUSSION 

The gray-black velvet surface appearance of the as-received type 304 stainless 
steel specimen oxidized in wet argon for 1 h at 1273 K (1000°C) appeared to be 
the best surface obtained in our preliminary experiments, although a specimen 
identically exposed in stagnant air produced a similar surface appearance to 
the naked eye. However, a comparison of the two specimens in terms of 
microscopic, analytical, and structural Information as well as measurements of 
total hemispherical emittance showed important differences that a casual 
examination would not reveal. 

Structure and Surface Morphology 

Specimens of type 304 stainless steel oxidized in the as-received condition in 
wet argon were examined using scanning electron microscopy (SEM). The oxide 
product in this case consisted in part of irregularly shaped growths extending 
away from the plane of the surface at various angles. This surface was extre
mely rough and re-entrant with the size of the growths varying from approxima
tely 1 \im wide whiskers and blades to crystallographic protrusions several 
microns wide. An x-ray structure analysis identified magnetite, FesO^, as the 
major product. This is an Interesting difference from Gulbransen's earlier 
experiments where hematite, Fe203, was identified as the similar-appearing 
major reaction product. 

An identical oxidation treatment in air produced an entirely different product 
and structure on the stainless steel specimens. The oxide had a granular 
structure with an irregular surface (oxide-gas interface), but the extent of 
the irregularities was clearly much less than that of the wet-argon-oxidized 
specimen. In addition, the oxide layer was identified as chromium oxide with 
a second phase having a cubic spinel structure characteristic of the Fe-Cr 
mixed oxides. 

Emittance Measurements 

The total hemispherical emittance was measured by a calorimetric technique 
(McElroy and Kollie 1963) for each specimen in vacuum over the temperature 
range 473 to 1073 K (200-800°C). The strip-specimen was instrumented along 
its length with several 75 ym (0.003 in.) Pt/Pt-10%Rh thermocouples and placed 
Inside a large, water-cooled stainless steel chamber with blackened inner 
walls. The specimen was maintained at selected temperatures by self-resistive 
heating, the input power being determined by appropriate voltage and current 
measurements. Since conductive and convective heat losses from the center of 
the specimen are virtually zero, the emittance may be calculated from the 
equation 

(Q/L) 

^^ ' (A/L)o[T^ - (TC/TS)1/2T;^] 
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where 

Q/L 
A/L 

a 
T ̂s 
T„ 

total hemispherical emittance, 
power per unit length along specimen, W/m, 
radiation area per unit length along specimen, m^/m, 
Stefan-Boltzmann Constant, 5.6697 x 10~8 W/m^K^, 
temperature of specimen, K, and 
temperature of cold wall, K. 

The emittance measurements were generally made in sequences of increasing and 
decreasing temperatures as a means of checking reproducibility and detecting 
any changes in the emittance due to the exposures in vacuum at the higher tem
perature. With one exception, noted below, the specimens remained stable 
during the entire series of measurements which took place over a period of 
several days for each specimen. 

The experimental emittance values for both the air- and wet-argon-oxldized 
type 304 stainless steel specimen are shown in Figure 1. The range of values 
and their behavior for the air-oxidized specimen are in general agreement with 
previous studies on oxidized stainless steels. In contrast, the emittance 
values for the specimen oxidized in wet argon are appreciably higher over the 
whole temperature range compared to that of the air-oxidized specimen. The 
emittance values gradually increased with temperature reaching a value of 0.93 
at 1073 K (800°C). Postoxldation cycles for this specimen in air to 943 K 
(670°C) slightly lowered the initial low-temperature emittance values 
(measured in vacuum) but the effect was transient. 
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FIGURE 1. Total Hemispherical Emittance Measured 
in Vacuum as a Function of Temperature 
for As-Received Rolled Surface of 
Type 304 Stainless Steel Oxidized as 
Indicated. 
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CONCLUSIONS 

Preliminary experiments showed that oxidation of the as-received rolled 
surface of type 304 stainless steel in wet argon for 1 h at 1273 K (1000°C) 
produced a product consisting of myriads of whiskers, blades, and platelets of 
oxide that exhibited a higher total hemispherical emittance than that of a 
specimen oxidized identically in air. Presently, this type of oxide product 
seems to be unique to the as-received rolled surface of the type 304 stainless 
steel, since it is not observed on sheared or machined edges, or even on 
abraded surfaces. Further characterization of this process and the particular 
conditions that promote high emissivity surfaces are needed in order to 
develop applications for this phenomenon. 
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INTRODUCTION 

This paper documents the results of a preliminary small reactor concepts 
feasibility and safety evaluation designed to provide a first order vali
dation of the nuclear feasibility and criticality safety of six small 
reactor concepts voluntarily provided by five U.S. corporations with inter
ests and expertise in space nuclear power systems. This study addresses 
only the reactor subsystems of the entire concept, and for proprietary 
and other reasons the six concepts have been disassociated from their 
industry advocates. 

The small reactor concepts evaluated in this study have potential space 
applications for missions in the 1 to 20 kWe power output range. These 
electrical power outputs correspond to reactor thermal power levels ranging 
from 5 to 300 kWt, depending upon the power conversion technology chosen. 
Reactors for power levels In this range are not new, and Include the well 
known U.S. SNAP series of reactors (Voss 1984) as well as the reactor 
concepts of the U.S.S.R. (Reese and Vick 1983). 

MODELS 

The nuclear feasibility and criticality safety evaluations were performed 
using the MCNP Monte Carlo neutron/photon transport code (LANL Radiation 
Transport Group 1985) and ENDF/B-IV cross sections. All calculations 
were performed on the NASA Lewis Research Center's CRAY-XMP computer. 
First order criticality results were obtained for the proposed reactor 
concepts utilizing homogeneous, three-dimensional models of each reactor 
and its associated core and reflector sub-systems. It was felt that greater 
detail for such scoping studies was unnecessary and would not be warranted 
considering the level of design detail available. In those cases where 
more accurate representations were available, more detail was Included. 

Four operational and accident modes were analyzed and are summarized In 
Table 1. The values chosen for the desirable kgff ranges include allowances 
for statistical, data, and geometrical uncertainties and for possible 
small amounts of redistribution of reactor components due to impact damage 
in the accident cases. In the water Immersion cases, it was assured that 
because no water enters the reactor. It can only act as an additional 
external neutron reflector and moderator. It was also assumed In the 
accident cases that there was little or no redistribution of core or re
flector materials (no compaction). In the water flooding cases all movable 
components exterior to the core were assumed to have been removed on Impact. 
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This Includes any movable reflectors and/or control drums. It was further 
assumed that the core itself and any fixed reflector sections remain intact 
on Impact and water Is allowed to fill all voids and to displace any coolants 
within the reactor system. This includes the assumption that all coolant 
volume fractions (even if the coolant is frozen solid for launch) were 
replaced with water and that all core heat pipes were filled with water. 

TABLE 1. Case Descriptions and Desirable Range of k^ff Values. 

Case 

Maximum Reactivity 

Launch Configuration 

Water Immersion 

Water Flooding 

Description Desirable k^ff range 

Evaluate initial criti- 1.05 - 1.09 
cality and lifetime 

Evaluate shutdown margin <0.9 

Accidental placement in water, <0.95 
no water allowed Inside reactor, 
launch configuration maintained 

Accidental placement in water, <0.95 
water allowed inside reactor, 
movable, external reflectors/ 
control removed on impact 

Table 2 gives 
including the 
nologies, and 
scale-down wa 
the pitch-to-
size and an 1 
The scale-up 
early 1970's 
thermoelectri 

a summary of the six reactor conceptual designs evaluated, 
nominal power, fuel material, heat removal and control tech-
the historical basis of each of these concepts. The SP-lOO 

s achieved by removing the fuel element cans and reducing 
diameter ratio to 1.0. This allowed for a reduction in core 
ncrease in the reactor power density (Palmer and Chung, 1987), 
of the SNAP-lOA design is based on work completed in the 
(van Osdol, 1973), and primarily Involves the change from 
c power conversion to the use of an organic Rankene cycle. 

TABLE 2. Low Power Reactors Summary. 

Conceptual 
Design 

#1 

#2 

#3 

#4 

#5 

#6 

Nominal 
Power(kWe) 

10.0 

5.0 

6.0 

1.0 

6.0 

1.0 

Historical 
Basis 

SP-100 

SNAP 

U.S.S.R. 

SNAP 

none 

none 

Fuel 
Material 

UN 

U-Zr-H 

UC 

U-Y-H 

U02(Pu02) 

UC 

Heat 
Removal 

Flowing Li 

Flowing NaK 

Conduction 

Heat Pipes 

Heat Pipes 

Heat Pipes 

Control 

Rods 

Radial Reflector 
Movement 

Axial Reflector 
Movement 

Radial Reflector 
Movement 

Rods & Drums 

Rods & Drums 
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RESULTS 

The preliminary feasibility for these reactor concepts Is quite encouraging. 
In many cases, the reactors either meet the criticality and safety objec
tives, or come very close to meeting them. Table 3 contains the resulting 
kpff values for the four cases chosen for each of the 6 reactor concepts. 
All of the maximum reactivity kgff values exceed 1.0; however, conceptual 
designs #2 and #5 do not fall within the desirable range of 1.05 to 1.09. 
This is not a major concern at this stage of the design efforts since more 
fuel could be added to each of these designs to ensure adequate reactor 
lifetime. In a similar fashion, all 6 concepts provide for sub-critical ity 
for launch; however, only concepts #4 and #6 meet the goal of k^ff j< 0.90, 
and this can be remedied by redesign to add more negative reactivity. 

TABLE 3. Criticality Feasibility and Safety Evaluation (kgff) Results. 

Conceptual 
Design 

#1 

#2 

#3 

#4 

#5 

#6 

Maximum 
Reactivity 

1.08 

1.03 

1.05 

1.07 

1.04 

1.07 

Launch 
Configuration 

0.91 

0.92 

0.95 

0.75 

0.94 

0.78 

Water 
Immersion 

0.95 

1.03 

0.95 

0.93 

0.94 

0.78 

Water 
Flooding 

1.02 

1.01 

1.03 

1.07 

0.98 

0.93 

In the accident cases, all of the concepts meet the water immersion sub-
critical ity criterion except for concept #2, and this Is due to the fact 
that this concept was based upon the SNAP program designs that allowed 
for a supercriticality excursion in a water Immersion accident. Current 
safety standards will require subcriticality under all water Immersion 
and credible flooding situations, thus a significant amount of redesign 
will be necessary for concept #2 to meet the present standards. In the 
worst case, or water flooding accident scenario, all of the conceptual 
designs fail the subcriticality criteria (kgff 1 0.95) except for concept 
#6 (#5 has keff ll.O, but not <0.95). Thus, a considerable effort must 
be expended to redesign the concepts that do not meet the flooding criteria. 
Suggested general Improvements include elimination of external reflector 
control which can be removed on Impact, elimination or minimization of 
the flooding problem by inclusion of sufficient shutdown reactivity in 
the core to overcome the large amount of positive reactivity that comes 
from neutron moderation by water Inside the core, and the inclusion of 
fixed or burnable poisons In the core, or the utilization of convertable 
fuels (238u). 
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CONCLUSIONS 

1. Low power reactor concepts are available from the U.S. nuclear industry 
which have the potential to meet both the operational and launch safety 
space missions requirements. 

2. Each of the concepts studied has the potential for useful space applica
tion; however, each design has its uncertainties. All of the design 
concepts studied require further efforts. 

3. The reactor concepts must be mated to a power conversion technology 
which can offer reliable and safe operation. 

Acknowledgments 

This work was supported by NASA Lewis Research Center, grant number 
NAG-3-752. 

References 

Chi, J. W. H. (1987) Personal Communication, Westlnghouse Electric Co., 
Madison, PA. 

Gunther, N. G. (1987) Personal Communication, Space Power, Inc., San Jose, 
CA. 

LANL Radiation Transport Group (1985) MCNP-A General Monte Carlo Code for 
Neutron and Photon Transport, LA-7396-M, revised, Los Alamos National 
Laboratory, Los Alamos, NM. 

Palmer, R. and P. Chung (1987) Personal Communication, General Electric 
Co., San Jose, CA. 

Reese, R. T. and C. P. Vick (1983) "Soviet Nuclear Powered Satellites," 
Journal of British Interplanetary Society, 36:457-461. 

Snyder, H. and M. Wooding (1987) STAR-C, Nuclear Power System for Space 
Application, GA Technologies, San Diego, CA. 

van Osdol, J. H., et al. (1973) 5-kWe Reactor Thermoelectric System Summary, 
AI-AEC-13096, Atomics International Division, Rockwell International, 
Canoga Park, CA. 

Voss, S. S. (1984) SNAP Reactor Overview, AFWL-TN-84-14, Air Force Weapons 
Laboratory, Kirtland AFB, NM. 

170 



UNITED NATIONS DELIBERATIONS 
ON THE USE OF NUCLEAR POWER SOURCES IN SPACE: 

1978-1987 

Gary L. Bennett 
U.S. Department of Energy 
Washington, D.C. 20545 

(301) 353-3197 

Major Joseph A. Sholtis, Jr.* 
Air Force Element, U.S. Department of Energy 

Washington, D.C. 20545 
(301) 353-3321 

Bruce C. Rashkow 
U.S. Department of State 
Washington, D.C. 20520 

(202) 647-6771 

INTRODUCTION 

The United Nations has been considering, as a subject, the use of nuclear 
power sources in outer space since 1978. This paper reports on the major 
activities in this area. 

BACKGROUND 

As a result of the reentry of the Soviet reactor-powered satellite Cosmos 954 
over Canada in January 1978, the United Nations was called upon to consider 
what, if anything, should be done regarding the use of nuclear power sources 
(NPS) in outer space in order to better protect mankind and the human environ
ment. The Cosmos 954 reentry occurred just before the 1978 meeting of the 
Scientific and Technical Subcommittee (STSC) of the U.N. Committee on the 
Peaceful Uses of Outer Space (COPUOS). As expected, a number of delegations 
(including the U.S. Delegation) spoke on the issue and offered a number of 
suggestions. The U.S. formally pledged its assistance to aid countries 
affected by the reentry of an NPS. 

The 1978 reentry of Cosmos 954 led to the formation of a Working Group on the 
Use of Nuclear Power Sources in Outer Space (WGNPS) within STSC. The WGNPS, 
consisting of technical experts from interested delegations of the STSC, 
first met in 1979 and over the next three years arrived at certain 
conclusions relating to several scientific and technical aspects of the 
design and safe use of NPS in outer space. 

•Current Address: Air Force Inspection & Safety Center 
Directorate of Nuclear Surety 
Kirtland AFB, NM 87117-5000 
(505) 846-9897 
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The U.S. delegation was an active participant in the deliberations that 
produced these conclusions, including the submittal of several working papers 
covering such subjects as the U.S. NPS program, criteria for the safe use of 
NPS, and reentry predictions. 

It is important to note that COPUOS, along with its subcommittees and working 
groups, operate on a consensus basis, which means that consensus cannot be 
arrived at in the face of dissent or disagreement. Consequently, consensus 
requires full agreement, within the context of the United Nations. It is 
also important to note that the conclusions reached by the subcommittees or 
COPUOS are not binding as international law. To have the force of law, they 
must be incorporated into a treaty, as was done in previous cases with the 
principles developed by COPUOS on the exploration and use of outer space. 

WORKING GROUP REPORT 

Because the 1981 WQIPS report remains the definitive technical text, it is 
instructive to consider it in some detail. (U.N. 1981). 

The WGNPS recognized that the selection of a suitable power source for 
spacecraft is a complex technical issue and further recognized that for 
certain important space missions, NPS are the preferred technical choice. 
The WGNPS was mindful of the particular advantages of NPS such as their long 
life, compactness, and ability to operate independently of solar radiation. 
At the outset, the WGNPS report stated, "Provided the additional risks 
associated with NPS are maintained at an acceptably low level, the Working 
Group considered that the basis of the decision to use NPS should be techni
cal." (U.N. 1981). 

The WGNPS focused on two types of NPS: radioisotope generators and nuclear 
reactors fueled with U-235. As stated in the WGNPS report, "Both systems 
require that appropriate design and operational measures be taken, in order 
to protect the population and the environment for both normal and accidental 
conditions. Moreover, the risks inherent in each particular application or 
project are to be assessed in terms both of the probability of failure or 
malfunction and the severity of Its consequences." (U.N. 1981). 

For radioisotope systems, the WGNPS desired containment of the radioisotope 
with a high probability of success for normal and credible abnormal condi
tions. While the WGNPS report did not specifically define "credible abnormal 
conditions," some delegations distinguished between two classes of NPS 
reentry: 

o Probable scenarios — those with a probability of occurrence of more 
than 10-3 pgj- individual mission; and 

o Improbable scenarios — comprising all the more remote failure 
probabilities, where the International Commission on Radiological 
Protection (ICRP) approach is not directly applicable, and including 
many highly unlikely events where the dose limits recommended by ICRP 
may be exceeded, or even greatly exceeded. 

In regard to U-235 reactor systems, the Working Group agreed that they "did 
not present any difficulty when they were started and operated in orbits suf-
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ficiently high to give time for radioactive materials to decay to a safe 
level in space after the end of the mission." For reactors used in low Earth 
orbit (LEO), the WGNPS report stated, "safety depends on the start of the 
operation in orbit and the success of boosting NPS to a higher orbit after 
operation is completed." The WGNPS report went on to state that "in the 
event of an unsuccessful boost into higher orbit the system should in all 
credible circumstances be capable of dispersing the radioactive material so 
that when the material reaches the earth the radiological situation conforms 
to the recommendations of ICRP when relevant." (U.N. 1981). 

The WGNPS referenced the ICRP in a number of places in its report, specifical
ly ICRP publication 26. The report states, however, that "the Working Group 
noted that ICRP publication 26 does not provide specific guidance for acci
dents and emergencies although it does address in general terms the cir
cumstances in which remedial action might be taken." (U.N. 1981). 

In addition to developing certain general criteria for the safe use of NPS, 
the WGNPS recommended expanding notification requirements, when reentry of an 
NPS is imminent, to include: 

o Information required for best prediction of orbit lifetime, trajectory, 
and impact region; 

o Type of NPS (radioisotope or reactor); and 

o The probable physical form, amount, and general radiological characteris
tics of the fuel and contaminated and/or activated components 
likely to reach the ground. 

The WGNPS report noted that "prediction of orbit lifetimes and reentry paths 
of uncontrolled satellites remains at best an inexact science. Accuracy 
could be improved by the implementation of additional degrees of control, 
further research and study and by extensive and cooperative use of tracking 
stations and communications lines." (U.N. 1981). 

Five years before the Chernobyl accident, the Working Group recommended "that 
assistance in training be provided through appropriate international channels 
to personnel of States requesting training on hazard evaluation following 
reentry of an NPS and on performing pertinent search and recovery and emergen
cy planning operations." The report also states that "the Agreement on the 
Rescue of Astronauts, the Return of Astronauts and the Return of Objects 
Launched into Outer Space and the Convention of International Liability for 
Damage Caused by Space Objects are of direct relevance to search and recovery 
questions relating to NPS." (U.N. 1981). 

LEGAL SUBCOMMITTEE 

In parallel with the STSC, COPUOS also has a Legal Subcommittee (LSC). 
Regarding NPS, the logic was that while the STSC worked to develop technical 
criteria, the LSC would work to develop appropriate legal rules to govern the 
use of NPS in space. 

The LSC has its own working group to consider the legal aspects of NPS. 
Prior to 1985, the LSC focused on examining the possibility of supplementing 
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the norms of international law regarding the use of NPS in outer space. 
Since 1985, the LSC has been actively working to elaborate specific prin
ciples relevant to the use of NPS in outer space. In 1986, the LSC reached 
consensus and COPUOS approved of two principles, concerning: (1) improving 
notification of reentry of a malfunctioning space object with NPS on board, 
and (2) providing assistance to affected States. 

CURRENT ACTIVITIES 

Currently, the principal focus of activity has shifted to the LSC which is 
considering various proposals for principles relating to: (1) prelaunch 
safety assessment cuid notification; (2) guidelines and criteria for safe use; 
and (3) responsibility of States for damages, in addition to the principles 
on notification of reentry and provision of assistance already agreed upon. 
Many, if not most, of the proposals recently submitted by other States 
relating to the safe use of NPS depart somewhat from the criteria agreed upon 
in the 1981 WGNPS report. All of these proposals have generated debate, and 
none has been adopted. Indeed, some delegations have suggested that the LSC 
reopen discussion of the agreed upon principles on notification of reentry 
and provision of assistance in light of the two Conventions on those issues 
recently adopted by the International Atomic Energy Agency (IAEA) after the 
Chernobyl accident. 

A 1987 Canadian proposal provides an interesting modification to the reactor 
safety criteria: "Nuclear reactors shall be designed either to reenter the 
Earth's atmosphere and land while maintaining the functional integrity of the 
containment of radioactive materials, or to divide and disperse into fine 
particles the radioactive materials upon reentry into the Earth's 
atmosphere..." (Canada 1987). 

CONCLUSION 

The U.N. is continuing its deliberations on the use of NPS in outer space. 
Although no complete set of legal principles has yet been agreed upon, 
certain scientific and technical criteria for the safe design and use of NPS 
have been accepted by the STSC and COPUOS. 

In this respect, it should be noted that in its 1981 report, the WGNPS 
concluded that "the Working Group reaffirmed its previous conclusion that 
nuclear power sources can be used safely in outer space, provided that all 
necessary safety requirements are met." (U.N. 1981). This is also a suc
cinct statement of the U.S. position. 
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INTRODUCTION 

Engineers within the space nuclear power community in the Unite 
States quite often design space power hardware within self-
imposed rules without knowledge of international implications. 
Such concepts as nuclear safe orbits and reentry configurations 
appear to go in and out of favor as a function of the latest 
technical Information. In this paper, we look at six Important 
issues relating to the use of nuclear power in outer space to s 
if the United States has discussed or agreed to positions on 
these issues within the United Nations (UN). The six issues 
chosen are: 

0 definition of nuclear safe orbit 
0 reentry configuration 
0 International notification of Inadvertent reentry 
0 assistance by launching country to nations- affected 

by reentry 
0 Plutonium as a fuel 
0 maximum fission energy output as a function of orbi 
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s paper, we do not argue for or against or defend any 
ons taken or agreements proposed, but rather, we present 
as been stated in the proceedings of the United Nations 
1 Assembly and its committees and working groups that are 
d with the responsibility for dealing with the use of 
r power In outer space, since documents carrying these 
sions and agreements are extraordinarily difficult to 
, despite being so important to the space nuclear power 
designer. The authors represent a U. S. Department of 
(DOE) laboratory involved in establishing prelaunch test 

ements for reactors, a DOE staff member, expert in nuclea 
, and the U. S. Department of State staff members 
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representing the U.S. In the UN working group on the use of 
nuclear power sources in outer space. These are the present 
Assistant Legal Advisor for UN Affairs who is the U. S. 
Representative on the legal subcommittee that would develop legal 
principles for the consideration of the UN and its member states 
on nuclear power in outer space and his predecessor who is 
presently the Assistant Legal Advisor for Economic, Business, and 
Communication Affairs. 

METHODS 

Each of the six topic areas is briefly described. Pertinent 
discussion carried out on each subject within the UN working 
group during the decade 1978-1987 is quoted. Working papers 
submitted in that forum by the U.S. on each topic have been 
abstracted. Any legal principles being proposed on the specific 
topic are explained. No conclusions are drawn, as the purpose of 
this paper is to present to the technical community that is 
designing nuclear-powered systems in outer space the discussions 
and principles or other guidelines being considered in the UN 
that may profoundly affect the technical content of their system 
designs. 

CONCLUSIONS 

Each of the six topics has been addressed in working groups of 
the Scientific and Technical Sub-Committee and the Legal Sub-
Committee (LSC) of the Committee on the Peaceful Uses of Outer 
Space (COPOUS), established by the General Assembly in 1959. 

The UN has not agreed on a definition of a nuclear 
safe orbit below which a member state cannot have an 
operating nuclear power supply. 
The UN has not agreed on the definition of a reentry 
configuration for a nuclear power supply (NPS). 
Although the LSC previously adopted a draft 
principle relating to notification of the states 
concerned and the Secretary General by the launching 
state of the possible unintentional reentry of a NPS, 
that principle has been reopened for discussion. 
Although the LSC previously adopted a draft principle 
for assistance by the launching country to nations 
affected by reentry, that principle has been reopened 
for discussion (however, the Liability Convention, 
which entered into force in September, 1972, provides 
for rules of International liability for damages 
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caused by space objects and for a procedure for the 
settlement of claims). 

0 The UN has not proscribed plutonium, in any of its 
isotopic forms, as a fuel for a space reactor or 
isotopic heat source. 

0 The UN has not agreed upon a required orbital 
altitude or orbit decay time as a function of 
nuclear reactor power level. 
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CRITICAL NUCLEAR LAUNCH ISSUES - A PERSPECTIVE FROM THE 
STATE OF FLORIDA * 

by 

Dr. Joseph A. Angelo, Jr., Director-Advanced Technology, 
EG&G, Inc., 100 Eyster Blvd, Rockledge, Florida 32955 
[also a Commissioner on the Governor of Florida's 
Commission On Space] 

SUMMARY 

Space nuclear power systems, both radioisotope and 
nuclear reactor , represent a major energy option for 
future U.S. space a c t i v i t i e s [1-9]. Compact, r e l i ab le 
energy supplies are the technical key to humanity's 
conquest of the Solar System. Table 1 provides a 
summary of a l l the space nuclear power systems launched 
to da te by the United S t a t e s [ 5 ] , while Table 2 
d e s c r i b e s some of the p o t e n t i a l nuc lear power 
applications in the future U.S. (civilian) space program 
[3,9] . As described in Table 2, these future missions 
can be divided into five convenient categories: (1) 
manned o rb i t a l f a c i l i t i e s (e.g. a permanent space 
s ta t ion in low Earth o rb i t ) ; (2) Earth science and 
appl icat ions (e.g. a large capacity communications 
platform); (3) transportation of large payloads; (4) the 
development and e x p l o i t a t i o n of e x t r a t e r r e s t r i a l 
r e s o u r c e s ; and (5) i n t e r p l a n e t a r y e x p l o r a t i o n 
(especially to the outer regions of the Solar System and 
even beyond). E lec t r i c power requirements for such 
c iv i l i an missions typ ica l ly range from 50 kWe to well 
over 1,000 kWe. • Future nat ional defense missions in 
space, especia l ly as re la ted to the Strategic Defense 
I n i t i a t i v e or SDI, are p ro jec ted to have power 
requirements ranging from multihundred k i lowat t s -
e l e c t r i c to multihundred megawatts-electric and more. 
A l l of t h e s e 21s t Century space m i s s i o n s a re 
considerably enhanced or fundamentally enabled by the 
availabil i ty of advanced space nuclear reactor systems. 
Quite s imi la r ly , plutonium-238 powered radioisotope 
thermoelectric generator systems will play a major role 
in the exploration of Jup i te r (Galileo mission) and 
the Sun's polar regions (Ulyssesmission) and as the 
enabling electr ic power supply for a variety of semi-
and fully autonomous planetary rovers [7,10]. 

* Disclaimer: The views in this paper do not necessarily 
r e f l ec t the o f f i c i a l views of the U.S.Government, the 
State of Florida, or EG&G, Inc. 
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The major advantages of such space nuclear power 
systems arise in their compactness, enhanced ability to 
operate in hostile environments (e.g. in a planet's 
trapped radiation belts or during extended and frigid 
periods of planetary night), and capability of operating 
at full power independent of distance from or 
orientation to the Sun. However, as a potential lien 
against these advantages, space nuclear power systems 
(especially reactors) could require additional mass for 
shielding the human crew members and radiation sensitive 
payload components from output nuclear radiations. 
Furthermore, all aspects of aerospace nuclear safety 
must be assured. This safety assurance includes: 
prelaunch ground handling operations, launch, orbital 
operations, and post-operational disposal. Aerospace 
nuclear safety assurances related to prelaunch ground 
handling operations and launch operations are of 
particular interest in Florida, the site of both Cape 
Canaveral Air Force Station and the Kennedy Space 
Center-America's Spaceport. 

The principal safety guideline underwriting the 
beneficial use of nuclear energy in outer space is to 
minimize the likelihood or potential consequences that 
might be caused by the interaction of radioactive 
materials with the terrestrial biosphere. In an 
effective aerospace nuclear safety program, stringent 
design factors and well-demonstrated operational 
procedures are employed to protect human beings and the 
overall terrestrial environment under both normal flight 
conditions and any credible accident scenario. In the 
event of an accidental release of radioactive materials 
into the biosphere, aerospace design features and 
operational procedures should keep any potential 
radiation exposure levels to within the limits of 
internationally accepted standards [11-18]. 

Contemporary US aerospace nuclear safety design 
philosophy for radioisotope heat sources involves the 
selection of a nuclear fuel form that has minimal 
biological effect and that maximizes the containment 
probability under all credible accident scenarios. 
This radioisotope safety philosophy has evolved over a 
period of time from the early approach of reentry burnup 
of the radioisotope fuel, to reentry dispersal, to the 
contemporary intact reentry and impact policy [5]. 

For space reactors, contemporary U.S. aerospace 
nuclear safety philosophy and objectives require that 
the nuclear reactor system remain subcritical in all 
credible accident environments [5,11-14]. This 
guarantees that there is no generation of harmful 
fission products or the release of radioactivity before 
the reactor and its payload have been placed in an 
appropriate operational orbit. 
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Working under P r e s i d e n t i a l D i r ec t ive NSC/25 and 
var ious agency g u i d e l i n e s , the Interagency Nuclear 
Safety Review Panel (INSRP) conducts an independent 
review of each proposed nuclear-powered space mission 
p r i o r t o l a u n c h . The INSRP d o e s n o t make a 
recommendation of launch approval or d i sapprova l ; 
r a t h e r , i t p rov ides the necessary independent r i s k 
evaluation tha t w i l l be used by national decisionmakers 
who must weigh the benefi ts of the par t i cu la r nuclear-
powered mission against the potent ia l r i sks . Figure 1 
depicts the overal l U.S. f l i gh t safety review and launch 
approval process for space nuclear power systems. This 
process begins with a Preliminary Safety Analysis Report 
(PSAR) and ends wi th a launch approval dec i s ion wi th in 
the Office of the President [11]. 

Tourism i s a major i n d u s t r y in the S t a t e of F lo r ida 
wi th wel l over 37 m i l l i o n people v i s i t i n g the s t a t e 
a n n u a l l y . F o r e x a m p l e , t h e K e n n e d y S p a c e 
Center /Spacepor t USA a t t r a c t s over 2 m i l l i o n v i s i t o r s 
each year and the Walt Disney World/EPCOT Center in 
Cent ra l F lo r ida wel l over 20 m i l l i o n gues ts each year 
[15] , The l o s s of the Space Shu t t l e Chal lenger on 28 
J a n u a r y 1986 p r o v i d e s a v i v i d (o f t en p e r s o n a l l y 
witnessed) image of a launch abort environment to many 
c i t i z e n s of F lo r ida . An of ten asked ques t ion i s : What 
would have been t h e impac t on C e n t r a l F l o r i d a ' s 
environment and i t s booming t o u r i s t in ju ry i f such a 
launch accident had involved a nuclear payload? 

In 1987, F lo r ida Governor Bob Martinez formed a 
special Commission On Space to study and recommend ways 
t h a t F lo r ida bus ine s s , educa t ion , and government can 
work t oge the r t o make the S ta te of F lor ida a s t ronger 
contender for space i n d u s t r y jobs and investment . The 
space launch business represents a major space business 
pathway for Florida. Informal discussions with members 
of the Governor's Commission revealed "that the issue of 
launching nuc lea r payloads could t r i g g e r a p o s s i b l e 
conf l ic t . While the nat ional aerospace nuclear safety 
program was considered technical ly sound and effect ive, 
i t was also f e l t tha t the Chernobyl nuclear d i sas te r and 
v i v i d memories of t h e C h a l l e n g e r a c c i d e n t could 
s t imulate increased public concern about the poss ib i l i t y 
of radiological contamination of a portion of one of the 
wor ld ' s premier t o u r i s t d e s t i n a t i o n s , during a f a i l e d 
space nuclear power system launch. 

To help r e l i e v e t h i s p o t e n t i a l concern seve ra l 
steps could be taken now as a complement to the on-going 
aerospace nuc lea r s a f e t y program. F i r s t , an expanded 
dialog between federal , s t a t e and local o f f i c ia l s should 
begin now, years before the next nuclear launch. To the 
g r e a t e s t ex ten t p r a c t i c a l , the pub l ic ( e s p e c i a l l y 
inh ib i tan ts of Florida 's Space Coast) should be invited 
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to pa r t i c ipa te in t h i s expanded dialog. Second, the use 
of smart r o b o t i c sur face and f l i g h t v e h i c l e s should be 
explored to support immediate launch abort environment 
radiological sampling operations. During an in - f l igh t 
l aunch a b o r t env i ronmen t (as o c c u r r e d w i t h t h e 
Challenger) the th rea t of f a l l ing debris would normally 
keep manned a i r c r a f t (or land veh ic l e s ) away from the 
immediate accident scene. Rapid sampling operations by 
"throwaway" robot systems might provide an impor tant 
e a r l y warning of a p o t e n t i a l l y hazardous r a d i o l o g i c a l 
cond i t ion . Third, a community r a d i a t i o n moni tor ing 
program ( inc lud ing a i r , wate r , and s o i l sampling) 
i n v o l v i n g t h e Space Coast and C e n t r a l F l o r i d a 
communities could provide a very important radiological 
b a s e l i n e a g a i n s t which to q u a n t i t a t i v e l y a s se s s any 
p o t e n t i a l environmenta l i n s u l t t h a t might occur as a 
r e s u l t of a nuc lea r launch abor t . In 1981, a s i m i l a r 
program was i n i t i a t e d in f i f teen communities surrounding 
the Nevada Test S i te . This network of ci t izen-operated 
r a d i a t i o n moni tor ing s t a t i o n s d e t e c t s and measures 
r a d i o a c t i v i t y in t h e l o c a l e n v i r o n m e n t . I t i s a 
cooperative project of the U.S. Environmental Protection 
Agency (EPA), the U.S. Department of Energy (DOE), the 
Desert Research I n s t i t u t e (DRI) of the Un ive r s i ty of 
Nevada, the University of Utah, and the 15 communities. 
The DOE sponsors the program and provides the etjuipment 
for the s t a t i o n s . EPA's Las Vegas Laboratory provides 
t e c h n i c a l d i r e c t i o n , ma in ta ins the equipment, and 
analyzes the samples c o l l e c t e d . The DRI manages the 
n e t w o r k , employs t h e l o c a l s t a t i o n manager s , and 
in te rp re t s the data; and the University of Utah provides 
the cont inu ing t r a i n i n g [16] . A s i m i l a r community 
monitoring program, establ ished and operating in Florida 
long before the next nuclear launch, would help replace 
the po ten t i a l ly emotional rhe tor ic tha t could accompany 
a nuclear launch (or launch abort) with pos i t ive public 
involvement in es tabl i sh ing an objective quan t i t a t ive ly 
ver i f i ab le environmental basel ine . 
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Table 1. Summary of Space Nuc l ea r Power Sys tems 
Launched By the U.S.A. (through 1987). 

POWER 
SOURCE 

SNAP-3A 
SNAP-3A 
SNAP-9A 
SNAP-9A 
SNAP-9A 
SNAP-10A (REACTOR) 
SNAP-19B2 
SNAP-19B3 
SNAP-27 
SNAP-27 

SNAP-27 
SNAP-27 
SNAP-ig 

SNAP-27 
TRANSIT 

RTG 
SNAP-27 
SNAP-19 

SNAP-19 
SNAP-19 
MHW 
MHW 

MHW 

SPACECRAFT 

TRANSIT 4A 
TRANSIT 4B 
TRANSIT-5BN-1 
TRANSIT-5BN-2 
TRANSIT-5BN-3 
SNAPSHOT 
NIMBUS-B-1 
NIMBUS III 
APOLLO 12 
APOLLO 13 

APOLLO 14 
APOLLO 15 
PIONEER 10 

APOLLO 16 
"TRANSIT" 
(TRIAD01-1X) 
APOLLO 17 
PIONEER 11 

VIKING 1 
VIKING 2 
LES 8/9 
VOYAGER 2 

VOYAGER 1 

MISSION TYPE 

NAVIGATIONAL 
NAVIGATIONAL 
NAVIGATIONAL 
NAVIGATIONAL 
NAVIGATIONAL 
EXPERIMENTAL 
METEOROLOGICAL 
METEOROLOGICAL 
LUNAR 
LUNAR 

LUNAR 
LUNAR 
PLANETARY 

LUNAR 
NAVIGATIONAL 

LUNAR 
PLANETARY 

MARS 
MARS 
COMMUNICATIONS 
PLANETARY 

PLANETARY 

LAUNCH 
DATE 

JUNE 29,1961 
NOV. 15, 1961 
SEPT. 28, 1963 
DEC. 5,1963 
APRIL 21, 1964 
APRIL 3, 1965 
MAY 18, 1968 
APRIL 14, 1969 
NOV. 14, 1969 
APRIL 11,1970 

JAN. 31,1971 
JULY 26, 1971 
MARCH 2,1972 

APRIL 16, 1972 
SEPT. 2, 1972 

DEC. 7,1972 
APRILS, 1973 

AUG. 20, 1975 
SEPT. 9, 1975 
MARCH 14, 1976 
AUG. 20, 1977 

SEPT. 5, 1977 

STATUS 

SUCCESSFULLY ACHIEVED ORBIT 
SUCCESSFULLY ACHIEVED ORBIT 
SUCCESSFULLY ACHIEVED ORBIT 
SUCCESSFULLY ACHIEVED ORBIT 
MISSION ABORTED: BURNED UP ON REENTRY 
SUCCESSFULLY ACHIEVED ORBIT 
MISSION ABORTED: HEAT SOURCE RETRIEVED 
SUCCESSFULLY ACHIEVED ORBIT 
SUCCESSFULLY PLACED ON LUNAR SURFACE 
MISSION ABORTED ON WAY TO MOON. 
HEAT SOURCE RETURNED TO SOUTH PACIFIC 
OCEAN. 
SUCCESSFULLY PLACED ON LUNAR SURFACE 
SUCCESSFULLY PLACED ON LUNAR SURFACE 
SUCCESSFULLY OPERATED TO JUPITER AND 
BEYOND 
SUCCESSFULLY PLACED ON LUNAR SURFACE 
SUCCESSFULLY ACHIEVED ORBIT 

SUCCESSFULLY PLACED ON LUNAR SURFACE 
SUCCESSFULLY OPERATED TO JUPITER, 
SATURN, AND BEYOND 
SUCCESSFULLY LANDED ON MARS 
SUCCESSFULLY LANDED ON MARS 
SUCCESSFULLY ACHIEVED ORBIT 
SUCCESSFULLY OPERATED TO JUPITER 
AND SATURN 
SUCCESSFULLY OPERATED TO JUPITER 
AND SATURN 



Table 2. Nuclear Power Appl ica t ions ( C i v i l i a n Space 
Missions 1990-2010). 

Mission 

MANNEO ORBITAL FACILITY 
Initial Spaca Station 
Growth Space Station 
Advanced Space Station 

EARTH SCIEHCE l> APPLICATIONS 
GEO Conmunlcations Platfotn 
Air/Ocean Traffic Control 

TRAMSPORTATlON 

GEO Payload Delivery 

Lunar Payload Delivery 

Manned Mars Mission 
EXTRATERRESTRIAL RESOURCES 
Lunar Bases 

Asteroid Mining (near Earth) 

SOLAR SYSTEM EXPLORATION 
Multlasteroid sample 

Comet Nucleus Sample 

Saturn Ring Rendezvous 

Outer Planet Orbiter 
(Uranus, Neptune) 

Power Level 
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INTRODUCTION 

The purpose of this paper is to discuss end of life issues for space reactors. It has generally been 
considered that the reactor, once emplaced in orbit, is in its final disposition and specific decommis
sioning or disposal actions taken at the end of the useful life of the reactor have not generally been 
discussed. Although end of life safety issues would appear to be less urgent than launch safety and 
operational safety issues, they may be nonetheless important. This paper will offer several consid
erations that in the opinion of the author might be taken into account in the life cycle design of space 
reactor systems. 

END OF LIFE ISSUES 

It may be useful to consider the space reactor as a subsystem of a larger space platform serving a 
specific mission. The space power system is not an end in itself. Although space nuclear power 
creates unprecedented opportunities for high power space missions, the space nuclear power 
community should avoid adopting a "solution looking for a problem" mindset. Rather it behooves 
we who are interested in developing nuclear reactor space power systems to actively solicit and 
understand user requirements. End of life considerations, although perhaps not essential from the 
perspective of the space reactor power system, may be nonetheless critical from the standpoint of the 
user or mission. 

Constraints on space reactor operations to limit start up and operation to "nuclear safe" orbits, which 
present no practical risk to the biosphere, may not be compatible with high priority missions. 
Consequently, space reactor power systems might be expected to be relegated always to future 
missions which would hopefully be compatible with the limited deployment options for current space 
reactor power system concepts. Alternatively, with suitable attention to safety issues, of which end 
of life issues are an important part, it may be possible to provide space reactor power system options 
for near term, high priority space missions. 

It may be useful to be more precise by what is meant by "end of life". If the space reactor has a design 
life of say seven years of full power operation, and the reactor functions normally until the design 
life limits are reached, this might be considered as the "normal" end of life of the space reactor. 
However it is possible to envision a situation in which end of life operations with the reactor system 
would be desirable. It might occur that a malfunction in the reactor or other part of the power system 
or even a malfunction in the space platform that would require a premature termination of reactor 
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operation. If the malfunction were in the power system and the space platform were a particularly 
valuable asset, there would be strong incentives to be able to repair or replace the power system. End 
of life issues should also include any activities or operations with the reactor system that might 
conceivably follow the cessation of power generation in the reactor. 

The concept of a nuclear safe orbit is that a space reactor would not be started up or operated until 
it was emplaced in an orbit with a predicted lifetime sufficient to allow the radioactive products 
resulting from the operation of the reactor to decay to levels which would not present an unacceptable 
hazard to the earths environs subsequent to reentry. Orbit lifetimes of 1000 or more years are 
generally discussed as "nuclear safe" orbits. 

Besides the default end of life option to do nothing (which under certain circumstances could be the 
indicated or even preferable option), there may be situations in which some explicit action or 
operation with the reactor would be necessary to place the reactor in its final state or disposition. With 
appropriate planning and preparation there might indeed be a number of options available at end of 
Ufe. 

The type of mission or space platform would seem to have some bearing or impact on end of life 
options. For those missions in which it would be desirable to recover or refurbish the satellite, the 
capability to remove the reactor or power subsystem would be necessary. For example, the expected 
useful life of a space station might exceed the reactor design life. If the power subsystem were a 
limiting factor in the useful life of the station, it would certainly not be an incentive to consider a nu
clear power option. The mission requirements then might then place requirements or constraints on 
end of life options for the power subsystem. In any event, it would seem presumptuous to assume 
that the power system should limit the end of life options for the space asset. 

One primary decision for the power subsystem is whether it is designed in order to maintain, replace, 
or otherwise extend the life of the power subsystem and supported space platform. The ability to 
maintain or replace major reactor components would have a major impact on the design requirements 
for the space reactor, and if not considered in the design of the reactor would almost certainly be 
impossible. It is perhaps worth repeating that to the extent that the space nuclear power system limits 
the utility or performance of the space asset it becomes a correspondingly less attractive solution to 
requirements for space power. 

Another issue that has significant implication for the design of the space reactor system is whether 
the power system will be left in place at end of life or moved to some other orbit or ultimate disposition 
site. Another end of life consideration is whether or not to design the reactor in such a way to change 
the configuration at the end of life. Changes in configuration that might be considered include fuel 
removal or separation of the reactor core from the heat rejection system. Removal of the core from 
the reactor has been discussed as a means to insure adequate dispersal should the reactor reenter. The 
current policy in this country is to design the reactor such that the core would remain intact even if 
an incredible reentry of the reactor occur. Separation of the reactor from the reactor from the radiator 
has been discussed as a means to extend the orbit lifetime of the power subsystem. The lifetime would 
be extended because of reduced drag. Whether the extension in orbit lifetime would be significant 
is of course strongly dependent on the orbit parameters and the mass and configuration of the satellite. 
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Even though the orbit lifetime of a space reactor system might be sufficiently long to pose no practical 
hazard from reentry, it may be desirable for other reasons to transfer the reactor or power subsystem 
to a permanent disposal orbit. Suitable orbits have been found for the disposal of high level 
transuranic waste that are estimated to be sufficiently stable to be considered permanent. The point 
to be made here is not about the identity or location of a disposal site, or even the desirability of trans
ferring the reactor to a permanent disposal site at end of life. Rather it is that design features could 
be built into the reactor that would greatiy facilitate eventual transfer, while the absence of these 
features might preclude or severely constrain future end of life disposal options. 

CONCLUSIONS 

There are several considerations that should enter into decisions x>n space reactor end of life design 
features. Paramount of course is safety. The extent to which options for end of life operations with 
the reactor might enhance safety, either real or perceived, should be considered. Safety might be 
enhanced either for the normal mission, or perhaps even more importantiy for an abnormal mission 
in which options for disposal at end of life might be critical. The extent to which provision for end 
of life disposal options would mitigate operational constraints for startup and operation of reactors 
in low earth orbits may greatiy extend the utility, or reduce the disadvantages of operating reactors 
in space. 
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SP-100 FLIGHT QUALIFICATION TESTING ASSESSMENT 

Nanette M. Jeanmougin, Roger M. Moore, David L. Wait 
Energy Technology Engineering Center 

Canoga Park, CA 91304 
(818) 700-5280 

Lt Michael G. Jacox 
Air Force Weapons Laboratory 
Kirtland AFB, NM 87117-6008 

(505) 844-0251 

INTRODUCTION 

SP-100 is a compact space power system, driven by a nuclear reactor that 
provides 100 kWe to the user at 200 VDC. The thermal energy generated by 
the nuclear reactor is converted to electrical energy by passive 
thermoelectric devices. Excess thermal energy is radiated to space by 
potassium heat pipe radiators. 

All space vehicles undergo extensive ground testing to ensure successful 
operation in space. Part of the ground testing sequence is qualification 
testing. Qualification tests are conducted on flight prototypic components, 
subsystems, and systems after development testing and prior to acceptance 
testing. Development testing of the SP-100 power system is ongoing as part 
of the Phase II Ground Engineering System (GES). Qualification tests are 
designed to demonstrate that adequate margins exist in the flight design to 
assure that design specifications are met. MIL-STD-1540B (1982) sets 
guidelines for qualification testing. The MIL-STD-1540B guidelines are 
usually tailored to the specific space program considering design 
complexity, current state of the art, mission criticality and acceptable 
risk. 

The objective of this study is to evaluate various options for tailoring the 
MIL-STD-1540B guidelines to the SP-100 nuclear power system. The study aids 
in selecting the appropriate qualification test program based on the cost, 
schedule, and test effectiveness of various options. 

DISCUSSION 

This study focused on four related tasks. The first was to define three 
options for flight qualification testing of the SP-100 nuclear power system 
that follow the general guidelines of MIL-STD-1540B, while covering a broad 
range of cost and relative risk. 

The three options do not significantly differ in the types of tests that 
would be conducted, but the test articles differ in the degree of similarity 
to a flight prototypic SP-100 power system. 

The Option 1 test article is the most prototypic. The test article includes 
a prototypic nuclear reactor, all 12 of the power conversion/heat rejection 
loops, and the power processing and control module. However, Option 1 is 
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not completely prototypic. The length of the separation boom is shorter, 
decreasing the size of the vacuum test facility and reducing facility costs. 
Because the length of the boom affects electromagnetic compatibility (EMC) 
testing, a full-length boom is assumed for subsystem level EMC tests; this 
is true for all three test options. 

The test article for Option 2 is the same as for Option 1 with one important 
variation; an electrical heater is used rather than a nuclear reactor. The 
electrical heater is assumed to be a cartridge heater design with pressure 
drop, temperature rise, and outer dimensions prototypic of the SP-100 
reactor. In addition, a separate test of the nuclear subsystem is a part of 
Option 2. The nuclear subsystem test would be similar to the Nuclear 
Assembly Test (NAT), which is to be conducted during the GES phase. 

Option 3 is the lowest cost option. The test article consists of an 
electrical reactor simulator, one of the 12 power conversion/heat rejection 
loops, and a shortened separation boom (as in Options 1 and 2). The power 
processing and control module is prototypic except that the shunt regulator 
is sized to accommodate only l/12th of the power. As with Option 2, a 
separate nuclear subsystem test is assumed. 

The test sequence for each of the three options is essentially the same. It 
is based on the required qualification tests defined in MIL-STD-1540B. EMC 
testing is planned primarily on the subsystem level with a full-length 
deployed boom. The system level tests include an acoustic test that 
simulates the launch environment, and pyro-shock tests that simulate the 
release of the chemical booster rocket and the separation boom. These tests 
simulate mission stages that occur before reactor start-up, with the SP-100 
system in its stowed configuration at ambient temperature and with the 
liquid metal coolant still solid. Therefore, these tests do not need to be 
conducted in a vacuum environment. 

The remainder of the tests must be conducted in a high vacuum environment, 
(1.33 x 10' Pa (1 x 10" torr)). They include: cold criticality testing of 
the reactor to measure the worth of the control rods and drums, 
reactor/reactor simulator start-up, thaw of the liquid metal coolants, 
deployment of the radiator panels, pressure tests to check liquid metal 
containment integrity, thermal balance tests to verify the capability of the 
passive thermal control features, and thermal vacuum tests. The thermal 
vacuum tests take the system through eight cycles from the power down 
condition (10% power) to the maximum operating power and temperature, 
including the design margin. The system is held at both the high and low 
temperatures for an 8-hour soak during each cycle. Functional tests, to 
verify the operation of all electrical circuits and mechanical components, 
are interspersed throughout the qualification testing. 

The second task of this study is to estimate the cost for each of the three 
options. The cost estimates include both facility construction and system 
testing costs. 

It was assumed that existing facilities would be used for EMC, acoustic, and 
pyro-shock testing. However, because of the vacuum chamber size required 
for Options 1 and 2, a new vacuum facility was included in the cost 
estimates for Options 1 and 2. For Option 3, which has a relatively small 

196 



test article, it was assumed that an existing vacuum chamber would be used. 
The cost of the Option 2 and Option 3 nuclear subsystem test was estimated 
using the cost data for the NAT provided by General Electric (1987). 

Conceptual designs were developed for each of the vacuum test facilities 
required for each test option, and a cost estimate for each facility was 
developed. For Option 1, which includes the SP-100 nuclear reactor, the 
assumption was made that the test would be conducted at an existing 
Department of Energy laboratory experienced in nuclear reactor testing. 
Therefore, most of the required support facilities and personnel, such as 
hot labs, security, and experienced reactor operators, were assumed to be 
existing. The same assumption was made for the nuclear subsystem testing 
for Options 2 and 3. 

Testing costs were estimated by determining the appropriate operating staff 
size and the probable duration of the test. Pretest requirements such as 
procedure and software preparation, instrumentation installation, and 
checkout; and post-test requirements such as data analysis, test article 
removal, and, if applicable, facility decommissioning were included. Test 
site program management costs also were included. The cost estimates did 
not include the cost of the SP-100 test article. 

The third issue addressed by this study is the qualification test program 
schedule. Schedule estimates are given for facility construction, including 
all activities from preliminary facility design through facility checkout, 
and for testing. The test schedule incorporates time for test article 
installation, removal, and shipping. The schedule also shows the time 
required for facility preparation before delivery of the test article. 

The fourth task is a test effectiveness analysis. Test effectiveness is a 
measure of how well the qualification program tests for various failure 
causes. It is based on the similarity of the test article to the flight 
system and the similarity of the test conditions to flight condition. 
Numerically the test effectiveness is percentage which indicates the 
decrease in the probability that a system failure will occur. 

RESULTS 

Option 1 is similar to Option 2 in terms of cost ($197 million for Option 1 
versus $203 million for Option 2, all costs given in fiscal year 1987 
dollars), schedule (six years for Option 1 versus five and a quarter years 
for Option 2) and test effectiveness (0.74 for Option 1 versus 0.68 for 
Option 2). However, the cost ($109 million) and test effectiveness (0.58) 
of Option 3 are significantly less than either Option 1 or Option 2. The 
Option 3 schedule is slightly less than the Option 2 schedule, five years 
versus five and a quarter years. 

The cost of Option 2 is similar to the cost of Option 1 because the cost of 
constructing the two test facilities and conducting the test programs 
specified for Option 2, a non-nuclear system and a nuclear subsystem, is 
offset by the added complexity of the option 1 nuclear system test facility. 
The cost of Option 3 is comparatively low because it was assumed that an 
existing vacuum facility would be used for the non-nuclear subsystem thermal 

197 



vacuum tests. As with Option 2, a new vacuum facility is included in the 
cost estimate for the nuclear subsystem tests. 

Option 2 is as effective as Option 1 in detecting failure modes for all but 
two subsystems; the Reactor Control & Instrumentation Subsystem and the 
Power Conditioning, Control & Distribution Subsystem. The effectiveness of 
Option 2 is less than Option 1 for these subsystems because the reactor 
controller is not installed in a flight prototypic location for Option 2 and 
because there is no radiation field present during the Option 2 non-nuclear 
system test. 

Option 3 is less effective than Option 1 for failure modes stemming from all 
eight of the SP-100 subsystems. The comparatively low option 3 test 
effectiveness reflects the loss of several important interactions because 
only one of the twelve power conversion/heat rejection loops are included in 
the non-nuclear subsystem tests. With only one power conversion/heat 
rejection loop, the thermal, hydraulic, and structural interactions are not 
completely prototypic of a flight system. 

After a flight system has been qualified, each flight unit must pass 
acceptance tests prior to launch. The acceptance tests are similar to 
qualification tests although the test duration and severity are less than 
for the qualification tests. The facility requirements for acceptance 
testing should be considered when selecting a flight qualification test 
program. If the requirements of both programs are not considered, it may be 
necessary to construct two new vacuum test facilities at an additional 
program cost of up to $100 million. 
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INTRODUCTION 
The liquid droplet radiator (LDR) is a promising system for rejecting large 
amounts of heat in space (Feig 1985, Hattick and Hertzberg 1982, Taussig and 
Mattick 1986, White 1987). Mass savings are achieved by rejecting heat from a 
sheet of droplets, rather than the relatively heavy metal radiating surface of 
conventional radiators (Figure 1). One representative liquid droplet radiator 
configuration has a cloud of droplets approximately 100 ym in diameter, 
ejected at velocities of the order of 5 to 20 m/s and aimed at one or more 
rotating centrifugal collectors, which would radiate energy to space, and then 
be collected and recirculated. Current efforts at McDonnell Douglas 
Astronautics Company (MDAC), funded through USAF-Astronautics Laboratory 
contract and an MDAC Independent Research and Development Program, involve 
conceptual design of LDR systems, continued development of radiation heat 
transfer and sizing codes, consideration of technology issues, and development 
of a centrifugal collector to be tested under various 1-g orientations and in 
the NASA-JSC zero-g KC-135 aircraft, as summarized below. 

FIGURE 1. Liquid Droplet Radiator Triangular Sheet/Centrifugal Collector Configuration. 

SYSTEM DESIGN 
Two basic LDR configurations have been considered: a rectangular droplet 
sheet with a linear collector, and a triangular droplet sheet with a 
centrifugal collector. Previous system analyses (Mankamyer, et al., 1985) 
Indicated that the triangular radiator system 1s approximately ^0% to 50% 
lighter than the rectangular radiator for the same amount of rejected heat and 
operating temperatures. An examination of the functional differences between 
the two types of collectors has also led us to conclude that the centrifugal 
collector is preferred. For example, triangular configuration/centrifugal 
collector concepts offer high collection body forces, high net positive 
suction pressures at the main pump inlet, and can be tested at 1 g. 
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Insight Into minimum mass system configurations and Implications of a 
converging triangular sheet, as required with the centrifugal collector 
concept, can be gained by considering the fundamentals of droplet radiation. 
Droplets emerge from the generator with an Initial temperature Tg and cool 
to a final temperature Tc at the collector. The temperature ratio T* = 
Tg/Tc Is readily calculated when the optical properties, droplet size 
distribution, and environmental conditions such as sun angle, altitude, and 
orientation of the earth are known. MDAC radiation heat transfer models have 
been developed that are used to size the radiator sheet for either rectangular 
or triangular configurations (Brandell, 1984). Coupled with our codes to 
determine the LDR system mass and power conversion system mass, these codes 
can be used to determine the minimum overall system mass as a function of 
droplet parameters; we find that optical depth Is one of the most Important 
sizing parameters. 

The optical depth T, defined as the ratio of the cross-sectional areas of 
the droplets In a volume of unit face area and sheet thickness H divided by 
the unit area of one face. Is related to the various sheet parameters by 

3m 
" 4puWR 

where W Is the width of the sheet and m Is the total mass flow rate of 
droplets. Optical depth 1s seen to vary Inversely with droplet radius, sheet 
width, and droplet velocity. Because optical depth Increases with decreasing 
width In a triangular LDR, and because the radiation heat transfer becomes 
limited as T rises, the sensitivity of T* to droplet coalescence or to the 
generation of secondary droplets by the generator can be shown to be rather 
slight. The main tradeoff to be made Is that an optically th1n sheet 
(small T) gives the maximum possible cooldown (large T*) but has a small mass 
flow m and/or large area. A large optical thickness means a large mass of 
working fluid with only the outer layers radiating. Minimizing the total 
weight of the system for a given rate of heat rejection allows an optimum 
value of T to be selected. A representative example of the variation In 
total LDR system mass with Initial optical depth, which Illustrates the above 
tradeoffs, Is shown In Figure 2 for three candidate working fluids. 

TECHNICAL ISSUES 
Development of the LDR to a prototype system operating under realistic 
conditions 1s linked to continued resolution of a number of technical Issues. 
The status of certain Issues which have been considered are summarized below. 

Vaporization Loss/Contamination—Vaporization loss estimates and the amount of 
evaporated fluid that adheres to a surface are estimated In our system codes 
by treating the evaporation as a free molecular flow from the surface of the 
droplet sheet. Any surface within a direct line of sight of the sheet will 
Intercept a fraction of the droplet loss that can be determined using 
geometric shape factor principles as applied In radiation heat transfer. 
Typical results, shown In Figure 3, Indicate that evaporative losses will not 
be significant with proper selection of the working fluid and temperature. 
Contamination thickness determination for periods of the order of 1 to 10 
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years have also been determined; depending on the surface location (typically 
a few to tens of meters from the radiator) radiator fluid and temperature, the 
thicknesses for 10-year exposure can be of the order of a few angstroms to 
hundreds of angstroms. 

Droplet Impact Effects—The effects of Inter- and Intrastream collisions on 
the possibility of droplet breakup, scattering, and loss of fluid at the 
collector have been examined. Two Independent analyses produced the same 
result for delineating breakup/coalescence regimes and showed that droplet 
coalescence predominates. Fluid loss from collisions should therefore not be 
a problem. The first analysis was based on conservation of kinetic and 
surface free energy before and after collision and the assumption that viscous 
dissipation occurred during the droplet merging times. The second analysis 
was based on use of the HYDR-3D code to solve the three-dimensional fluid 
dynamic equations Including surface tension, for droplets of equal and unequal 
size, Impinging "head on" and at various grazing Incidence angles. Results of 
the two analyses were found to be In agreement, as shown In Figure 4. 
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Figure 4. Liquid Droplet Radiator Triangular Sheet/Centrifugal Collector Configuration. 

Development Issues—Technical Issues, which have been Identified and are being 
considered as part of ongoing development plans, are outlined In Table 1. 
Major issues include high temperature liquid metal compatibility coupled with 
reliable long life operation, environmental effects, and generator/collector 
Integrated performance. 

LDR Feasibility Experiment—LDR centrifugal collector development Is being 
conducted under the Air Force Astronautics Laboratory Liquid Droplet Radiator 
Feasibility Experiment contract. An LDR centrifugal collector and generators 
will be tested to establish collector performance characteristics and evaluate 
the feasibility of the LDR. The collector, along with the droplet generators 
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TABLE 1. LOR Development Issues. 

Item Issue 

• Component Development 

Generator 

Collector 

• Orbital Atmospheric 
Interactions 

• Droplet/Material Loss 

• Experimental Data Required 

a Overall System Demonstration 

• Demonstrated long term operation of 
multiple orifice modules with 1-5 
milliradlan aiming accuracy, 

a High temperature material 
compatibility; orifice 
enlargement/site change over time; 
encrustation/oxidation at orifice 
sites. 

• Transient operation (startup/shutdown) 

• Collector efficiency 
a Transient operation 

a Orbital drag/torque 
a Oxidation of liquid droplets 
• Space charging effects Including 

thermionic emission from hot metal 
drops 

• Misdirected droplet streams 
a Aim/alignment of generator/collector 
a Dynamics of generator/collector 

operation 
a Rapid spacecraft maneuvering 

a Verification of sheet radiation and 
cloud dynamic characteristics; 
droplet generation and control using 
hot liquid metals 

• Space environmental effects/ 
vulnerability 

a Component testing 
a Physical properties 

a Performance of Integrated system 

and other equipment, will be mounted inside a portable vacuum chamber, A 
continuous fluid loop will be used Incorporating a pump, accumulator, filters, 
and necessary flow control valves to allow a full simulation of transient flow 
effects, and maintain flow Indefinitely to further our understanding of 
droplet collection efficiency. Tests will be conducted under +lg and 1n the 
NASA-JSC KC 135 zero gravity aircraft In the late 1987-early 1988 time period. 
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SUMMARY 
Systems analyses indicate that the liquid droplet radiator has potential mass 
advantages over conventional radiators. We are pursuing this system to 
provide enabling technology for advanced high power space systems. To date, 
the concept remains feasible based on analyses of technical Issues and 
preliminary experiments. While ongoing programs such as the LDR Feasibility 
Experiment will provide collector performance data, a number of technical 
Issues require further study. 
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INTRODUCTION 

Proposed space based platforms will require tens of megawatts 
of thermal power to perform their desired function. The cost 
associated with the launching of these multimegawatt (MMW) 
platforms is directly related to the platform mass. Therefore, 
estimating the mass of these conceptual platforms is of 
considerable interest. A primary part of such a platform is 
the payload which consists of electrical equipment such as 
radios, radars, computers, and guidance systems. The 
consumption of electrical power by this equipment will result 
in the generation of large amounts of waste heat which must be 
removed to keep the operating temperature of the equipment 
below some acceptable limit. The value of this temperature 
limit strongly effects the mass of the platform because it 
influences the size of the "secondary" radiator required for 
waste heat rejection to space. This radiator can account for a 
significant fraction of the platform mass and supplements the 
main radiator associated with removal of the waste heat of the 
platform thermal-to-electric power conversion system. 

Two separate computer programs were used in conjunction to 
estimate the mass of a MMW platform as a function of the 
maximum allowable payload operating temperature. The first 
computer program (Edenburn 1987)' determines the mass of a 
platform required to produce a specified quantity of electric 
power for a specified time. The program includes mass 
estimates for the thermal power source (a nuclear reactor), 
the reactor shield, the power conversion system (either a 
Brayton or Rankine thermodynamic cycle) , and 1:he main 
radiator. The mass of the secondary radiator is not included 
in this platform mass estimate. In addition to the platform 
mass, the first program determines the required amount of 
thermal power and the main radiator operating temperature. 
This output serves as input to the second program (Dobranich 
1987) which is used to determine the secondary radiator size 
as a function of payload operating temperature. In determining 
the secondary radiator size, the second program accounts for 
the radiative influence of the main radiator, the power 
conditioning unit, and the payload. These relatively hot 
platform structures contribute to the thermal background 
associated with the ultimate heat sink for waste heat (space). 
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Cooling of the payload can be accomplished using either a 
pximped-loop cooling system or a refrigerator. The pumped-loop 
cooling system uses a liquid working fluid flowing through the 
payload without phase change. The working fluid is cooled as 
it flows through the secondary radiator which consists of heat 
pipes. With this type of payload cooling, the radiator 
temperature can not exceed the temperature of the payload. 
Thus, higher allowable payload temperatures allow waste heat 
rejection at higher temperatures. Because of the fourth power 
dependance of temperature on radiator area, an increase in 
radiator temperature can significantly reduce the required 
size of the secondary radiator. 

If a refrigerator is used to cool the payload, phase change of 
the working fluid occurs as it passes through the payload. The 
resulting vapor working fluid is then increased in both 
temperature and pressure by a compressor before passing 
through the heat pipe secondary radiator. Thus, refrigerator 
cooling of the payload allows rejection of the waste heat at a 
temperature above that of the payload. However, the working 
fluid must be at a temperature below that of the payload as it 
cools the payload. Increasing the payload allowable 
temperature therefore can result in a higher coefficient of 
performance for the refrigerator. This in turn decreases the 
additional power demands of the refrigerator and results in 
lower platform mass. 

An additional (though less significant) benefit exists 
associated with higher allowable payload operating 
temperatures. Any waste heat generated by the payload that is 
not removed actively by either of the aforementioned cooling 
systems must be removed radiatively. If the allowable payload 
temperature is decreased, more waste heat must be removed 
actively, resulting in a larger secondary radiator. 
Contrariwise, higher allowable payload temperatures reduce the 
amount of waste heat to be removed actively. 

Calculations were performed to estimate total platform mass 
for platforms using both Brayton and Rankine cycle power 
conversion systems. Platform mass estimates were also made for 
each system for both types of payload cooling systems (pumped 
loop and refrigerator). These mass estimates were determined 
as a function of the maximxim allowable payload operating 
temperature to demonstrate the benefit that can be realized by 
the development of high temperature electrical equipment. The 
final report will document the results of these calculations. 
Some of the results are presented in this summary. 

RESULTS AND CONCLUSIONS 

Figures 1 and 2 show the platform mass as a function of 
maximum allowable payload temperature for the Brayton and 
Rankine cycle platforms, respectively. These results are for a 
10-MWe platform. Two curves are shown on each figure; one 
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curve is for the case in which the payload is cooled with a 
pumped-loop cooling system and the other curve is for the 
case in which the payload is cooled with a refrigerator. In 
both cases and for both platforms, increasing the payload 
temperature results in a substantial decrease in the mass of 
the platform. With the pumped-loop cooled payloads, the 
relative mass savings for the Rankine cycle platform are 
greater than for the Brayton cycle platform because the 
secondary radiator accounts for a larger fraction of the 
total platform mass. Thus, reductions in the mass of the 
secondary radiator, for the Rankine cycle platform, 
represent a larger fractional reduction of the total 
platform mass. With the refrigerator-cooled payloads, the 
relative mass savings are about the same for the two kinds 
of platforms. 

In conclusion, increasing the maximvun-allowable payload 
temperature results in a significant decrease in the 
platform mass for both Brayton and Rankine cycle platforms. 
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INTRODUCTION 
Application of a nuclear reactor subsystem to power a space vehicle raises a number of integra
tion issues; for example, the effects of penetrating core-escape radiations to spaceborne electronic 
components, shielding mass penalties, and the effects of the reactor waste heat. The thermal 
influences of the reactor power subsystem on a space vehicle include, primarily, the radiation 
heat transfer of the reactor waste heat and the energy transfer which occurs between the core-
escape radiations and the absorbing media of the space vehicle. Thermal conduction paths 
between the reactor and the space vehicle may be minimized to reduce the potential for conduc
tive heat transfer to the space vehicle. Several thermal radiation integration issues involving a 
space vehicle powered by a nuclear reactor subsystem are highlighted in this summary. The pro
posed SP-100 space nuclear reactor power subsystem will be used in carrying through illustrative 
payload thermal radiation integration computations. 

BACKGROUND 
The SP-100 baseline design features a number of thermal radiator panels for rejecting waste 
heat. The external surfaces of the these panels can be surface finished, treated, or coated to 
attain the desired radiation surface properties. Spacecraft coatings have been developed to 
enhance or restrain the emission or absorption of energy-carrying photons of different 
wavelength. Coatings of high total emittance and low absorptance in the solar wavelength 
regime are referred to as white paints; black paints, on the other hand, feature high total emit
tance and high solar absorptance values. The SP-100 subsystem design currently features a radi
ator panel fabricated of NblZr [99% niobium (Nb), 1% zirconium (Zr)| composite. Candidate 
radiator coatings include zinc orthotitanate (ZOT) and iron titanate (Merrigan 1987). ZOT is a 
white paint and iron t i tanate is a black paint. The reported uses of ZOT have been limited to 
low-temperature spacecraft applications. Iron t i tanate has been used for high-temperature ter
restrial applications and recently studied for spacecraft applications as a thruster heat shield 
coating (Hribar et al. 1987). Profiles of the total hemispherical emittance, as a function of sur
face temperature, for an aluminum substrate coated with ZOT and a NblZr substrate coated 
with iron t i tanate are presented in Figure 1. 

The radiation surface properties of spacecraft coatings change when exposed to the spare 
environment. For example, data of solar absorptance changes with time in orbit for several ZOT 
flight-calorimeter test samples are reported by Ahern and Karperos (198.3), Anderson and Hat^ar 
(1987), and the Air Force Materials Laboratory (1978). These data feature rapid increases in 
absorptance values up to approximately 2000 equivalent sun hours (ESH) of exposure to the 
space environment. The changes are more significant for spacecraft placed in low earth, near-
equatorial orbits compared to the geosynchronous orbit. Computed solar absorptance values of a 
calorimeter black-paint sample placed in a 27,600 x 4.3,300 km orbit reported by Hall and Fote 
(1983) show absorptance changes that are significantly less than those reported for ZOT. In gen
eral, the total hemispherical emittance of spacecraft coatings do not change significantly when 
exposed to the space environment. 
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R E S U L T S 

Computed estimates of the waste heat rejected by the fixed and deployable radiators of the SP-
100 baseline subsystem and its shunt regulator assembly radiator are presented in Figure 2. The 
assumed surface temperature of the radiators varied from 400 K to 1400 K, and the radiator 
emittance values were selected as a function of their surface temperature baised on a radiator 
design of a NblZr substrate coated with iron t i tanate. Computations of total hemispherical 
absorptance for several spacecraft materials (that may be integrated with the SP-100 subsystem) 
as a function of the radiation source temperature (for the temperature of the spacecraft material 
fixed at 305 K) are summarized in Figure 3. 

A simplified geometrical model of the SP-100 baseline subsystem was developed. This model was 
used with a Monte Carlo algorithm to compute radiation shape and interchange factors between 
the waste heat radiators and the SP-100/space vehicle interface plane. The interface plane, 
located 25 m from the center of the core, was divided into nine concentric discs and extended to 
a diameter of 15 m. Computations of the radial distributions of the subsystem waste heat 
incident on the said interface are summarized in Figure 4. These data indicate that the max
imum incident waste heat flux is less than approximately 0.10 Wicm when the shunt regulator 
assembly is not activated. Similarly, if the shunt dissipates its approximate full-potential of 100 
kW of energy, the combined waste heat fluxes incident on the interface plane approach a max
imum level of 0.16 WIcm . Furthermore, incident interface waste heat flux levels revealed little 
( < 9%) differences when comparing computations using the radiation shape and interchange fac
tors. 

Computations of equilibrium surface temperature of the SP-lOO/space vehicle interface were 
made [assuming that the interface was composed of a silver-fused (8 mils thick) second-surface 
metallized glass mirror] by balancing the absorbed heating (waste and solar) and cooling flux lev
els at specific interface plane locations. Interface temperatures were initially computed by 
assuming that the surface total hemispherical absorptance (a 7.//) equals the total hemispherical 
emittance {^XH) ^^^ subsequently repeated for the €7.^ and «j.j, values provided in Figures 1 and 
3, respectively. The results, presented in Figure 5, feature the computed interface surface tem
perature (at the 1.75-m radial position) as a function of the thermal radiation source tempera
ture for constant solar heating. Calculations made assuming that a,.^ = ^^^ for the interface 
included a radiator Cj.̂ ^ = 0.84 for all radiator temperatures. The curves in Figure 5 entitled 
"Actual a, e Properties Application" include temperatures that were computed using the 
spectrally-dependent surface properties for both the interface plane and the SP-100 radiators. 
The results feature a significant temperature difference; expanding as the radiation source tem
perature increases. This difference approaches 50 K for a source temperature of 1000 K. 

The additional heating effects of the shunt regulator assembly on the SP-100/space vehicle inter
face temperature are highlighted in Figure 6. Predicted interface temperatures are presented as a 
function of the thermal radiation source temperature for a spacecraft surface (at the interface 
position of maximum heating) coated with white paint (PV-100). For this analysis, the fixed and 
deployable radiator panels and the shunt assembly radiator were maintained at a common tem
perature. As shown, the eqiiilibrium temperature increases from 366 K to 407 K when the shunt 
assembly is activated, while the temperature of the SP-100 radiators is fixed at 910 K. 

C O N C L U S I O N S 

The selection of spacecraft coatings for the SP-100 baseline subsystem must consider the degra
dation of their radiation surface properties. This degradation is a function of several parameters 
including the time in orbit and the orbit selected. The spectral characteristics of the SP-100 
baseline thermal radiation sources must be considered when performing detailed heating and 
temperature calculations of the integrated space vehicle. The heating profile of the SP-lOO/space 
vehicle interface was shown to be a function of the interface radial position. Lastly, for the 
simplified SP-100 subsystem geometry considered the waste heat flux levels which are incident on 
the space vehicle interface feature minor differences when comparing levels computed with the 
radiation shape and interchange factors. 
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MACRAD: A Jfass Analysis Code for Radiators 

DonaG-d R. Gallvp 
Sandia National Laboratories 

Albuquerque, New Mexico 87185-5800 
(505) 846-0926 

INTRC«3[JCnOW 

Sandia National laboratories' Mvanoed Pcwer Systems Division is 
performing system analyses to evalviate nultimegawatt space power 
systems. These analyses vdll be used to help determine vMch areas 
of technical development should receive enqphasis. This pÊ )er 
presents seme preliminary results frcm part of our system evaluation 
work that deals with the mass of heat pipe radiators. 

Heat pipe radiators represent the only radiator concept that has a 
well established technology base and are, therefore, the best choice 
for a radiatca: "^pe for a practical, ̂ ace based, pcwer system. For 
power levels above a megawatt, heat pipe radiators are a major 
portion of the power system mass. To date, however, little detailed 
woric has been done to estimate the mass of heat pipe radiators. Most 
analyses have assumed that radiator m^s will scale inversely with 
the tenperature of the radiator (as T ). No consideratic»i has 
been given to variables such as itaterial properties, shielding 
requirements, and heat pipe operational requirements. This paper 
discusses a ccnputer code (MAQ^AD) that is being developed at Sandia 
for estimating the ma^qps of heat pipe radiators. 

APFRQACH 

MACRAD, a s>ass analysis code for radiators, is a parametric code for 
estimating the masses of heat pipe radiators. Ihe parameters that 
can be varied during a run include heat pipe length, heat pipe 
diameter to length ratio, wick diameter to pipe diameter ratio, and 
wick pore radi\is. The parameters that remain ccnstant during a run 
include condenser tenperature, stiucturzG. material, working fluid, 
wick type, orbit hei^t, operation time, redundancy, and probability 
of survival. 

In developing MACRAD, full consideration is being taken of heat pipe 
operationEd requirements, materied properties, and shielding against 
meteoroids and qpace debris. Ihe heat pipe operational requirements 
ccnsidered are (1) ensuring that the CE^illary pressure, viiich punps 
the working fluid, is greater than the fluid pressure drop in the 
vE^or and wick; (2) determining if boiling occurs in the heat pipe 
evc$)orator section; (3) determining if the fluid returning to the 
evE^rator section is entredned in the vs^r, vAiich is moving at h i ^ 
veloci^ in the opposite directicxi; (4) determining if the Vê xar 
velocity exceeds the sonic limit; and (5) determining if the viscous 
limit is exceeded. (A detEdled discussion of these heat pipe limits 
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can be found in Dunn and Reay 1982 and Ivanovskii et al. 1982.) If 
it is determined that the heat pipe does not meet one of these 
cperational limits, the limit that is exceeded is noted, and no mass 
is CELLculated. 

Once it has been dptfrminpd that the heat pipe will operate \jnder the 
given conditions, the mass of the heat pipe is csdculated. Ihe mass 
calculation takes severed factors into account: 1) the temperature 
dependent properties of the heat pipe material, 2) the thickness of 
the shielding required to protect agEdnst meteoroids and ̂ )ace 
d^sris, and 3) the gecnetry of the radiator. Ihe ccdculaticai that 
determines the thickness of the shielding required to protect a heat 
pipe takes into account depltr/aeant time, temperature, redundancy, 
probability of survival of the radiator, meteoroid flux, ̂ )ace debris 
flux, etc. (Shielding requirements and particle fl\ixes are discussed 
in Fraas 1986 and Cour-Baleds 1969.) The geometry of the radiator 
determines how much of an individusd heat pipe must be shielded, for 
exanple, the interior of a cyliixirical radiator does not need to be 
shielded. 

Ihe fined calculation that must be made is the mass of the condenser 
section of the radiator. Ihis work is currently voider way, but a few 
comDnents can be made. Ihe mass of the condenser will depend en the 
WDzidng fluid in the thermodynamic cycle. If a cylindrical radiator 
is being considered, the condenser can be placed inside the cylinder, 
vAiich significantly reduces the shielding requiremiQit and, hence, the 
mass. 

RESUias 

Figures 1 and 2 present the masses of heat pipe radiators as a 
function of the condenser tesfiperature. In Figvire 1, the ̂ )ecific 
mass is in yq/scr, \diich are the vinits most often used; Figure 2 is 
in kg/MHt, \dhich are more useful units for system calculations. Ihe 
two curves obtained using MACRAD represent the specific masses of 
armored and unarmored radiators. A third curve that is based on a 
sgeoi£i.o mass of 7 k g ^ l s plotted in both figures for comparison 
purposes, m order to better understand the curves, the assumpticais 
that are inherent in their derivation need to be considered. Because 
MACRAD does not yet have a model for condenser mass, the radiator 
mass was obtsdned by adding 30% to the heat pipe mass to account for 
the condenser. The curves were obtained by drawing a strai^t line 
between point estinates for radiator mass at various temperatures. 
Furthermore, the armored radiator mass is for a radiator that has 20% 
redundancy; a preliminary optimization stu^ showed that radiators 
with 20% redundancy had the Icwest mass. Ihe armored radiators have 
a 95% probability of operating at full caipa.ci.pi after 7 years of 
es^osure to the spaci& environment. Finally, Edl heat pipes are 
cylindrical, 10 meters long, and do not have fins. Probably the most 
inportant information obtained so far is in the specxtLc mass of an 
armored radiator (Figure 1). Ihis curve shews that the mass per unit 
area of an armored radiator varies significantly as a function of 
tenperature. Ihis is due to the change in materials, material 
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properties, and heat pipe cperating conditions. Below 600 K, the 
heat pipe structural material is alvmiinum, ̂ Auch has a low densil^ 
and is a good armoring material. Ihe increase between 400 K and 
600 K is due to changing the wick type frcm arterial to annular. Ihe 
increase between 600 K and 800 K is caused by changing the structural 
material from aluminum to stsdnless steel. Ihe curve is flat between 
800 K and 1000 K, because the same materials and heat pipe geometry 
can be used. Ihe increase in ̂ )ecific loass between 1000 K and 1200 K 
is a result of changing the stnx±ural material frcm steel to 
Nb-l%Zr. Although the densities of these structural materials are 
almost the same, the pipe thickness for Nb-l%Zr is greater because it 
is not as good an armoring material. Althou^ the same materials are 
used, the curve increases at 1200 K and 1400 K for the following two 
reasons: (1) the basic geometry of the pipe changes because of 
CE^illary pressure limits within the heat pipe and (2) the material 
properties of Nb-l%Zr degrade, and so thicker armoring is required. 
Ihere is a small increase between 1400 K and 1800 K because the heat 
pipe material is changed frcm Nb-l%Zr to W-̂ IfC. Ihe increase is 
small even thcu^ the density of ff-HfC is more than double that of 
Nb-l%Zr, becavise W-HfC is a better armoring material. 

nrMrrTTgyrfMg 

It is likely that heat pipe radiators will be selected for use with 
the majority of space power systems, because they are based on a well 
established technology. Furthermore, for closed systems above the 
megawatt power level, the radiator will be the major contributor to 
system mass. Vlhen it is conpleted, MACRAD will be a vsduable tool 
for estimating and optimizing the mass of heat pipe radiators. 
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HEAT PUMP-AUGMENTED SYSTEMS FOR SPACECRAFT THERMAL MANAGEMENT 

by 

Michael A. Merrigan and Robert S. Reid 

Advanced Engineering Technology, MEE-13 

Los Alamos National Laboratory 

P. 0, Box 1663, MS J576 

Los Alamos, New Mexico 87545 

ABSTRACT 

Reduction in the mass and area of spacecraft heat rejection 
systems is theoretically possible by increasing the rejection 
temperature through heat pumping. The feasibility of this approach 
is evaluated in terms of the parameters that influence the 
performance of such a system. These include the efficiencies of 
the heat engine used to power the system and the heat pump, the 
various temperatures, the mass penalties associated with power 
production and heat pumping, and the mass per unit area of the heat 
rejection radiator. A realistic range of values is considered for 
each of the parameters and the results presented in terms of the 
mass augmentation ratio for the system. A conclusion from the 
study is that the usefulness of this approach will depend on its 
effect on overall system reliability. 

INTRODUCTION 

Future space missions will require heat rejection subsystems having megawatt 

capacity, thereby making the development of lightweight heat rejection tech 

niques desirable. Closed systems for waste heat rejection in space are 

radiative and their use is proportional to the fourth power of absolute 

temperature. Reductions in the surface area (and therefore the mass) of a 

space radiator are possible by increasing the heat rejection temperature above 

the temperature of the thermal source. One proposed method of increasing 

radiator heat rejection temperature uses a heat pump powered by a cyclic heat 

engine operating at a temperature above that of the waste heat source. This 
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heat pumping technique reduces the required direct radiator surface area, but 

it introduces mass penalties associated with the heat pump power supply and 

its heat rejection system. The use of a heat pump-augmented heat rejection 

system will generally be practical if it reduces the total radiator mass 

requirement over a suitable baseline design. The heat pumped system may be 

useful even when total mass is greater than the reference system. 

The usefulness of a heat pump augmented system in design of the total heat 

rejection system depends upon a number of considerations, including: 

• the system mass as compared with an appropriate baseline design; 

• the number of additional failure modes introduced by the heat pump 

system, and 

• the feasibility of development of lightweight heat pumps and heat 

engines operating at temperatures above 500 K. 

The mass penalties of the heat pump-augmented system over a baseline (a flat 

plate radiator) are considered in this paper. 

BACKGROUND 

A study by Dexter and Haskin (1984) calculated the performance of a 100-kWt 

heat pump-augmented system operating at temperatures between 370 K and 470 K. 

The mass penalty associated with the heat pump was considered in great detail, 

but a treatment of the mass penalty from the heat pump power supply was not 

included. A more generalized treatment of the same problem of the mass penalty 

from the heat pump power supply was not included. A more generalized treatment 

of the same problem was given by Kerrebrock (1986), who determined the reduc

tion in radiative area possible using thermodynamic analysis. An expression 

was proposed to locate the optimum ratio of radiator to source temperature 

for the heat engine alone. However, as with the Dexter and Haskin study, the 

mass penalty associated with the power supply was not included. Kerrebrock 

concluded that reductions in system mass were possible given an efficient heat 

pump and power source. 

Prime power heat rejection in multimegawatt systems is expected to operate at 

temperatures of 1000 K and above. The proposed heat rejection system uses this 
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prime power heat source to drive a cyclic heat engine that powers a heat pump. 

An extensive search of the literature failed to find reference to any heat pump 

operating above the critical temperature of water. The development of high 

temperature heat pumps would be necessary before application in high 

temperature systems. Because technology development would be needed to make 

such a concept operational, some clear advantage to this system is needed to 

justify its development. 

FORMULATION OF MODEL 

A generalized parametric system model has been developed to establish the 

performance of a heat pump-augmented system under a given set of conditions. 

A schematic of this system is shown in Figure 1. 

The model assumes that heat, 0,, is transferred from T,, a low-temperature 

waste heat source, to Jy, the rejection temperature of the primary radiator 
of the power system. Work is assumed to be provided by a cyclic engine 

operating between T-, the prime power heat source temperature, and T^. 

The mass ratio resulting from this model is presented in Equation (1): 

"̂  k VI 'i 

where 

is actual heat pump efficiency [e_ COP], 
2 is radiator mass per unit area (kg/m ), 

is mass of reference radiator (kg), 

is total mass associated with heat rejection at T- (kg), 

is mass of heat engine per unit power produced (kg/kHt), 

is mass of heat pump per unit heat load from T, (kg/kWt), 
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Figure 1. Schematic of a conventional radiator system (top) 
and a heat pump-augmented radiator system (bottom) 
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n is actual heat engine efficiency [c nth], 
TQ is temperature of space (K), 
e is emissivity or radiator surface, 
e is fractional Carnot efficiency of heat engine, 
e is fractional Carnot efficiency of heat pump, 
r\.. is heat engine Carnot efficiency [1 - T^/T-] 
a is Stefan-Boltzmann constant (5.67 x 10"^ kW/m^ K*) 

PARAMETRIC RANGES 

Ten parameters are present in the derived model that, to varying degrees, 
influence the performance of the heat pump-augmented system. The operating 
temperature of a first generation prime power heat rejection system will 
probably be between 1000 K and 1500 K. This high-temperature source of energy 
is used to drive the heat pump. The low-temperature energy source is assumed 
to be an electronics cooling system or personnel space refrigerator load. The 
temperature of this source will be heat room temperature. The fractional 
Carnot efficiencies of space power conversion machinery are uncertain. 
Efficiencies of Earth-bound machinery typically range between 0.01 and 0.6. 
Currently, limited information exists on the mass of space power systems in 
the multimegawatt range. As discussed in Dexter and Haskin (1984), operation 
of systems at high power levels will likely lower specific masses. The low-
end specific mass of high-performance refrigeration machinery is typically 
5 kg/kWt. The mass per unit area of future space heat rejection radiators 

2 2 
will likely range between 1 kg/m and 20 kg/m . Because heat pump-
augmentation reduces the required radiator area, its advantages will be most 
pronounced with radiators having high mass per unit area. 
The variables influencing the mass augmentation ratios can be classified into 
one of three groups: those associated with the radiator, heat pump, or power 
system. Because the augmented system is referenced to a flat plate radiator, 
parameters that tend to optimize radiator performance will have a detrimental 
effect on the performance of the augmented system. 
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THE CURIE POINT RADIATOR 

Mario D. Carelli. Robert A. Markley. Bill L. Pierce and J. Ed Schmidt 
Westinghouse Advanced Energy Systems Division 

Madison. PA 15663 
(412) 722-5284 

INTRODUCTION 

The Curie Point Radiator (CPR) is an advanced radiator concept that offers 
unique advantages in terms of possible improvements in space power system 
efficiencies, reduced radiator mass requirements and increased reliability for 
multimegawatt space power applications. The operating principle of the CPR is 
to transfer waste heat to small size ferromagnetic particles which are heated 
above their Curie point and released into space. As the particles lose heat 
by radiation, their temperature drops below the Curie point and thus they 
become ferromagnetic again allowing recapture by a magnetic field; the 
particles are then collected and cycled again through the heat exchanger. 

A previous paper (Carelli et al. 1986) has reported the results of an 
assessment of the design and development issues and of an analysis of 
particles characteristics and performance. This paper describes the design of 
two systems for different power applications. 

SYSTEM DESIGNS 

Figure 1 provides a pictorial representation of the "self-contained" unit. 
The cold ferromagnetic particles are collected inside a central cone from 
which they are drawn into radial passages by the magnetic force exerted by the 
coil. The passages, which are of equal width slightly larger than 2 particle 
diameters, constitute the heating channels, where the particles receive heat 
from the channel walls by conduction and radiation. The particles move in an 
accelerated motion along the channel, since the magnetic force progressively 
Increases as the particle approaches the coil. When the temperature of the 
particles reaches and exceeds the Curie point, their motion becomes inertial 
and they proceed with essentially uniform velocity to the exit of the heat 
exchanger, which is contoured to impart the desired angular velocity component 
to the particles. Once the paramagnetic particles are released into space, 
they lose heat and as they become ferromagnetic again they are drawn back to 
the cone and the process Is repeated. As shown by Figure 1, two heat 
exchanger/collector/ejector units share the same magnet to reduce mass. 

The major advantage of the self-contained unit is Its compactness. The 
diameter of the heat exchanger and magnet is 2 m and the maximum height of the 
particles cloud Is approximately 1 m on both sides. The total heat rejection 
of the unit is in the 0.8-0.9 MW range and the specific mass is of the order 
of 0.4 kg/kW. A smaller unit, with a structures diameter of 1 m has a heat 
rejection capability of 0.5-0.6 MW and a specific mass of about 0.5 kg/kW. 
Several of these units in parallel provide SP-100 type heat rejection 
requirements, have a specific mass competitive with the best state-of-the-art 
radiator and offer minimal size, thus minimal armoring 1s required. 
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For the much larger heat rejection requirements of multimegawatt applications, 
the self-contained unit concept Is not applicable, because the heat rejection 
capability Is limited by the relatively small size of the particles cloud. 
Increasing the cloud would require a significant increase In the magnet mass. 
Thus, a tandem unit was developed (see Figure 2) where four parallel clouds 
flow two each In opposite directions between two identical halves, which have 
the heat exchanger/collector/ejector functions. A magnet is located at each 
half and again can be shared by other units located back-to-back. The 
conceptual design utilizes state-of-the-art materials (e.g. the structures are 
of Nb-IZr). The heat exchanger provides a way of individually heating 
multiple sheets of particles as they pass through each curved leaf of the 
unit. A single tandem unit, with a separation distance of 20 m between the 
two halves has a heat rejection capability of the order of 8 MW with a 
specific mass slightly less than 0.2 kg/kW, which is a great Improvement over 
current radiators. The design also Includes special features for containing 
the particles securely during launch and deployment. A unique method to 
provide repeated startup/shutdown capability is featured. 

A detailed discussion of the design, analytical and experimental 
investigations supporting the theoretical feasibility of the CPR will be 
reported in the full length manuscript. 

CONCLUSIONS 

The conceptual design and supporting theoretical analyses have confirmed that 
the CPR has: potential for highly reliable heat removal capability; 
flexibility and adaptability to a variety of operating conditions; extreme 
compactness; good maneuvering capability; no loss of particles Inventory; 
repeated startup/shutdown capability; and, most important, very low mass 
requirements. 
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DYNAMIC ISOTOPE POWER SYSTEM CRITICAL COMPONENT VERIFICATION 

Richard J. Pearson 
M.S. A02-105 

Grumman Space Systems Division 
Bethpage, NY 11714 

(516) 575^3758 

INTRODUCTION 

The Dynamic Isotope Power System (DIPS) is an attractive power system for the 
Boost Surveillance and Tracking System (BSTS). Ground demonstration units of 
the two competing dynamic cycles (Organic Rankine Cycle (ORC) and Closed Brayton 
Cycle (CBC)) have been built and tested, but neither has ever been flown in 
space. The long-life requirement of BSTS and the zero-g environment of space 
present particular problems for each cycle which must be demonstrated 
successfully through ground demonstrations in order to verify the critical 
component operation. 

Under BSTS program funding from the United States Air Force, Space Division, 
Grumman Space Systems Division (GSSD) contracted with Sundstrand and Garrett to 
conduct critical component demonstration tests. Garrett Fluid Systems Company 
is conducting endurance testing of its compliant foil gas bearings to 
demonstrate their long-life capability in the CBC system. Sundstrand Energy 
Systems has demonstrated the management of two-phase flow in zero-g through the 
use of their Rotary Fluid Management Device (RFMD) and shear-controlled 
condenser in adverse-g orientations. Budget and schedule constraints 
necessitated both programs use existing designs, components and test equipment 
from other related programs. 

ORC MANAGEMENT OF TWO PHASE FLOW (SUNDSTRAND) 

General 

In the dual channel DIPS ORC system proposed for BSTS, vaporization of the 
toluene working fluid in the super critical cycle occurs in the heat source 
assembly which contains the radioisotope heat source. The shear-controlled 
condenser and RFMD are the two devices being developed by Sundstrand to manage 
condensation heat rejection from the toluene fluid to a heat pipe radiator. 
These devices maintain separation of the two phases and assure positive suction 
head to the cycle pump under all conditions, including the presence of 
non-condensible gases. 

Test Objectives 

Sundstrand's goal was the verification of the system (condenser and RFMD) 
concept and operation by validation of analytical and design procedures for 
performance demonstration under various (adverse, neutral, and beneficial) 
orientations in one-g. 

The test objectives were: (1) demonstration of the predictability of ORC heat 
rejection system design point performance, (2) demonstration that the ORC heat 
rejection system off-design performance can be predicted for two working fluids 
with different properties, (3) demonstration of the ORC heat rejection system 
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transient performance, and (4) demonstration of the ORC heat rejection system 
non-condensible gas management and impact on performance. 

Test Results 

Table I is a matrix of the test parameters monitored and correlated to 
analytical predictions for the various different types of tests performed on the 
system using both Rll and R114, the toluene analog fluids. 

Excellent correlation of empirical results to analytical predictions was 
obtained for condenser pressure drop, heat transfer coefficient and for liquid 
runback at adverse-g tilts. The RFMD and condenser performed as expected even 
when transient slugs of liquid or non-condensible gases were introduced. The 
test program also demonstrated conservatism in the design and analysis 
procedures. 

TABLE I. Test Summary. 

RFMD Inclination 

Condenser Inclination 

NCG Injection Rate 

Heat Input Rate 

RFMD Pressure 

RFMD Speed 

Condenser Loop AP 

Heat Sink Variation 

Transient Response 

Working 
Rll 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Fluid 
R114 

X 

X 

X 

X 

X 

X 

X 

X 

UA 

X 

X 

X 

X 

X 

X 

Parameters Monitored 
Condenser 
AP 

X 

X 

X 

X 

X 

X 

Run Back 
Angle 

X 

X 

Head Flow 
Rise 

X X 

X X 

RFMD 
Resat-
uration 

X 

AP 

X 

X 

CBC FOIL GAS BEARINGS ENDURANCE (GARRETT) 

General 

The Closed Brayton Cycle uses an inert He-Xe gas mixture as the working fluid in 
this dynamic conversion system. Garrett is the leader in the development and 
use of gas bearings in all of their open and closed air and gas systems, 
including jet engines, air cycle machines, automotive turbine engines, etc. The 
use of foil gas bearings and their long-life capabilities is proposed for the 
DIPS power system. The DIPS bearing system consists of two journal bearings and 
a thrust bearing to support the turbo-alternator rotor. 
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Test Objectives 

The primary objective is to demonstrate integrity and initial endurance of a 
1987 technology foil gas-bearing system for the proposed He-Xe gas DIPS CBC 
system. Due to budgetary and schedule constraints a limited number of hours of 
operation will be completed under this contract. However, the test system, test 
rig, and test facility have been provided and success criteria have been 
established for further endurance testing as part of the DIPS development 
program by DOE. The test will demonstrate foil bearing reliability during 
operation under transient and steady-state, conditions (on six sets of rotor 
assemblies) exceeding those that the bearing would experience in the DIPS 
environment. 

The simultaneous testing of six rotor assemblies will increase the data base and 
confidence with each hour of test rig operation, since the non-contact operation 
of the bearing is not amenable to accelerated testing techniques. The obvious 
qualitative success criteria, such as foil and backing spring dimensional 
stability, no visible deterioration of foil coatings and lack of complete 
failure resulting from seizure, will be supported with quantitative data such as 
rotor breakaway torque and time-to-speed on startup and roll-down-time when 
stopping. These parameters will show trending, indicating stability of 
operation. In addition, characterization has been completed on each of the 
journal bearings for comparison at any point in the endurance test program. 

RESULTS 

As part of the endurance test build-up, the 1987 technology bearing design was 
"characterized" and compared against the 1978 technology design. 
Characterization consists of a parasitic loss test, a static spring-rate test, 
and a dynamic spring rate test. Results demonstrate the increased stiffness in 
the new design due to the added backing spring which increases the bearing 
maximum effective load by over 35%, while improved coatings and added radius of 
curvature reduces parasites losses at and above the design loads. Endurance 
testing has not started yet; however, trending data indicating bearing integrity 
and stability will be available and will be presented in January at the 
Symposium. 
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SNAP-DYN; PROVEN TECHNOLOGY FOR NEAR-TERM, HIGHER POWER IN SPACE 

Richard A. Johnson 
Rockwell International, Rocketdyne Division 

6633 Canoga Avenue 
Canoga Park, CA 91303 

(818) 700-6197 

INTRODUCTION 

The Department of Energy is currently preparing the Dynamic Isotope Power Sub
system (DIPS) for near-term space applications in the 1- to lO-kWe range. DIPS 
couples proven isotope heat source technology, developed for Radioisotope 
Thermoelectric Generators, with the organic Rankine cycle power conversion 
technology developed by Sundstrand or the Brayton cycle technology developed 
by Garrett. The natural path for DIPS technology growth to provide reliable, 
survivable power systems with capability to 50 kWe and beyond is to substitute 
8 SNAP reactor for the iootope heat source. As shown in Figure 1, the result
ing system, SNAP-DYN, has much in common with DIPS. In particular, the opera
ting temperatures of DIPS are well suited for the SNAP reactor. 

OkWe lOkWe 20 kWe „ 50kWe_ 
I 1 1 fii p - ^ 
' ' ' SNAP REACTOR 

FIGURE 1. DIPS is a Natural Stepping Stone to Nuclear Systems 
Providing Power to 50 kWe or More. 
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SNAP REACTOR HISTORY 

Beginning in the late 1950s and extending into the early 1970s, a major pro
gram was conducted for Systems for Nuclear Auxiliary Power (SNAP). The reac
tor power system program was a $1.3 billion effort in today's dollars. The 
centerpiece of the program was the uranium-zirconium hydride reactor, in which 
fully enriched uranium was dispersed in fuel rods containing hydrogen at about 
the density in water. The reactor was controlled by movable segments in a 
beryllium reflector sleeve and was shielded by lithium hydride. 

The major advantage of the concept was the ability to operate in the thermal 
or epithermal neutron energy range. This minimized the envelope of the reac
tor, which has a 22-cm (9-in.) diameter core surrounded by a 5-cm (2-in.) 
thick reflector, and minimized the amount of fissile material required, 's. 9 kg 
for the power and lifetime range of interest. 

The successful SNAP-lOA system was the focus of effort during the early 1960s. 
In this system, 40 kWt of heat was transferred at 830°K (1040<^F) bŷ  NaK to a 
thermoelectric power conversion system generating over 500 We. The program 
culminated in a 10,000-h test in a vacuum chamber and a 1000-h flight test in 
a 1300-km (700-n mi) polar orbit. The flight test was prematurely terminated 
by a nonpower-system-related failure in the Agena spacecraft. 

The SNAP-lOA flight qualification program was extensive and, as usual, re
quired effort in many areas not initially apparent. The reactor core was 
naturally a major area of attention, and fuel elements were fabricated, vibra
tion and performance tested, and subjected to irradiation testing in the N-
reactor at Hanford prior to the first nuclear test of a reactor. Development 
and qualification of the reflector and control assembly, however, was an area 
requiring significantly more attention than originally planned. This assembly 
has electromechanical components, bearing surfaces, wiring harnesses, and 
various sensors, all of which must operate in the 530 to 590°K (500 to 600OF) 
temperature range in a high radiation field in vacuum. The shield, made of 
lithium hydride, required considerable effort to develop uniform casting tech
niques, and, finally, a comprehensive nuclear aerospace safety program was 
conducted, including sled impact testing, reentry testing, and reactor excur
sion testing. 

The effort during the last half of the 1960s concentrated on the SNAP-8 reac
tor which was tested at 600 to 1000 kWt with an outlet temperature over 980°K 
(1300°F). These were very ambitious operating conditions for the uranium-
zirconium hydride concept and were aimed at the then-perceived need for power 
beyond 100 kWe. Important and successful experience was gained on the reactor 
core and on reflector components operating up to 760°K (900°F). Problems were 
encountered with the fuel assemblies, many of which exhibited larger-than-
expected swelling and cracking of the fuel cladding. A major 3-year national 
effort to investigate these problems resulted in an exceptional understanding 
of the performance of this fuel. The problem was ultimately traced to a 5S°K 
(lOO'^F) overtemperature condition in the fuel caused primarily by flow maldis
tribution. The nature of the problem was such that the SNAP-8 fuel elements 
operated over a very broad range of conditions, providing the best data base 
possible for fuel performance projections (Lillie 1973). 
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The SNAP program concluded with the design of a reference SNAP reactor; the 
reactor considered for combination with the DIPS power conversion systems. A 
major design and analysis effort was conducted to incorporate all the lessons 
learned from the preceding activities. As part of this concluding effort, a 
careful documentation of all fabrication processes, test techniques, and engi
neering data and methods was accomplished. This, with the many facilities that 
remain, is the legacy available to support applications in the early 1990s. 

SNAP-DYN 

The reference SNAP reactor can be combined with organic Rankine cycle 
(Determan 1987), Brayton cycle, or thermoelectric power conversion equipment. 
Only minor changes would be required to accommodate today's safety rules. For 
example, ~14 kg (30 lb) would be necessary to incorporate absorber rods to 
guarantee subcriticality in water following an aborted launch. These rods 
would be withdrawn and latched upon reaching a stable orbit. 

Figure 2 depicts possible integration concepts for a SNAP-DYN power system, 
and Figure 3 depicts typical mass and radiator area characteristics. 

FIGURE 2. Typical SNAP-DYN System Integration Options. 

Only a modest program would be required to provide a SNAP-DYN system in about 
5 years. The program would involve reestablishing the facilities and equip
ment for fabrication and qualification of the system specifically configured 
for an assigned mission. A recent effort has shown that only $15 to $20 mil
lion would be required to reestablish fuel fabrication facilities in accord
ance with today's regulations, refurbish the shield manufacturing facility, 
and establish all reflector and system test facilities. 
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FIGURE 3. SNAP-DYN Power System Mass and Area Characteristics 

CONCLUSIONS 

It is clear that in DIPS and SNAP-DYN, the U.S. has in hand the technology 
for reliable, survivable nuclear space power systems for all envisioned 
near-term applications for the powers up to 50 kWe and beyond. 
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INTRODUCTION 

Reactors operating in the controlled transient mode have been proposed for use 
in the burst mode Strategic Defense Initiative applications. Since the safety 
and reliability of the reactor system is of critical importance, the 
successful design and testing of an effective reactor control and Plant 
Protection System (PPS) will undoubtedly be crucial to the adoption of these 
power services. In this paper we will describe a novel plant protection 
system designed for use in the TREAT Upgrade (TU) reactor (Wade et al. 
1982). The TU reactor is designed for controlled transient operation in the 
testing of reactor fuel behavior under simulated reactor accident 
conditions. Safe operation of the reactor is of paramount importance and the 
PPS had to be designed to exacting requirements. We believe that the strategy 
developed for TU has potential application to the multimegawatt space 
reactors, and it represents the state of the art in terrestrial transient 
reactor protection systems. 

REACTIVITY ACCIDENT SCENARIOS 

The design of the TU Automatic Reactor Control System (ARCS) has been 
described in a companion paper (Lipinski et al. 1987). The control system 
produces shaped transients generally characterized by an initial low power 
"flattop" operation, a rapid rise to maximum power (at ^ lOO/ms period), and a 
controlled rapid reduction of power for the peak. These transient shapes 
require complex patterns of control rod movement under computer control. 
Erroneous movements of the rods at unanticipated rates and/or times could 
result in reactivity accidents. The demanding functional requirements on the 
TU reactor necessitated operation at a very high temperature with a 
corresponding reduction in the margin to failure. Specifically, the Inconel 
625 cladding was designed for a peak operating temperature of 1220°K under 
normal conditions for a life of 1000 full-power transients. The shape of the 
coolant channels cause complex spatio-temporal temperature gradients within 
the clad and these lead to eventual clad failure from cumulative creep and 
fatigue effects. Even small overshoots of temperature (caused by reactivity 
accidents) can greatly accelerate the clad damage effects. In the limit, clad 
melting could occur. Prompt action by the PPS is necessary to avoid such 
occurences. On the other hand, spurious scrams can have a large negative 
impact on the program (in addition to major expenses associated with loss of 
the experiment). The parallel with MMW reactors is clear. 

REACTIVITY ACCIDENT SIMULATION STUDIES 

A detailed reactor kinetics model of the TU reactor was developed to study the 
systematics of potential accidents (Bhattacharyya et al. 1982). The model 
used point kinetics and a coupled thermal calculation. The point kinetics 
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parameters (B, A and feedback coefficients) were determined from detailed 
static neutronics calculations. These calculations also yielded the spatial 
power distributions from which detailed thermal calculations yielded the 
temperature coupling coefficients in the core. The model included explicit 
accounting of the circuit time constants, signal time delays, control rod 
drive dynamics, and rod latch release delays. These are of crucial importance 
in transient reactor control/safety analysis. The reactor parameters 
monitored at run time are power, integrated power, period (all using BF3 ion 
chambers located in the biological shield), and peak clad temperature (using 
thermocouple measurements in instrumented fuel assemblies and calibration 
data). The slow time response of the thermocouples renders the temperature 
based trips inadequate for protective scrams during a transient. The other 
parameters provide the required trip settings. The reactivity insertion p(t) 
and the reactivity insertion rate p(t) were calculated as a function of time 
during the transient. These values, in turn, dictated the worths of the 
transient control rods and the required rod removal speeds. These calculated 
values, suitably increased to account for uncertainties, were used in the 
accident analyses. 

In the presentation and evaluation of results, it was found that use of the 
Power-Energy (P-E) plane was more effective than the more conventional Power-
Time (P-T) plane. Figure 1 shows the representative transients that are 
required to be generated in TU along with conventional PPS boundary. The PPS 
set points were set (10%) higher than the maximum power and energy settings 
and at a period of 75 ms. With these settings, a set of reactivity accident 
calculations were performed in which control system failures were assumed such 
that the rods were erroneously ejected at various velocities at several points 
in the transient. 
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FIGURE 1. Enveloping TU Transient Shapes In P-E Plane with Conventional PPS. 

A major advantage of the P-E plane for display of the transients is that the 
worst consequence accidents can be determined by inspection. Thus, in Figure 
1, the worst case is a rod runaway at the cover of the protection box, where 
all the trips are triggered simultaneously. For this accident, assuming no 
limitations or allowable p or p, the calculated peak clad temperature was 
1291"C. This was unacceptably high. There were accident scenarios starting 
early in the transient that could lead to large consequences. A clear 
strategy for limiting the temperature rise is to use energy dependent power 
trip settings, thereby constraining the allowable range of possible runaway 
accidents. 

244 



From a study of the transient shapes, it was apparent that trip boundaries 
could be made more restrictive at the low and high energy values without 
affecting the generation of the transients. The concept of energy dependent 
trips was developed from this observation. A set of isotemperature scram 
consequence lines were generated from the analytical model (Figure 2) as the 
locus of point where simultaneous power and energy trips lead to the same peak 
fuel temperature. The most sophisticated PPS would be designed to follow one 
of these isotemperature lines and could keep temperatures well below damage 
conditions. A somewhat easier system consisting of a two step approximation 
of the isotemperature line was also evaluated (Figure 3). The possible 
accidents early in the transient were controlled by a low power trip setting 
in that energy range. Both schemes were shown to keep the maximum temperature 
level to well below the clad melting point, even under conservative 
assumptions of reactivity additions. 

VtaiK EUtXiT HI I t l t FUEL » , SPECIFIC EHEBCr III TEST HIEL J/ i 

FIGURE 2. Isoteiiierature Scram Consequence Lines. FIQURE 3. TU Step Shelf PPS with Enveloping Transients 

Detailed sensitivity studies were performed to examine the effects of one 
stuck rod, one stuck rod bank and of uncertainities in all of the worths, time 
constants and delays. A Monte Carlo method was developed to study the effects 
of the uncertainties. It was found that there was less than a 0.6% chance of 
clad melting for the challenging classes of accidents considered. 

PPS DESIGN FEATURES 

The PPS concept developed was implemented in the manner shown in Figure 4. It 
provides both steady state and transient protection. During transients, 
integrated power readings are monitored and used to identify the energy points 
at which power trip set point transfers occur. Comparator circuits trigger 
the change of state of a bistable, activating the appropriate power level trip 
set point. For a trip boundary that follows a limiting isotemperature line, 
signals are summed in an operational amplifier (appropriately weighted to 
correspond to the equation of the line). The processed signal essentially 
acts as a continuous comparator and triggers a bistable output to seal in the 
trip signal until reset. The top level trip settings are kept operational 
during the entire transient, thereby providing multilevel trip settings over 
the entire transient. 
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SU»f1ARY 

Automatic control of high power transient operation of MMW reactors will 
require sophisticated plant protection systems to ensure safe operation. The 
PPS designed for the TREAT Upgrade reactor provides a model for a protection 
strategy design for these reactors. The experience gained from the safety 
review of the concept is also likely to be invaluable in -the space reactor 
application. 
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EVALUATION OF UN FUEL PIN FAILURE MODES AND 
MOTION OF FUEL DURING SEVERE ACCIDENTS FOR REACTORS IN SPACE 
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INTRODUCTION 

Safety analysis for reactors In outer space may be quite different from safety 
analysis for reactors on earth. On earth, gravity has a dominant Influence on 
fluid mechanics (Myshkis et al. 1987), heat transfer, and mass transfer. In 
microgravlty (MG), other physical phenomena can be Important In determining 
the sequence of events In accidents, particularly core melt events (Lew and 
Okrent 1987). Using SP-100 design and orbit assumptions (Temme 1985), a 
multipart approach to space reactor safety analysis is being completed to 
assess the potential consequences of core melt accidents in space MG: (1) 
assessment of phenomena that affect safety analysis in space; (2) analysis of 
transient heatup for a small compact space reactor; (3) analysis of UN fuel 
performance at high temperature with emphasis on UN decomposition and fission 
product (FP) chemistry considerations; and (4) analysis of fuel motion based 
upon simplified vapor, MG fluid mechanics, and solid motion. 

PHENOMENA CONSIDERATIONS 

The three most significant orbital perturbing forces for SP-100 altitudes, 
(« 100 to 1000 km), were found to be: (1) atmospheric drag, (2) radiation 
drag, and (3) differential gravity from the sun, moon, and SP-100 payload. 
For these altitudes, the magnitude of the local gravity body forces, Fmg, were 
calculated (Table 1) in units of normal gravity (go). These levels of Fmg 
will affect buoyancy driven processes such as convection, vapor bubble 
agitation/Induced mixing, and nucleate boiling. Because the magnitude of 
physical forces In space Is small, any dynamic surface or body force, such as 
differential Inertia! accelerations, can easily displace liquids from their 
equilibrium configurations. 

Surface tension and capillary (STC) forces and potential vapor (fission gas) 
effects were assessed for MG. Normally, the molten materials would likely 
slump and be pulled downward, filling available void spaces. In MG, STC 
forces can affect the behavior of fluids to act differently than in normal 
gravity, such as: (1) formation of fluid droplets, (2) attachment of fluid 
droplets or films to surfaces, (3) separation of different phases or materials 
at interfaces, and (4) motion by capillary forces. For LI and molten UN and 
UO2, the STC forces are shown in Table 1. 
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For transients, fission gas can move fuel by fuel foaming (Cronenburg 
et al. 1984) or spallation (DIMelfi and Kramer 1983). Foaming can be an 
ongoing source of significant pressure for fuel motion. It was found that MG 
Increases the potential for fuel foaming. While observed forces of spallation 
are significantly larger than the expected MG, the volume or mass of spalled 
fuel is small, that Is, chips of solid fuel from the pellet's surface. 

In space MG, the examination of detailed phenomena needs to be considered, 
particularly STC forces and gaseous products In molten fuel because their 
magnitude Is large relative to the local body force (Lew and Okrent 1987). 

TABLE 1. Order of Magnitude Estimates of Forces. 

Low Altitude 
Phenomena 

Mi croaravi tv 
Atmospheric drag, m/s' 
Radiative drag, m/s2 
Differential gravity, m/s2 
Microgravlty, go 

Surface Tenslon/Capillarv (STC) 
Lithium coolant, go 

- Molten UN, go 
- Molten UO2. go 

Ratio of STC/microgravlty 

Gaseous Fission Products 
Fuel foaming, go 
Spallation, go 
Ratio of gaseous fission 
product force/microgravlty 

The characteristic dimensions are on the order of the coolant channel, 
0.012 m, and on the order of the pellet radius, 0.005 m. The fission gas 
force estimates are based upon a pressure of «1.4xlo7 N/m2 and upon 
experimental observations. 

THERMAL CONSIDERATIONS 

A detailed rod geometry intraassembly conduction-radiation heat transfer model 
was developed to predict the heatup of the rods within the subassembly and the 
subassembly wall with time due to decay heat. The temperature gradient within 
the rods, the rod surface temperatures, and subassembly wall temperatures are 
key considerations In determining the failure modes of the fuel at 
temperatures >1600 K. To estimate the heat transfer within the subassembly, a 
one-dimensional (1-D) radiation model using a two direction energy flux 

High Altitude 
Orbit (100 km) 

6x10-1 to lQ-3 
10-7 to 10-8 
10-7 to 10-10 
10-2 to 10-4 

1 to 10-1 
10-1 
10-1 

10 to 103 

103 to 104 
1 to 10 
1 105 

Orbit (1000 km) 

6x10-7 to 7x10-12 
10-7 to 10-8 
10-7 to 10-10 
10-7 to 10-9 

1 to 10-1 
10-1 
10-1 

106 to 108 

103 to 104 

1 tO,nlO 
> loio 
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formulation for an equivalent unit cell was used to determine the net energy 
exchange between rows of rods and from the outer row of rods to the wall 
(Reilly 1977). 

q+(j) - EB+(j) + (pf + x) (qp+(j-l)) + pB (qp-(j+l)) 

q-(3) - EB-(j) + pB(qp+(j-l)) + (pf + x) (qp-(j+l)). 

(1) 

(2) 

where x, pf, and pB are transmlssivity and emmissivity fractions and 
EB+, EB-, qp+, qp-, q+, and q- are incident and directional radiation 
fluxes. The set of equations for the directional fluxes for each fuel row 
forms a system of linear equations that are solved by traditional matrix 
solution methods. For the interior of the fuel and wall, the 1-D transient 
heat conduction equation was solved for heatup temperatures. 

As shown In Figure 1, for a loss-of-coolant accident (LOCA) with immediate 
loss of coolant Inventory, it was found that: (1) the temperature gradients 
across the rods and across the subassembly were small (< 10 K) at high 
temperatures and (2) temperatures of 2000 K would be reached on the order of 
to 10 hours. This implies that the UN fuel, liner, and clad within a 
subassembly will fail at nearly the same time. Thus, failure propagation 
modes within the subassembly may be Important in the safety analysis. 

FIGURE 1. Transient Heatup Results (D K), 
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MECHANISTIC AND THERMODYNAMIC MODEL FOR UN FUEL FAILURE 

The mode of rod failure and the physical state of the uranium will Influence 
the manner of fuel motion upon the loss of rod integrity. In this model, low 
(1600 K to 2200 K) and intermediate (2000 K to 2600 K) temperature failure 
modes by uranium corrosion by free uranium metal and by clad burst, 
respectively, are considered. 

Using the temperature results above, a point geometry fuel chemistry model 
with an Interfacing clad Is being developed to assess the failure mode of a UN 
pin (Olander 1976). This model emphasizes the analysis of the Internal rod 
UN-U-N2 chemistry (Inouye and Leitnaker 1968) with consideration to FPs and 
their reactions that affect chemistry and internal pressure. These include 
FPs: noble gases; Zr, Ce, Nb, and Mo; and those with affinity for free 
uranium. The processes being considered In the model are (1) depletion of 
U-235; (2) release of nitrogen upon fission; (3) introduction of gaseous and 
metallic FPs; (4) FPs' reaction with N, U, and UN; (5) leakage of N2(g) 
through the clad; and (6) UN decomposition by comparing N2(g) overpressure 
versus the UN decomposition pressure with temperature (Inouye and 
Leitnaker 1968). An equilibrium thermodynamic approach is being used to 
evaluate the quantities of N2(g), U-FP compound species, free uranium, and 
N-FP compound species with burnup (Kubaschewski and Alcock 1979). The 
quantities of the U species and their physical form can be estimated upon rod 
failure with the temperature and the physical characteristics of the compounds. 

A simplified clad model to evaluate clad failure is being developed with 
emphasis upon slow or fast uranium corrosion by free uranium from UN 
decomposition or FP reduction and clad burst by high Internal gas pressure. 
Based upon the concentration of free uranium at clad Interface, the clad 
corrosion model will determine if the cladding will fall by corrosion and its 
rate of attack. At the same time, the Internal gas pressure and clad 
temperature Is used to assess clad rupture. 

SIMPLIFIED U SPECIES MOTION MODEL 

When clad failure Is predicted, the results of the chemical thermodynamic 
evaluation will provide the quantity and physical forms of the highly enriched 
U species. The vapor species will be treated as perfect gases, and motion 
will consider the depressurizatlon effect of the clad failure. Fluid species 
will be assumed to be ideal mixtures, and simplified low gravity fluid 
mechanics will be used to predict the behavior of fluid motion with emphasis 
upon STC forces (Myshkis et al. 1987). Solid species will be treated as 
spalled fuel with motion considered from fission gases trapped at grain 
boundaries. 

CONCLUSIONS 

It was found that phenomena such as STC and vapor forces are important 
mechanisms that should be explicitly considered for safety analysis in space 
(Lew and Okrent 1987). For the SP-100 design, the transient heatup to high 
temperatures can occur in a matter of hours, and the temperature gradients 
within the rod and the subassembly are small. Analysis is being completed to 
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assess the failure modes of UN fuel and U species motion upon rod failure with 
emphasis upon fuel-FP chemistry, including UN decomposition. These analyses 
should provide physical insights into the mechanisms for potential severe 
accidents in space. 
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REACTOR CORE COOLABILITY WITH REDUCED POWER LEVELS 

Jay S. El son and Charles R. Bell 
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INTRODUCTION 

Using SP-100-type reactors in near-Earth orbits will subject their cooling 
systems to the possibility of puncture by high-velocity space debris. (The 
probability of puncture for a 10-yr mission is estimated to be in the range 
of 10"3 to 10"^, depending on the orbit altitude and the extent of debris 
shielding.) A puncture of the core cooling system would result in the loss 
of all core coolant and the capability to remove convectively the decay heat 
that continues to be generated after the reactor is shut down neutronically. 
A short time after the puncture occurs, the only means of decay heat removal 
would be thermal radiation among the fuel pins and fuel pin assemblies to the 
reactor vessel wail, thermal radiation from the vessel wall to the radial 
reflector, and thermal radiation from the radial reflector to space. For an 
SP-100-type reactor in the 2.5-MWt size range (consistent with a 100-kWe ther
moelectric system), the number of thermal radiation barriers represented by 
the many rows of pins, the vessel wall, and the radial reflector is sufficient 
to cause the fuel in the center of the core to overheat, become disrupted, and 
potentially compromise the structural integrity of the reactor if no special 
heat removal features are provided. The result could be the disintegration of 
the reactor, thereby pre-empting any planned disposal actions. 

Several design concepts for providing sufficient core cooling during loss-of-
coolant events have been studied. All add complexity and mass to the system. 
For smaller systems (lower thermal power), the core size and configuration 
changes are minor because they are criticality limited. Thus, the power den
sity is decreased, making the cooling problem following a loss-of-coolant 
event less severe. The purpose o-f our work was to determine the power level 
below which special cooling features would not be necessary. 

ANALYSIS APPROACH 

A typical 100 kWe SP-100 design (2.5 kWt) (Kruger et al. 1987) was used as the 
basis for the analysis, and a cross-section view of the core is shown in Fig
ure 1. A detailed thermal analysis model was developed in which each fuel pin 
was represented as a lumped node (a single heat capacity and temperature) con
nected to its neighboring pins or core structure by radiative conductances. 
The vessel wall and reflector drums also were modeled. This model was only 
two-dimensional (it neglected axial heat transfer), and represented a cross-
section segment at the core mid-plane (the peak axial power location). The 
core was assumed to be voided completely at the instant of reactor shutdown. 
The time-dependent decay heat following shutdown was distributed in accordance 
with the operating power distribution, and the initial temperature conditions 
were taken as those at full power. The emissivity used for all components 
within the reactor vessel was 0.3, which is characteristic of the niobium-
zirconium alloy used as the structural material in the SP-100. 
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FIGURE 1. Cross-Section View of the Core of a SP-100-Type Space Reactor. 

A series of transient thermal analyses were performed using the TSAP (Thermal 
System Analysis Program) computer code to find the maximum fuel pin tempera
ture as a function of operating power. The operating power range was 2.5 MWt 
to 0.25 MWt. Two core configurations were investigated: one with six inter
nal safety rods and one with four internal safety rods. The second configura
tion was simply an adaptation of the six-rod configuration shown in Figure 1. 
The alternate safety rods shown in Figure 1 were replaced by fuel assemblies, 
and the center fuel assembly was replaced by a safety rod. The radial power 
shape across the remaining fuel pins was assumed to be unchanged by the con
figuration change. (These rods are withdrawn during normal operation.) 

RESULTS 

The peak temperatures calculated for the loss-of-coolant transients following 
operation at various power levels and for the two configurations are summa
rized in Figure 2. The peak temperature decreases substantially as the oper
ating power level decreases below 2500 kWt, which is associated with the 
decreased decay-heat power density. The four-safety-rod design leads to some
what lower temperatures because the peak-power fuel assembly in the six-rod 
design, which produced the highest temperatures, is replaced with a safety 
rod. If the 2000 K temperature limit for uranium nitride fuel proves to be 
appropriate to ensure core integrity for acceptable reactor disposal, SP-100 
type systems in the 30-kWe range will have an inherent capability to withstand 
a severe loss-of-coolant event. 

CONCLUSIONS 

When used in support of missions with low power requirements (less than about 
30 kWe), SP-100-type reactors should be able to withstand severe loss-of-
coolant events (instantaneous voiding of the lithium coolant from the entire 
core) without special design features. This inherent safety characteristic 
should be very beneficial in ensuring and communicating the safety of such 
missions. 
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ANALYSIS OF A NUCLEAR ORBITAL TRANSFER VEHICLE REENTRY ACCIDENT 
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INTRODUCTION 

The possible fission product release and subsequent consequences following a 
reentry accident of a Nuclear Orbital Transfer Vehicle (NOTV), based on a 
Particle Bed Reactor (PBR) are analyzed in this paper. Three possible mis
sions are analyzed, each involving varying times at full reactor power. How
ever, due to the details of the various missions (full power time versus 
coasting time) the fission product inventories do not scale linearly with 
burnup. Thus, the radiological release and estimated dose are not only a 
function of the burnup but also depend on the mission. Full power in all 
cases will be assumed to be 200 MWT. In the following sections, the mission, 
method of analysis, results, and recommendations will be outlined. 

Description of Mission 

Three missions have been considered. 

The purpose of the f i r s t mission i s to in jec t the spacecraft and the NOTV into 
a stable low earth orbit (LEO) following launch by a Titan-4. Due to the com
bined mass of the NOTV and the spacecraft, the Titan launch vehicle i s unable 
to achieve a stable orbi t . Thus, the NOTV i s required to complete the launch 
to LEO. In the accident scenario which follows this mission, i t i s postulated 
that the reactor re-enters the earth's atmosphere. The time at fu l l power to 
complete this mission with a 9000-kg spacecraft attached i s 660 s. Three f i s 
sion product release scenarios are assumed for this case. F i r s t , the release 
takes place at ground l e v e l , second the release takes place at an a l t i tude of 
a 1000 m, and f ina l ly i t i s assumed that only the noble gases are released at 
ground l e v e l . 

The second mission assumes that the NOTV and spacecraft have achieved a stable 
orbi t . The NOTV i s then assumed to boost the spacecraft (9000 kg) to geosyn
chronous orbit (GEO). Following a two-week dormant period at GEO, the NOTV is 
returned to LEO. At this point i t i s postulated that the reactor re-enters 
the earth's atmosphere. In this case, i t i s assumed that the fissionproduct 
release takes place at ground l e v e l . The f u l l power and coast times for the 
mission in this sequence are as fol lows: 

o Full power 900 s 
o Coast 18000 s 
o Full power 600 s 
o Coast 2 weeks 
o Full power 600 s 
o Coast 18000 s 
o Full power 900 s -> re-enter 
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The third mission assume 
orbit (LEO). An NOTV is 
lowing a two-week coast 
take another spacecraft 
of 15 years. Following 
the earths atmosphere, 
released at ground level 
identical to those given 
there is a 1.5-year coas 

s that the spacecraft (9000 kg) has achieved a stable 
then connected to it and boosts it up to GEO. Fol-
at GEO the NOTV is returned to LEO and is readied to 
to GEO. This process is repeated 10 times in a period 
the tenth cycle the reactor is postulated to re-enter 
In this case, the fission products are assumed to be 

The full power and coast times for this mission are 
above for the second mission, with the exception that 
t time between cycles. 

METHOD OF ANALYSIS 

The CRAC-II computer code was used to estimate the whole body dose as a 
function of distance from the impact point. In the CRAC-II model, various 
fission product isotopes (54 in all) contribute to the dose of various body 
organs (lungs, thyroid, bone marrow, intestinal tract, and so on) by various 
pathways including inhalation, whole body exposure to gamma radiation, and 
ingestion). In addition, emergency action can be modelled in this code. 
Variability in weather is statistically modelled by sampling from a weather 
library. The weather library contains hourly meteorological data for an 
entire year. 

In calculating the dose using this code, it was assumed that the weather is 
given by average New York City weather. No special emergency action was taken 
and the population was assumed to carry out its normal activity. 

The inventory of fission products in the reactor following a given burnup is 
estimated by using the burnup code ORIGEN . In this code, the concentration 
of 184 fission products and actinide nuclides are calculated. From these, the 
concentration of the 54 nuclides to be used in the CRAC-II calculation are 
determined. Traditionally, the fission products are grouped into the seven 
broad groups shown in Table 1. The values in Table 1 contrast the fission 
product inventory of the OTV reactor with those of a typical LWR used in the 
reactor safety study. As can be seen from this comparison, the difference in 
inventory is many orders of magnitude. 

TABLE 1. Comparison of Initial Fission Product Inventory by Group to a 
Typical LWR (First Mission). 

Group 
Number 

1 
2 
3 
4 
5 
6 
7 

Fission Product 
Group 

Kr-Xe (NOBLE GAS) 
I (HALOGENS) 
Cs-Rb 
Te-Sb 
Ba-Sr 
Ru-Mo 
La-Zr-Ce 

Inventory 
NOTV 

6.752(5)» 
5.547(5) 
8.01 
3.805(4) 
1.210(5) 
3.918(4) 
8.546(4) 

(Curies) 
LWR 

3.879(8) 
7.751(8) 
2.311(5) 
2.151(8) 
3.930(8) 
6.002(8) 
3.200(9) 

»6.752(5) = 6.752 x 10-
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During core degradation, melting and vaporization, the sequence of fission 
product released is controlled by their melting and vaporization tempera
tures. Release calculations carried out for LWR safety analyses generally 
predict that the noble gases and volatile fission products are entirely 
released, while tellurium release is found to be controlled by the presence of 
zirconium and its subsequent oxidation. The release fraction for the remain
ing fission products is predicted to be very small because of their high 
vaporization temperatures. In the calculations for the OTV, these assumptions 
were not made, and the entire fission product inventory was considered to be 
released instantaneously. This assumption is very conservative and will, 
thus, overestimate the dose from an OTV reactor accident analyzed in this 
way. 

It should be pointed out that if any parts of the reactor survive the reentry 
accident, surfaces on which vaporized fission products could plate out, reduc
ing the effective release will be available. This factor has not been taken 
into account in these calculations. Finally, mechanistic analyses of the fis
sion product release of a degrading core should account for the formation of 
chemical compounds not present in an operating reactor. In an OTV reactor, 
reaction with zirconium (from the ZrC coating) and beryllium (from the modera
tor) should be investigated as possible mechanisms for attenuating the release 
of various fission products. 

RESULTS 

The results of these calculations for the first mission are shown in Figure 
I. Also shown is the whole body dose due to a ground level release of all the 
noble gases. This calculation assumes that only the most volatile fission 
products (xenon and krypton) are released. 

Note the whole body dose at ground zero is approximately 50 rem, rapidly 
dropping off to 5 rem at approximately 1.3 miles. In comparison, the allow
able exposure to astronauts aboard the space station is approximately 60 to 70 
rem, depending on mission duration. Other points of comparison are the dose 
at which protective actions are suggested (5 rem), annual background in Denver 
(0.2 rem), and annual background at sea level (0.1 rem). If the release 
occurs at 1000 m, the maximum whole body dose is approximately 1 rem at ground 
zero. 

A summary of all the results for the three missions considered Is given in 
Table 2. Note that the second and third missions result in higher doses to 
larger distances from ground zero. However, it is interesting that the dif
ference in dose between the second and third missions is very small despite 
the large difference in fuel burnup. This result is due to the 1.5-year 
coasting period between full power cycles. During this comparatively long 
coasting period, most fission products of interest in the CRAC-II radiological 
model decay to low levels. 

RECOMMENDATION 

The following recommendations are made for further analysis of accidental 
releases: 
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TABLE 2. Distance versus Dose (rem). 

Dose 
(rem) 

Original 
Case" 

LEO -> GEO 
(Park 2 Weeks) 
GEO -> LEO? 

LEO -> GEO 
(Park 2 Weeks) 
GEO -> LEO$ 

60 (space station 
astronaut) 

.2 (Denver 
Background) 

.1 (Sea level 
Background) 

1.3 miles 

9.2 miles 

15 miles 

23 miles 

2 miles 

15 miles 

20 miles 

«'.3 miles 

2 miles 

15 miles 

20 miles 

"Reactor burnup is 1.53 MWD. 
fReactor burnup is 7.5 MWD. 
$Reactor burnup is 75 MWD. 

o A more realistic, less conservative fission product release model 
should be used. This model would allow for a reactor heat up and sub
sequent disintegration as a function of altitude. In addition, a 
mechanistic fission product release model should be fonnulated that 
would release the fission product as a function of kernel temperature, 
chemical composition, and allow for subsequent plate-out on cooler 
components. This model would release the most volatile species first 
and the least volatile species last. The release would then be a 
function of time and altitude. 

o A consequence model (CRAC-II code) should be developed to allow for a 
fission product source which is also dependent on altitude and time. 

o In addition to whole body dose, the dose to the thyroid gland and bone 
marrow should be estimated. Both the thyroid and bone marrow are par
ticularly sensitive to radiation damage. 
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INTRODUCTION 

Advanced materials will play a major role In meeting the stringent size and 
performance requirements of future space power systems. The requirements for 
such a system, which may include a service life of greater than 7 years at a 
temperature in excess of 1350 K, dictate the use of refractory metals (Cooper 
1984). The Nb-l%Zr alloy has been suggested for use In space power conversion 
applications where resistance to liquid alkali metal corrosion at temperatures 
near 1000 K was the primary concern (Lane and Ault 1965 and Buckman 1984). The 
Nb-1%Zr alloy was not, however, developed for applications that required high 
creep strength for very long times at temperatures in excess of 1100 K. While 
current designs of space nuclear power systems specify niobium base alloys for 
reactor, heat pipe, and power conversion components, future applications will 
need materials with greater high temperature strength and increased creep 
resistance to meet the mission requirements (Dokko et al. 1984). 

A study is being conducted at NASA Lewis Research Center to determine the fea
sibility of using tungsten fiber reinforced niobium or niob1um-l% zirconium 
matrix composites to meet the anticipated Increased temperature and creep 
resistance requirements imposed by advanced space power systems. The tensile 
properties of W/Nb composites were determined in a past study (Westfall et al. 
1986). The results obtained on the short time tensile properties indicated 
•that W/Nb composites had significant improvements in high temperature strength 
and offer significant mass reductions for high temperature space power systems. 
Although the above investigation showed that the short time tensile properties 
of W/Nb composites had significant strength advantage over unalloyed Nb and 
Nb-1%Zr, the prime material requirement for space power systems applications 
is long time creep resistance. A study was thus conducted to determine the 
effect of long time high temperature exposure on the properties of these com
posites, with emphasis on their creep behavior at elevated temperatures. 

MATERIALS AND PROCEDURE 

Two types of tungsten fibers were chosen as reinforcement material. Type 218 
CS tungsten fiber was selected as an example of a lower strength unalloyed com
mercially available lamp filament fiber. Type ST300, a tungsten-1.5% thorium 
oxide fiber, was selected as an example of a stronger, dispersion-strengthened 
tungsten fiber. A fiber diameter of 0.20 mm was used for both wire materials. 
Unalloyed niobium and niob1um-1% zirconium were obtained in the form of 
1.59-mm-diameter wire from a commercial vendor. 
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All of the W/Nb and W/Nb-l%Zr composite material tested in this program were 
fabricated using an arc spray process developed at NASA Lewis (Westfall 1985). 
In this process fibers were wound on a drum using a lathe to accurately align 
and space them. The drum was Inserted into a chamber which was subsequently 
evacuated and filled with an inert atmosphere. The niobium and n1ob1um-l% 
zirconium wire material was arc sprayed onto the drum surface by using a pres
surized argon gas stream. After spraying, the monotape was removed from the 
drum surface, cleaned, cut to the proper size, stacked up, sealed in a con
tainer, and hot isostatically pressed to produce unidlrectionally fiber ori
ented composite panels. Creep specimens were then machined from the composite 
panels having a 2.54-cm gauge length and a 0.635-cm gauge width. 

Creep rupture tests were conducted in a vacuum of 7x10"^ MPa. Creep strains 
were measured optically. A cathetometer clamped to the furnace chamber frame 
was used to sight on Knoop hardness impressions placed 2.54 cm apart on the 
specimen gauge length. The precision of creep strain measurements is estimated 
to be TO.02% for the gauge length used. The strain on loading was measured and 
was Incorporated in the reported total creep strain. Creep-rupture data were 
obtained at 1400 K and 1500 K. 

RESULTS 

Microstructures of the W/Nb composite panels, examined in the as-fabricated 
condition. Figure 1, indicated that the initial arc spray followed by hot iso-
static pressing produced a fully densified consolidated structure with negli
gible fiber/matrix Interfacial reaction. Little reaction occurred between the 
fiber and matrix even after exposure at 1500 K for over 2000 h. 

A typical creep curve obtained for a 50 v/o ST 300 (tungsten-1.5% Th02) 
fiber/niobium-1% zirconium matrix composite specimen tested at 1400 K and 
180 MPa Is shown in Figure 2. The strain to rupture ranged from 5% to 7% for 
composite specimens tested at 1400 K and 1500 K. Figure 3 compares the time 
for 1% creep strain for arc-sprayed Nb, a 40 v/o ST 300/Nb composite, and a 
50 v/o ST 300/Nb-1%Zr composite. The composite materials were tested at an 
order of magnitude higher stress (200 MPa versus 20 MPa) compared to the 
unreinforced arc-sprayed Nb, yet required times greater than an order of magni
tude higher than that to achieve 1% strain in the unreinforced Nb. The stress 
for 1% strain and rupture for a 40 v/o ST 300/Nb composite material and a 
218 Nb composite material having the same fiber content Is compared to PWC-11 
(Nb-l%Zr-0.1C) and Nb-l%Zr in Figures 4 and 5 for material tested at 1500 K. 
The results indicate that the composite materials have an order of magnitude 
Increase in their 1% creep strength or rupture strength compared to unrein
forced Nb-1%Zr. Also indicated is that the stronger the fiber, the greater the 
composite creep resistance. A comparison of the minimum creep rate for the 
composite materials and for the unreinforced arc sprayed Nb tested at 1400 K 
Is shown in Figure 6. The data shown in figure 6 Indicated that the fiber 
controls the creep rate of the composite and that the contribution from the 
niobium matrix is very small. Figure 7 compares the minimum creep rate behav
ior for the various composite materials tested at 1500 K. Note that the 50% 
fiber content composite material (ST 300/Nb-1%Zr) did not exhibit the expected 
greater creep resistance that was observed for this material compared to the 
40% fiber content ST 300/Nb material previously tested at 1400 K. Examination 
of cross sections of fractured creep specimens indicated that the fiber/matrix 
reaction appeared to be greater for the Nb-1%Zr matrix material than for the 
Nb matrix material tested at 1500 K. Greater fiber/matrix reaction resulted 
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Figure 1. Photomicrographs of Microstructure of ST 300-W/Nb Composites in As-Fabricated Condition. 
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Figure 2. Typical Creep Curve for 50 v/o ST 300/Nb-1%Zr 
Composite tested at 1400 K and 180 MPa. 
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1500 K. 
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in lower f ibe r creep strength because of the greater Increase In reacted f iber 
area for the ST 300/Nb-l%Zr composite material compared to the ST 300/Nb com
posite mater ia l . 
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SUMMARY OF RESULTS 

Based upon the preliminary studies of the creep and creep rupture behavior of 
the tungsten fiber reinforced niobium and niob1um-l% zirconium composite 
materials, the following observations are drawn: 

1. Tungsten fiber reinforced niobium and niobium-1% zirconium composite mate
rial was successfully fabricated using an arc-spray process followed by a 
hot isostatic pressing procedure. Fully densified composites were produced 
having negligible fiber/matrix interfacial reaction and no apparent fiber 
property degradation. 

2. Thermal exposure for over 2000 h at 1500 K caused a depth of penetration 
into the fiber of only 0.01 mm, demonstrating good fiber/matrix interfacial 
compatibility. 

3. The tungsten fiber reinforced niobium and niob1um-l% zirconium composite 
materials had an order of magnitude increase in the stress to achieve 1% 
creep strain and the rupture stress at test temperatures of 1400 K and 
1500 K compared to unreinforced niob1um-1% zirconium. 

4. The results obtained on long time properties indicated that W/Nb or 
W/Nb-l%Zr composites show promise for significant Improvements in high 
temperature properties for space power system components. 
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INTRODUCTION 

The containment vessels used to encapsulate radioisotope heat sources must be 
designed to prevent the release of radioactive materials in all service and post-service 
environments. In addition, containment vessels must survive improbable events, such 
as a launch explosion or orbital abort, that may expose the heat source to elevated 
temperatures, explosive overpressure, high-velocity impact, and other stresses. 

Of the various conditions that a containment vessel may be exposed to, the most 
severe is high-velocity impact against a hard surface. In a high-velocity impact, the 
reentry aeroshell and layers of insulation that protect the heat source from reentry 
heating offer little protection. In fact, if aeroshell breakup is uneven, it may 
significantly increase the amount of strain experienced by the encapsulation cladding. 
Similarly, breakup of the radioisotope fuel can significantly affect capsule deformation. 

In addition to having an effect on overall capsule deformation, fuel and aeroshell 
breakup are responsible for creating areas of localized strain in the encapsulation 
cladding. It is in these areas of intense localized strain that failure of the encapsulation 
cladding is most likely to occur. Consequently, an understanding of the material 
response to high strain rates and complex strain states is crucial to predicting the 
likelihood of failure in a given impact event, and to design of the containment vessel 
itself. Unfortunately, conventional test methods such as compression, tensile, and 
impact testing give only a rough idea of the material response to these conditions. 
Biaxial testing, on the other hand, is ideally suited to investigating material response 
over a range of strain rates and conditions. The results of a comprehensive biaxial test 
program can, in turn, be used to generate a forming limit diagram that will predict the 
behavior of thin-walled material in any strain condition. 

The original concept of a forming limit diagram was developed by Keeler and Goodwin 
from their work with steel stampings (Keeler and Goodwin 1968). Subsequent 
researchers, such as Ghosh and Hecker, successfully used forming limit diagrams to 
describe the deformation of other materials (Ghosh 1977, and Hecker 1975). A 
forming limit diagram is basically a means of depicting the effect of loading condition 
on material strength. A typical forming limit diagram may be seen in Figure 1. As the 
diagram shows, minor strains are plotted along the X-axis and major strain is plotted 
along the Y-axis. The region to the left of the Y-axis represents variations of uniaxial 
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(simple) tension, and the region to the right of the Y-axis represents variations of 
balanced biaxial tension (stretching). Points along the Y-axis (minor strain = 0) 
represent a loading condition analogous to drawing. 

Major Strain 
(%) 

.- 90 
Failure 
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Biaxial 
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Figure 1. A typical fonning limit diagram 

The forming limit diagram for a given material is developed by subjecting gauged test 
specimens to a variety of loading conditions at the strain rate of interest. After loading, 
strains to failure are plotted on the X-Y coordinate system of a forming limit diagram. 
An interesting feature of all forming limit diagrams is that the limit curve reaches a 
minimum at a minor strain of zero (a loading condition referred to as plane strain). The 
reasons for this behavior are related to the orientation and effect of unidirectional strain 
on the types of defects most likely to cause premature failure. Because this minima 
occurs in all materials, it provides a useful starting point for design or predictive 
calculations. 
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Design Method 

High-rate biaxial testing can be applied to the design of containment vessels for 
radioisotope heat sources by means of a four-step iterative process: 

1. Determination of probable impact conditions; 
2. Determination of vessel strains; 
3. High-rate biaxial testing of sheet at likely impact conditions; 
4. Comparison of results generated in steps 2 and 3 to determine if changes 

should be made to the encapsulation material, fuel form, or insulation and 
aeroshell configurations. 

Determination of Probable Impact Conditions 

Probable impact conditions are generally determined by means of extensive computer 
calculations that model various accident environments. The goal of these calculations 
is to determine the impact parameters (velocity, heat source temperature, and 
preimpact exposure to stresses such as explosive overpressure or reentry heating) 
and configuration; excessive impact temperatures and preimpact exposure to various 
accident environments can remove all, or a portion of, the reentry aeroshell and 
insulative layers that surround the heat source. 

Determination of Vessel Strains 

After the likely impact conditions have been calculated, the strains experienced by the 
encapsulation cladding are determined by impacting a fueled heat source at those 
conditions. To allow precise determination of local strains, a circle-grid pattern is 
applied to the surface of the encapsulation clad (Figure 2) before impact. After impact. 

Figure 2. A circle-grid pattern is applied to the encapsulation cladding 
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the circles on the clad surface are carefully measured to determine the magnitude of 
the local strains. If the impact conditions are sufficient to cause clad failure, the precise 
failure strains are readily determined. In the case of a clad failure, design changes 
must be made to alter either the impact conditions or the heat source configuration at 
impact. If the clad does not fail, then the maximum capsule strains are plotted on the 
X-Y coordinate system of a fomning limit diagram. 

High-Rate Biaxial Testing 

Sheet specimens of the encapsulation alloy are marked with a circle-grid pattern, and 
then biaxially-tested to failure at the same temperature and strain rate used to 
determine the vessel strains. Material response to a variety of strain states is 
investigated by varying the amount of lubrication on the hemispherical punch used to 
deform each specimen. After testing, the circles on each specimen are classified as: 
unaffected - uniformly deformed; necked - containing an area of localized deformation; 
or fractured - containing a deep crack. Following classification, the circle strains are 
measured and then plotted alongside the vessel strains obtained in the previous step. 

Comparison of Vessel Strains and Biaxial Results 

After the vessel strains and biaxial test results have been plotted on the X-Y coordinate 
system of a forming limit diagram (Figure 3), the safety margin of the proposed heat 
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Figure 3. The vessel strains and biaxial test results are compared 
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source design is readily determined. The biaxial test results quantify the response of 
the encapsulation material to a variety of strain states at the strain rate and temperature 
of interest, and the vessel strains illustrate the actual deformation of the heat source at 
these conditions. The difference in strain level between the failure limit curve defined 
by the biaxial test results and the vessel strains is the safety margin of the heat source 
design. If the safety margin is not considered sufficient, then changes must be made to 
the design that alter the impact conditions or heat souce configuration at impact. 

• SUMMARY 

High-rate biaxial testing is an ideal tool for evaluating the design of containment 
vessels for radioisotope heat sources. The technique is relatively simple, and can be 
used to investigate material response over a wide range of test conditions. In 
addition, the combination of high-rate biaxial testing and heat source impact testing 
can provide information on the relative safety of a heat source design. 
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INTRODUCTION 

Weldability tests on General Purpose Heat Source (GPHS) iridium capsules showed 
that a new iridium fabrication process reduced susceptibility to underbead cracking. 
Seventeen capsules were welded (a total of 255 welds) in four categories and the 
number of cracks in each weld was measured. 

The GPHS Radioisotopic Thermoelectric Generator (RTG) converts the heat from 
radioactive decay of plutonium-238 into electrical energy to provide instrument 
power for satellites outside earth orbit. Plutonium dioxide is contained in thin iridium 
metal shells in the heat sources. Iridium capsules produced at the Savannah River 
Plant (SRP) will be used on the Galileo and Ulysses missions. 

Oak Ridge National Laboratory (ORNL) has developed a new process for fabricating 
the iridium sheet used to produce shells in which plutonium-238 dioxide is 
encapsulated at SRP. Their new process decreased rejections of the sheet and 
reduced costs at ORNL (Heestand et al. 1986). To qualify the new-process iridium 
sheet, Mound Facility evaluated formability into shells, Los Alamos National 
Laboratory determined high-strain-rate biaxial mechanical properties, and SRP 
compared weldability with old-process iridium. 

Cracks experienced during iridium weld development for the Multi-Hundred Watt 
heat source configuration were eliminated by the use of a two-pole arc oscillator 
(Coffey et al. 1974). Weld cracking in the underiDead of iridium welds was later 
experienced during early GPHS production encapsulations at SRP (Kanne 1983). 
This cracking was minimized by using of a four-pole oscillator (Scarbrough and 
Burgan 1984) and by developing an ultrasonic test to determine which capsules had 
cracks. 

Two weldability tests developed by ORNL for plate material have been demonstrated 
on iridium (Goodwin 1987 and David 1987), but neither test is applicable to under
bead cracking in a capsule configuration. As a result of underbead cracking of 
welded iridium capsules at SRP, a weldability test was designed and demonstrated 
on capsules to measure the susceptibility of different batches of iridium to underbead 
cracking. The capsule weldability test and its use to determine the relative weld
ability of the ORNL new-process iridium is presented in this paper. 
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TEST DESCRIPTION 

GPHS iridium shells for this study were formed by Mound Facility using iridium 
sheets provided by ORNL. The shells were from four categories including both 
old-process and new-process iridium from two batches with and without a 1773 K 
outgassing treatment. 

Shell sets were welded in the as-received condition without any cleaning at SRP. 
Each shell set was first joined using the production welding procedure. A second 
and third production type weld was placed above and below the original weld on the 
capsule. Over each of these welds were placed four short welds with rapid 
quenches. 

Ultrasonic testing (UT) was done to determine the correlation of UT indications with 
cracking. Good correlation was found with defects, but not necessarily with cracks. 
Where a significant UT indication showed up, there was always a defect that could 
account for the indication, but there were cracks at only one third of the indications. 

WELD SURFACE (35x) METALLOGRAPHIC SECTION (lOOx) 

FIGURE 1. Underbead Cracks in GPHS Iridium Capsules. 

Welds were examined metallographically to further characterize the cracks and the 
weld microstructure. Cracks were intergranular along solidification structure grain 
boundaries as shown in Figure 1. Grain boundary pull-out, visible in the micrograph, 
probably occurred during metallographic preparation but indicates grain boundary 
weakness. 

280 



WELDABILITY DETERMINATION 

A sensitive fluorescent dye penetrant technique was used to count the cracks on the 
internal surface of the welds for the weldability determination. The number of cracks 
for each iridium shell category was tabulated for nine conditions. Total crack counts 
are summarized in Table 1. 

TABLE 1. Weldability Test Crack Counts. 

Tvpe Iridium Avg. no. cracks per capsule 

B-batch, new process, outgassed 12.8 
B-batch, new process, not outgassed 13.5 
B-batch, old process, outgassed 28.0 
Y-batch, old process, outgassed 32.2 

CONCLUSIONS 

Conclusions that can be drawn from the crack count data are listed below in their 
order of importance for this study: 

New-process iridium is less sensitive to weld underbead cracking than old-
process iridium. New-process iridium (from B-Batch) produced only 44% as 
many total cracks as did old-process iridium (from B and Y-Batches). The 
percentage is similar when only the two outgassed B-Batches are compared 
(45.5%) or when only the visible cracks are compared (36.5%). 

The 1500°C outgassing treatment has no effect on weldability. Total cracks and 
visible cracks are nearly the same for the two new-process B-Batch groups with 
and without outgassing. 

Long quenches have fewer cracks (72% as many as short quenches). 

There is considerable variability from shell to shell and from weld to weld in the 
crack counts. The 34 shells used in this test with a total of 255 welds should, 
however, provide adequate statistics for valid conclusions. 

Middle welds (those in the center where the two shells are joined) have fewer 
cracks (49% as many as those made entirely in the top or bottom shell). 

Cracks visible directly at 30x are about half (48.5%) the total visible with dye 
penetrant (also at 30x). 
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INTRODUCTION 

Articles appear in the technical literature on the development of specific 
components for space power and energy storage in space or terrestrial applica
tions. Fewer articles appear, however, for the evaluation and comparison of 
systems. The purpose of this study was to provide a method of comparing space 
power systems that did not require the development of a detailed model and 
allowed the variation of input parameters to evaluate the effect on system 
mass. 

The technique developed utilizes a commercial spreadsheet program and a per
sonal computer to allow convenient user interaction during the model evalua
tion. Using this technique, a system can be modeled and evaluated in a 
relatively short time. This technique is not intended to take the place of a 
detailed system model that would allow steady state and transient analysis. 
Rather, the spreadsheet technique allows a timely comparison and evaluation 
of a number of systems and alternatives prior to the selection of the system 
to be modeled in detail. 

METHODS 

A simplified block diagram of the power system is the starting point for the 
evaluation. Each stage in the energy flow, from the energy source to the final 
output stage, must be included. A block diagram of a system to deliver direct 
current bursts of power with electrical energy storage is shown in Figure 1. 
Note that the diagram is not in detail. Each stage is represented by a block 
and the efficiency of energy transfer for the stage. The most difficult part 

HEAT 
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ELECTRICAL 
ENERGY 

STORAGE 
0.85 

FIGURE 1. Burst Power System with Electrical Storage 
(Hydrogen Cooling). 
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of the evaluation is the development of mass algorithms for each of the 
stages. Material is provided in the literature on the performance of specific 
devices in specific applications. The figures of merit provided must be usable 
in a system application. For example, the energy storage performance of fly
wheels is sometimes provided in terms of energy stored at the burst speed, 
energy stored at the maximum useful speed, or usable energy at a given depth 
of discharge. The mass on which the evaluation was made is also a variable. 
For flywheels, the mass may be of the rim only, the rim and hub, or the entire 
rotating system including the motor/generator; it may also include the housing 
and bearing structure. 

For the system designer, the usable specific energy and the specific power of 
the complete storage system are the important parameters. 

Algorithms for the specific mass of each of the stages were developed from 
the literature, available component models, and basic component characteris
tics. The specific weight for the potassium Rankine system components used 
in Figure 1 were developed from an existing model. Ancillary equipment neces
sary for the operation of the turbine and reactor were lumped in with those 
components. 

The specific mass algorithm for the alternator was developed from size, mass, 
and speed data on a number of alternators. Information on the masses of the 
power conditioning stages was derived from a paper prepared by Gilmour (1977). 
Performance figures for the energy storage devices were estimated from a 
review of the technical literature. 

With the mass algorithms and the block diagram, a spreadsheet can be prepared 
in which each column represents a stage in the energy flow. Input parameters 
for the spreadsheet include power, output level, the time durations for dis
charge and recharge, and the performance parameters for the system components. 

The second part of the spreadsheet is a compilation of the calculated re
sults. Here, the system mass, efficiency, and specific performance parameters 
are reported. The location of the results section near the input section is a 
matter of convenience. Input parameters can be varied and the effect on the 
system performance observed without moving to another section of the 
spreadsheet. 

The body of the spreadsheet is the area in which the calculations are per
formed. For example, the power out of each stage is calculated from the 
power out of the succeeding stage and the efficiency of the succeeding stage. 
Energy losses are calculated from the power out of the stage, the duration of 
operation, and the efficiency of the stage. Thus, the performance of each 
stage is calculated and presented in the column representing that stage. 

Weights for each of the stages are calculated at the bottom of the spreadsheet 
based on the previously developed algorithms. 

RESULTS 

Block diagrams and spreadsheets of this type were prepared for electrical 
storage, mechanical storage, thermal storage, nonstorage, open-cycle fuel 
cell, and thermionic systems. The spreadsheets were then used to calculate 
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performance over a range of power outputs and burst times. The results were 
then plotted in terms of specific power versus specific energy (Figure 2). 
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FIGURE 2. Selectable System - 50 MW Power Level. 

DISCUSSION 

Spreadsheets were prepared for systems in which the burst power was supplied 
completely by the storage stage and in which the power was supplied by the 
storage and the recharge stages working together. Minimum mass was obtained 
when the recharge power was equal to the burst power supplied by the recharge 
system. 

CONCLUSIONS 

From the-curves (Figure 2), it is evident that the energy storage systems will 
outperform a nonstorage system up to a limiting length of burst. At some burst 
duration, the performance is equal to the nonstorage system, and for longer 
bursts, the storage system performance is less than the nonstorage system. 

For short bursts, the mechanical storage system performance is lower than the 
electrical storage systems. The thennal storage system performance is somewhat 
better than the nonstorage system but significantly lower than the other types 
of storage. It is evident, for the conditions in this study, that with up
stream energy storage, the overall system will be heavier. Conversely, the 
lightest system will be the one that has fewer stages handling the high burst 
power. 

The use of a spreadsheet program to perform a preliminary evaluation of dif
ferent power systems and configurations can provide timely system comparisons 
and insights into system characteristics. 
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INTRODUCTION 

Estimated power levels required for burst (also referred to as sprint) node 
applications, which are associated with Strategic Defense Initiative missions, 
reach into the multimegawatt range. In this operational mode, high levels of 
power are required only for short duration during an orbit. The remaining 
orbital period is then available to prepare for a subsequent engagement. In 
this scenario, energy storage can play a vital role in the design of the power 
system. Due to the pulsed nature of the demand, energy storage devices can be 
employed to reduce primary power production, and thus primary power system 
mass. Energy storage can also be used to effect reductions in component 
(radiator) size and mass. The system design thus represents a tradeoff be
tween energy storage mass and primary power system (or component) mass in an 
effort to achieve a minimum mass for the total system. 

Energy can be stored in a thermal energy storage (TES) medium and integrated 
into the heat rejection system to reduce the radiator size. This occurs by 
placing all or a significant fraction of the sprint reject heat into storage 
during burst operation. The stored heat is then rejected during the longer 
non-operational period of the orbit. Down-sizing of the radiator occurs be
cause it is designed for an orbital average heat flux condition rather than 
the sprint peak. 

Alternatively, energy can be stored in regenerable electrical storage (RES) 
modules. In contrast to TES, these devices store input electrical energy pro
duced by the primary power cycle, and later discharge electricity to the user. 
Since charging occurs over a time period much longer than discharging, the 
required primary power (and system mass) is significantly reduced. 

Assessments were performed for several nuclear sprint power concepts to deter
mine if storage was of value in meeting burst power needs. Rankine power 
cycles and thermionic conversion systems were studied with various storage 
options. The value of energy storage was judged using total system mass as 
the criterion. These closed power systems (no effluents are discharged to 
space) were then compared to a nuclear, liquid hydrogen, open cycle, turbo-
alternator system to determine the mass penalty for closing the primary power 
system. 

ENERGY STORAGE TECHNOLOGY 

Previous studies (Boretz 1985 and Morris et al, 1987) have shown that lithium 
hydride is a very attractive TES medium based on its very high heat of fusion 
and high specific heats, and suitable melting temperature for storage of 
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source or sink heat. The results of development studies aimed at utilizing 
lithium hydride in the heat rejection system are encouraging (Foote 1987 and 
Morris et al 1987a). The storage unit used a design concept involving 
encapsulated lithium hydride in a packed bed configuration. Operation between 
700 and 1100 K yields a specific energy of 4.2 kJ/kg (Olszewski and Morris 
1987). 

Regenerable energy storage systems were evaluated using flywheels, fuel cells, 
and batteries. System performance, including specific energy and specific 
power, was specified at a near term and an advanced level as illustrated in 
Table 1 (Olszewski and Morris 1987a). 

TABLE 1. Performance Levels for Storage Technologies 
Applicable for Regenerable Storage Modules. 

Technology 

Flywheel 
Fuel Cell 
Battery 

Near-

Storage Density 
(kJ/kg) 

360 
54 

200 

-Term 

Power Density 
(kW/kg) 

2.5 
0.1 
0.30 

Advanced 

Storage Density 
(kJ/kg) 

600 
1000 
600 

Power Density 
(kW/kg) 

3.5 
1.6 
2.0 

VALUE ASSESSMENT RESULTS 

RES was evaluated at near-term and advanced performance levels incorporated 
with a nuclear Rankine primary power system. At near-term performance levels, 
the results indicate that the storage system reduces overall system mass for 
generation periods of up to 500 s, with flywheels the only RES option pro
ducing mass savings (Olszewski and Morris 1987a). With advances in storage 
technology, batteries, flywheels, and fuel cells can all play a role in re
ducing system mass. At advanced performance levels, mass savings accrue for 
up to 1100 s (see Figure 1). An additional benefit of storage is that the 
required reactor is small (compared to that needed to satisfy the sprint 
requirement directly), and it does not experience the rapid power ramps 
required of the non-storage reactor. 

The thermionic (TI) assessment examined two concepts. A very high temperature 
(VHT) TI system, which operates at about 2900 K and employs a TES/radiator 
heat rejection system, was considered along with a steady state TI system 
(operating at about 1900 K) with RES. As illustrated in Figure 2, the VHT TI 
system with thermal storage was superior to the TI/RES syustem. The 
thermionic system was also proved to be lighter than the Nuclear Rankine 
system (see Figure 3). 

Mass estimates were prepared for an open cycle system that used hydrogen from 
the weapon cooling system as the working fluid. Heat for the power cycle was 
supplied by a nuclear reactor. Because the hydrogen requirement for cooling 
was greater than that for power generation, that hydrogen mass (including 
tankage) was not charged to the open cycle system. The mass of the open cycle 
system wascompared to that of the closed cycle to determine the mass penalty 
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associated with closing the power cycle. With a radiator specific mass of 10 
kg/m^, the TI/TES system is only 16% heavier than the open cycle system at a 
generation time of 200 s. At 600 s the thermionic system was heavier by a 
factor of 2, and thi? difference was constant for longer generation times. 
With heavier radiators, the mass difference increased. At 20 kg/m^ the mass 
penalty to close the system at 200 s becomes 27%, while at 600 s the closed 
cycle system mass is 2.5 times that of the open cycle. 

CONCLUSIONS 

This analysis has indicated that the inclusion of storage in sprint power 
systems can yield overall system mass savings. Thermal storage and regener
able electrical storage (using fuel cells, batteries and flywheels) can play a 
role in the various power system concepts. The cost to close the power cycle 
can be modest. Given the large uncertainties associated with the accept
ability of effluent clouds in sprint operations, it would appear reasonable to 
develop the closed cycle/storage systems in parallel. 
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VALUE ASSESSMENT OF ENERGY STORAGE CONCEPTS IN BURST POWER SYSTEMS 

Moshe Siman-Tov and David E. Klett 
Mitchell Olszewski North Carolina A&T State University 

Oak Ridge National Laboratory Greensboro, NC 27411 
P. 0. Box Y (919) 334-7620) 

Oak Ridge, TN 37831 
(615) 574-6515 

INTRODUCTION 

Because of the pulsed nature of burst power demands, energy storage can enable 
reductions in overall system mass and reduce the area requirements for radia
tors. Incorporation of energy storage allows subsystems such as the radiator 
or energy conversion cycle to be sized for orbital average duty. Without 
storage these systems must be sized to meet peak demands. Storage tech
nologies include thermal (TES) and regenerable electrical energy (RES) stor
age. Technologies targeted for RES include flywheels, fuel cells, and bat
teries. 

Storage can also provide benefits not associated with mass savings. Reduc
tions in the size of the radiator may lead to enhancements in survivability 
that may be more important than the mass savings. Dependence of heat rejec
tion performance on space environment during the critical pulse time is re
duced. Mitigation of system transients can make the design of components, 
such as nuclear reactors, a simpler task. The platform thermal signature can 
be reduced by placing reject heat in storage. In addition, downsizing reac
tors (especially nuclear) through the use of energy storage may yield savings 
in development cost and time. Political and public acceptance of nuclear 
reactors in space might also be easier for smaller-sized reactors. 

The two most important performance parameters for energy storage systems are 
the specific power and the specific energy. The current data base for the TES 
and RES storage technologies performance is inconsistent. Ouite often dis
crepancies arise because of the lack of a uniform evaluation methodology and 
clear definition of terms. An improved methodology for estimating the perfor
mance of energy storage systems was developed. This paper describes the tech
nique and presents examples for fuel cell and flywheel storage systems. 

VALUE ANALYSIS METHODOLOGY 

The value of storage can be related to the mass savings associated with the 
incorporation of a storage component in a given burst power system. The ele
ments of such a comparison for an RES system are demonstrated in Figure 1. 
The mass of the baseline non-storage system is fixed by the power demand and 
is, therefore, a horizontal line. 

With storage, the total mass is the sum of three components. The mass of the 
power-sensitive components is a function of power only and is therefore inde
pendent of the generation time (hence, it is a horizontal line). The mass of 
the energy-sensitive components is a function of energy and is therefore a 
function of both power and pulse time. The mass of the recharging system 
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depends on the pulse time and total available recharge time as well as on mis
sion power requirements. The sum of these masses constitutes the total mass 
of the storage burst power system. As indicated in Figure 1, the total system 
mass increases with generation time due to the stored energy and recharging 
components. 

The relationship described qualitatively above can be derived analytically by 
performing an energy balance for each system. Figure 2 shows a block diagram 
of a regenerative energy storage system where the recharging power system also 
contributes to pulse power supply. In this case, the total system specific 
power can be expressed as: 

M 

where 

1 
(PD). H) (ED), (RD) 

sRi 

t , 

t ' kWe 
o 

(1) 

(PD)j 

(PD)j 

(ED)^ 

(PD) 
sR 

is total mass of the system with storage (kg); 
is total electric power delivered during pulse time (kWe); 
is pulse duration (s); 
is orbit time (s); 
is average power density of all components in the recharging power 

system (kWe/kg), kWe of recharging power; 
is average power density of all power-sensitive components of the ES 

system (kWe/kg), kWe of discharging power (pulse); 
is average energy density of all energy-sensitive components of the ES 

system (kJ/kg), kJ of discharging energy (pulse); and 
is average power density of all recharging components in the ES system 

(kWe/kg), kWe of recharging power. 

Four parameters, characteristic to the energy storage (ES) system, are neces
sary as input data in addition to orbit time and pulse duration. Most compo
nents of the ES system will be either power sensitive or energy sensitive and. 
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therefore, will have either a characteristic power density (for example, a 
generator) or a characteristic energy density (for example, a flywheel rim). 
Some components, however, such as the web for a flywheel, may be a function of 
both power and energy. In this case, the mass should be split into corre
sponding parts and both energy density and power density specified for the 
same component based on the division of mass. A tabulated list of components 
that are expected to be included in flywheel, fuel cell and thermal ES systems 
was developed with indication as to which category of sensitivity they pri
marily belong (Siman-Tov 1987). 

The relationship expressed in Equation 1 was found to be equally applicable to 
TES systems both for source and sink sides if the corresponding energy quanti
ties are taken into account (Siman-Tov 1987). 

Note that the power and energy densities as defined in the above formulation 
are not used interchangeably for the same mass or the same component. Rather, 
the energy density is used to calculate the energy-related mass and the power 
density is used to calculate the power-related mass and then the masses are 
summed for a total system mass. This is not the way data on ES is currently 
being quoted (Jensen and Sprensen 1984). In most cases, quoted values for 
energy density and power density have been calculated for the same mass, 
usually without identifying what part of a total system is included in that 
mass. Use of such data leads to confusion and misrepresentation. In addi
tion, the database for component energy and power densities should be provided 
in terms of the technology development status and time frame, which obviously 
involves different development cost and risk. 

In the present methodology, the total mass of the system is shown to be 
linearly proportional to the power supplied by the system during pulse time as 
seen in Equation (1). Therefore, a total system specific mass (mass per unit 
electric pulse power) term is used. This term, however, is a function of 
pulse duration and should not be quoted for energy storage systems without 
identifying the pulse duration involved. 

APPLICATION 

Computer models, which can be run on a personal computer, were developed for 
fuel cells and flywheels. An example application of the methodology for fuel 
cells in three categories of technology development expectation is given in 
Table 1. Listed are the specific masses for the energy sensitive components 
(kg/MJ), the power sensitive components (kg/kW) and the recharging components 
(kg/kW). Average values were computed for each category. Using these average 
values with Equation (1) allows one to graph the total system specific mass as 
a function of pulse duration. Typical results are presented in Figure 3 for a 
recharging power system specific mass of 2 kg/kW (Marshall et al. 1987). 

CONCLUSIONS 

An improved methodology for performing value analysis for both TES and RES has 
been developed. Consistent definitions for power density (power-sensitive ES 
components and recharging components) and energy density (energy-sensitive ES 
components) have been determined. A list of components to be considered in 
each of the ES technologies was prepared with indication as to their power or 
energy sensitivity categories. A set of computer models for an IBM PC were 
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Using Equation (1). 

developed for implementing the value analysis as well as for performing spe
cific conceptual design points for flywheels and fuel cells. Analyses of 
example cases are demonstrated. 
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INTRODUCTION 

The power for future strategic defense weapons systems will be measured in units of gigawatts 
(I X 10^). Architecture studies have shown that ground-based, free-electron lasers used in target 
discrimination require a utility independent energy source to provide gigawatts of power for several 
minutes. There are several methods to achieve this magnitude of power and energy, all of which will 
result in large, complex, and costly hardware. This paper describes a concept that uses current technology 
to achieve these goals with minimum development and realistic costs. 

The rotating-hoop, pulsed-energy converter (ROHPEC), shown in figure 1, is a system that uses an 
integrated generator/flywheel to store terajoules (1 x 10̂ ^ J) of energy and deliver gigawatts of power. 
The generator and all associated power conversion and conditioning hardware will be modifications 
to existing designs. The flywheel wiU utilize composite technology that has been subscale tested. 

As a point of reference, a 10-GW power demand represents the total output of five large, 2000-MW, 
utility-type nuclear power plants that could cost 2 to 3 billion dollars apiece. This comparison is not 
totally appropriate, in that these power plants are steady-state, 20-year-operation units. However, 
this does reflect the enormity of future power needs. 

DISCUSSION 

This power system will use the conventional turbogenerator designs that are operational in many utility 
power plants. The vertical mounting configuration will require modification to the thrust bearings 
to support the rotor. The rotor weighs 100,000 kg and rotates at 330 Hz (1800 rpm). The internal windings 
will remain the same, with a nominal output voltage of 25,000V. 

The generator will be directly coupled to a composite flywheel that has a high-energy storage density 
and no power density limitations. The flywheel design is very dependent on material, manufacturability, 
and generation requirements. Table 1 shows some common materials used and tested in flywheel 
applications. Although steel is less expensive, the composite materials were selected for their high-
energy density (high kJ/kg) and because they can be wound into flywheels onsite. 

In a typical composite flywheel design, the majority of the rotating mass is located in the rim of the 
wheel and the rim is connected to the central shaft by a relatively lightweight web structure. The 
equations for rim kinetic energy and rim weight can be reduced to equation (1): 

Specific Energy = (V^IA) (1 + (Rl/R2)2) (1) 

where V is the peripheral velocity and R1/R2 is the radius ratio (Rim ID/Rim OD) of the rim. It is 
apparent that high specific energy for a thin cylinder (R1/R2 approaching 1) is double the specific 
energy of a full disk (R1/R2 = 0). After the rim radius ratio and velocity are selected, the rim specific 
energy becomes the upper limit for the specific energy of the complete flywheel energy storage module. 
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Table 1. Characteristics of Materials Used in Flywheels. 

Ultimate Tensile 
Strength (a). Density (p), alp. 

Material Mpa q/cm^ (kJ/kg) (Wh/kg) 

Steels 
4340 1517 
18 Ni (300) 2070 

Composites 
E-glass/epoxy 1379 
S-glass/epoxy 2069 
Kevlar<«)/epoxy 1930 
Graphite/epoxy 1586 

Other 
METGLASSW 2627 

(a) Kevlar is a registered trademark of Du Pont. 
(b) METGLASS is a registered trademark of the Allied Corporation, Morristown, NJ. 

The web will add energy and mass, but the overall effect will be a reduction in specific energy. The 
most efficient flywheels look like hoops. Oak Ridge National Laboratory has tested flywheels with radius 
ratios of 0.65 to 0.75 to over 1400 m/s peripheral velocity. The resulting rim specific energy was over 
800 kJ/kg. 

Our baseline (shown in figure 1) has a high aspect ratio greater than 0.90. At 1800 rpm and tip speed 
of 1200 m/s, the hoop wiU store 100 x 10^ J. The hoop is nominally 14.5 meters in diameter and will 
weigh 140,000 kg. The web structure will have to transmit an electrical torque of 5.3x10^ 
Newton-meters. 

Ten of these units will be capable of delivering 1000 MW for 10 minutes to a weapons system. The prime 
power out is ac, which can be rectified to dc. Both frequency and voltage will decrease as the energy 
is extracted from the rotating hoops. Frequency change will not affect output since the power is converted 
to dc. The voltage drop can be compensated for by automatically boosting the generator field power to 
maintain constant output voltage. Also, a do-link frequency changer could be coupled to these units, enabling 
them to feed the utilities with constant frequency power during peak power demands. 

For space applications, this concept takes into account many advantages of operating in a zero gravity 
vacuum. Zero gravity eliminates the need for large bearings and structural members to support the 
rotating mass. There will also be no windage loss because of the vacuum environment. Figure 2 shows 
a counter-rotating configuration for a space-based weapon. Construction of these large structures can 
be achieved by launching spools of composite fibers into orbit and winding the wheels in place. 

CONCLUSION 

With current technology, a large, ground-based ROHPEC is feasible. The very large energy store and 
output power needs of future systems will depend on rotating systems constructed of high-strength, 
composite materials. The integration of the composite energy store with power generation hardware 
will be the next step in the pursuit of a reliable, self-contained, and technically feasible approach to 
solving future pulsed-power demands. 

7.7 197 (54.7) 
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1.9 726 (201.6) 
1.9 1089 (302.5) 
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Figure 2. Earth-Orbiting, Rotating-Hoop, Pulsed-Energy Converter. 
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INTRODUCTION 

Burst power at the multimegawatt level can be provided by a large space power 
reactor system such as the Thermionic Operating Reactor (THOR) (Ref, 1). 
However, because the duty cycle for various Strategic Defense Initiative 
weapons platforms is very short (less than 1500 s discharge during operation 
and 40 s during test) the potential exists for a considerable reduction in 
power system mass and radiator area by the use of energy storage. This paper 
reviews three candidate advanced energy storage systems and compares them 
with the THOR concept. The three candidate energy storage systems considered 
were: 

0 Flywheel/generator, 
0 Lithium-metal sulfide battery, and 
0 Alkaline fuel cell. 

The maximum performance required by these systems to be competitive with the 
baseline THOR reactor system is 

0 Burst power-100 MWe 
0 Burst duration-Less than 1500 s, 
0 Test operation duration-40 s/y, and 
0 Storage life-10 y. 

TECHNICAL DISCUSSION 

The flywheel energy storage system consists of a small charging reactor that 
powers a motor driven flywheel-generator mounted on magnetic bearings. To be 
consistent with modularity ground rules, four 25 MWe burst power systems 
would be utilized, each providing 15 6J of energy release. The overall 
design characteristics of this flywheel-generator energy storage system are 

0 Flywheel material - Hercules IM-G graphite fiber 
(ultimate tensile strength=820ksi), 

0 Generator - Permanent magnet type 

(Efficiency = 0.92), 

0 Bearings - Magnetic type (0.5% losses), 

0 Speed ratio - 3:1 (89% Depth of Discharge), 

0 Operational energy 
storage density - 650 kJ/kg (82 Wh/lb), 
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0 Radiator heat rejection 
temperature - 473 K (200°C), 

0 Total mass - 37090 kg (81770 lb), and 

0 25MWe Module Storage 
Density - 404 kJ/kg (51 Wh/lb). 

By using two counterrotating flywheels aligned on a common spin axis, the 
momentum vectors of the two flywheels are counterbalanced. Vibration 
isolation is accomplished by suspending the flywheel-generator system on 
magnetic bearings which are also unaffected by platform slewing. A service 
life of 10 to 15 years is projected. The system can operate with both dc or 
ac power inputs and outputs and can be designed with burst-safe (overspeed) 
failure modes. An additional feature is that the flywheel-generator system 
can be designed with only a minimal reduction of output power after failure 
of one module. 

After a review of several battery types, the lithium-metal sulfide battery 
was selected as the one whose characteristics have the greatest potential for 
meeting the requirements for energy storage enhancement. The overall 
performance characteristics of the battery energy storage system are 

0 Specific energy - 466 kJ/kg (59 Wh/lb), 

0 Specific power - 1 kW/kg (455 W/lb), 

0 Depth of discharge - 55%, 

0 Operating temperature - 718 K (445°C), 

0 Storage temperature - 573 K (300°C), and 

0 Operating voltage 1.15 V/cell. 

Energy for startup in the burst operation mode is provided by heat pellets. 
The battery is fully discharged after a burst. A temperature of 423 K 
(270 F) would be experienced during a burst operation, except for the 
reduction caused by an endothermic reaction during this discharge. Rapid 
recharge between bursts or after system tests imposes a requirement for a 
large power source (for example, 12 to 15 MWe). If the time to recharge can 
be extended this penalty can be greatly reduced. 

The regenerative fuel cell (RFC) energy storage system consists of a fuel 
cell module, electrolyzer module, hydrogen, oxygen, and water tanks, and an 
expandable radiator. The overall design characteristics of this RFC energy 
storage system are 

0 Specific energy - 1380 kJ/kg (174 Wh/lb), 

0 Specific power - 11.75 kW/kg (5348 W/lb), 
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0 Hydrogen flow rate - 11 g/MW-s, and 

0 Oxygen flow rate - 88 g/MW-s. 

As may be noted, the closed-cycle RFC results in a high energy density energy 
storage system. Its total mass is quite comparable to the open-cycle, 
non-regenerative fuel cell power system. However, the reactants are gaseous 
and must be stored in large volume pressurized tanks which make them 
vulnerable to pin hole leaks due to micrometeorite or debris impact. 
Adequate armoring may impose an increased mass penalty, thus reducing the 
effective achievable energy density. 

RESULTS 

A comparison of the three candidate energy storage systems with the baseline 
THOR system is shown in Figure 1. As may be noted, the flywheel-generator 
and lithium metal sulfide battery are approximately twice as heavy as the 
THOR system. If charging or recharging systems are added to these systems, 
the differences in mass would become even greater. The regenerative fuel 
cell system has the potential for being approximately 45% lighter than the 
THOR system. However, as previously discussed, mandatory armoring of its 
storage tanks could considerably reduce this margin. 

CONCLUSIONS 

From a minimum mass viewpoint, only the regenerative fuel cell, of the three 
candidate energy storage systems considered, can result in a lighter system 
than THOR. Because of its lower operating temperature,as compared to THOR, a 
considerable reduction in materials problems is to be expected when compared 
to the extremely high operating temperatures of the THOR system. Frozen heat 
pipes and their impact on response time as well as the complexity of the 
required retraction/extension mechanism of the THOR system would tend to 
place the RFC system in a much lower category of development risk. Finally, 
if spot shielding of sensitive electronic and power conditioning equipment 
becomes necessary for the reactor radiation environment of the THOR system, 
the weight advantage of the RFC system may become even greater. 
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INTRODUCTION 

Numerous radiator types have been proposed for rejecting heat from the large 
power plants envisioned for future spacecraft. Although these radiators are 
in various stages of study and development, some of which are well along in 
providing definitive data, currently no radiator design exists that is 
capable of simultaneously meeting all design criteria. For Air Force 
missions, the most stringent criteria relate to size, survivability, and 
weight. Preliminary information indicates that these may be met by a novel 
class of radiators, based on fabric materials that have been treated for 
compatibility with the working fluid and for enhanced radiative 
characteristics. 

APPROACH 

A study has been initiated recently at Battelle Pacific Northwest Laboratory 
(PNL) to consider, both analytically and experimentally, construction of 
fabric and composite material radiators. The full range of radiator types, 
from thin panels to single-phase pumped loops with extended surfaces (fins) 
to heat pipes, is under investigation. The approach taken is straight
forward. Heavy reliance is being placed on an experimental effort. This 
seeks to find suitable fabric materials and coating/sealing techniques that 
will prevent working fluid loss while maintaining structural integrity and 
flexibility. The latter feature is especially desirable, as payload volume 
on launch vehicles is always restricted. A flexible radiator also offers 
benefits such as adaptability to a variable heat load, and could be retracted 
for enhanced survivability. Such features have already been incorporated 
into flexible metal heat pipes (Merrigan et al. 1984; Ponnappan 1986) and 
other radiators (Chow 1986), but it is not clear at this time if these are 
truly viable. A fabric/composite material radiator construction is 
inherently highly compliant; it is felt that the compliance can largely be 
retained in layering and/or metallizing the base fabric during radiator 
construction. Depending on the fabric selected, optical properties may or 
may not require enhancement (Covington 1986). 

The second part of this study is concerned with resolving design issues, and 
with a comparison of fabric and other radiator types. To this end, the 
ATHENA code developed at Idaho National Engineering Laboratory (INEL) is 
being utilized in the design, optimization, and system analysis of various 
space radiators. Systems with and without heat exchangers are being 
considered. Meanwhile, the performance of fabric heat pipes is being studied 
with a small code created at Los Alamos National Laboratory (LANL). 
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RESULTS 

Initial calculations indicated that there was' no clear-cut advantage evident 
for a radiator system directly coupled to a Brayton heat engine with a HeXe 
working fluid, compared to the same engine rejecting heat across an 
intermediate heat exchanger and,thence, to a radiator with a liquid metal 
fluid. The simplicity of the first system (see Figure 1) is obtained at the 
price of relatively poor convective heat transfer and attendant high 
temperature gradients. Survivability (Tilton 1986), including leak detection 
and isolation of damaged radiator sections, is also a major issue. The 
liquid metal radiator system (see Figure 2) ameliorates such concerns to an 
extent. However, it raises new ones, including compact heat exchanger 
design, single-point failure in the pumped loop, and materials compatibility. 
Both systems require detailed study and comparison. 

HeXg 

FIGURE 1. Direct Radiator. 

HeXe N C L K 

FIGURE 2. Radiator System with Intermediate Heat Exchanger. 
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A fabric heat pipe radiator has been conceived that uses technology similar 
to that of the pumped loops in a sandwich construction (see Figure 3). 
Although ceramic fiber wicks have received consideration in the past (Dunn 
and Reay 1982), their flexibility was a problem. Here, we propose to take 
full advantage of this flexibility and ensure good contact with the liner by 
bonding. Code runs indicate that fabric heat pipes will perform about as 
well as metal heat pipes, but will only weigh approximately half as much. 

FABRIC OUTER SK\N 

^ ^ ^ - — M E . T A L F)LN\ 

i 4ll 

FABRIC W I C K 

FIGURE 3. Cross-Section of a Fabric Heat Pipe. 

Several coating/sandwiching experiments have been performed. Metal vapor 
deposition on the fabric has not resulted in an acceptable material, but this 
needs to be explored further. Adhesively bonding a thin metal film to the 
fabric works well; flexibility is maintained while providing an impermeable 
barrier to the working fluid. Methods of nonadhesive bonding of metal film 
and fabric, which provide for some relative motion between the two, are under 
investigation. Overall, these experiments appear promising, and suggest that 
no insurmountable technical obstacles are present in these approaches. 

CONCLUSIONS 

The design of large, high temperature space radiators is still an evolving 
discipline. We have expanded the data base available to a designer by 
studying a novel class of radiators, constructed of ceramic fabrics and/or 
composite materials. It appears that fabric radiators have features not 
available in more conventional radiator types, while offering the light 
weight and stowability of advanced radiators such as liquid droplet. 
Experiments performed to-date show that fabrics can be treated to become 
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impermeable to the working fluid while retaining flexibility. This inherent 
feature of fabrics, when allied to their low density, provides a material 
well-adapted to radiator construction. As study proceeds, the advantages of 
fabric over other radiator types will become even more evident. 
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INTRODUCTION 

The multimegawatt space power sources (MMSPS) proposed for 
deployment in the late 1990s to meet mission burst power 
requirements, require an increase by four orders of magnitude in 
the power rating of equipment currently used in space. Prenger 
and Sullivan (1982) describe various radiator concepts proposed 
for such applications. They range from the innovative liquid 
droplet radiator (Mattick and Hertzberg 1981) to the more 
conventional heat pipe concept (Girrens 1982). The present paper 
deals with the design of the radiator for one such system, 
characterized by both high temperature and high pressure. It 
provides an estimate of the size, mass, and problems of orbiting 
such a radiator, based on the assumption that the next generation 
of heavy launch vehicle with 120-tonne carrying capacity, and 
4000-m cargo volume, will be available for putting hardware 
into orbit. 

One of the concepts proposed to generate electrical power in the 
multimegawatt range in space in the 1990s is the liquid metal 
magnetohydrodynamic (LMMHD) energy conversion system, (Walker and 
Lake 1987), driven by a fast spectrum reactor. Operating with 
a Li coolant in the reactor core, it uses a foam of Li and He as 
the working fluid in the MHD energy conversion nozzle, and 
achieves all heat rejection from He passing through a radiator. 
The present paper deals with the heat rejection part of this 
energy conversion cycle, that is with the part of the system 
downstream from the inertial Li separators. It discusses the 
underlying considerations for proper sizing of the He radiator, 
and the philosophy guiding its conceptual design. 

THERMAL CONSIDERATIONS 

In the current design, the radiator is divided into two sections, 
one servicing the intercooler between the two stages of the com
pressor, the other servicing the main system He coolant flow out 
of the inertial separators. For the main flow, the operating 
temperature range of the radiator was set between the limits of 
688 K inlet and 420 K outlet; whereas for the intercooler, the 
temperature was set at 604 K inlet to 420 K outlet. The radiator 
outlet temperature above is just below Li freezing temperature of 
452 K. Although Li has very low vapor pressure (0.072 Pa at 688 
K), traces of Li vapor will be present in the gas parts of the 
energy conversion system at all times. As it is desirable to 
inhibit plating out of Li as a solid frit in the radiator, the 
bulk of the radiator is designed to operate at temperatures above 
the 450 K freezing temperature of Li. 
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SELECTION OF OVERALL GEOMETRY 

An overriding consideration with all radiators serving a space 
nuclear reactor heat source is the necessity to orient the 
radiator such that it presents minimum area facing the reactor. 
With this orientation, the amount of additional heat deposited in 
the radiator material by interaction of its structure with gamma 
and neutron radiation emitted from the reactor is minimized. A 
cruciform configuration was chosen for the radiator, with its 
wings oriented on edge to the axis connecting the reactor with 
the. payload platform (see Figure 1). Each of the four wings was 
divided into panels 10 m by 40 m in dimension. Part of each wing, 
the two panels closest to the radiator axis and to the reactor, 
was reserved for the mounting of energy conversion equipment, 
such as the pumps, MHO nozzles, inertial Li separators, and 
compressors. The remainder of each of the four radiator wings is 
divided into four rows of panels, each row separated from the 
succeeding row by outlet headers, feeding into the next set of 
inlet headers through spring loaded check valves. This 
configuration of the radiator, backed up by a panel isolation 
feature, allows sacrificing part of the radiator in the event of 
panel damage, without loss of the entire radiator wing. Thus, 
redundancy in radiator surface is substituted for maintain
ability. 

10 M 

FIGURE 1. Layout of the Radiator, Panel, and He Tubing. 
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SELECTION OF RADIATOR MATERIALS 

The construction material for the piping, headers, and valves 
must be a light, high strength alloy; compatible with Li vapor; 
and able to retain sufficient strength in the temperature range 
considered for this design. After a survey of the available 
materials, Ti-6%A1-4%V alloy was selected. This alloy has a 
density of 4.43 g/cc, with yield stress of 414 MPa at 800 K. The 
radiator tube ID is 5.17 cm, chosen to produce a reasonable 
pressure drop in the 4p-m-long panels. For a design safety factor 
of 2, a wall thickness of 0.0367 cm is required to contain He at 
3.0 MPa internal pressure. This thickness was rounded off to 0.04 
cm for our purposes. The radiator tubes are separated by flat Al 
fins, of width and thickness determined through an optimization 
described below. The radiator tubes and fins are coated on the 
outside with calcium titanate, which has emissivity of 0.89 and 
good bonding capability. 

METHOD OF ANALYSIS 

Three aspects of radiator design were the subject of particular 
attention: 

1) selection of radiator surface (the spacing o-f tubes and the 
thickness of fins separating them), 
2) proportions of the cruciform leaves of the radiator (length 

to width ratio in relation to the radiation view factors), 
3) distribution of He temperature in passage through four 

successive panels in the radiator. 

To handle these problems, the method of analysis suggested by 
Wossner (1973), Sparrow and Jonsson (1963), Sparrow and Cess 
(1966) and Rohsenow and Hartnett (1966), was used. 

RESULTS OF DESIGN OPTIMIZATION 

Fin thicknesses (2t) varying from 0.3 to 0.13 cm, fin widths (2L) 
from 4 cm to 16 cm, and the radiator surface temperatures (T) 
from 360 K to 850 K were considered for this concept. A central 
composite orthogonal design in the three variables was set up, 
relating them to power per unit mass of the radiator. The areal 
power density of the radiator was found to be a very weak 
function of fin half width and fin half thickness, but a very 
strong function of radiator surface temperature. On the basis of 
this dependence, the fin width of 15.24 cm with a fin thickness 
of 0.04 cm (the same as the tube thickness) is specified for the 
first three panels from the inlet to the radiator; whereas a tube 
spacing of 5.08 cm, with 0.16 cm fin thickness is specified for 
the last panel at the radiator outlet. At the larger tube 
spacing, 49 He tubes are placed in one 10-m-wide panel. To 
provide a degree of stiffness not possible with the 0.04-cm-thick 
fins, stiffening ribs are placed 5 m apart along the 40 m length 
of the panel. 
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The panels in each wing serve as both the main radiator and the 
intercooler radiator, but are connected to a separate header sys
tems for a total of 416 panels for both radiators. This number 
contains an allowance for the cross-talk between the wings, in 
the cruciform arrangement of the radiator. The fraction of power 
radiated to space was 0.825 at wing length to wing width ratio of 
1.66, while 0.175 is absorbed by the panels in the other wings. 
This loss is due to the compact radiator design. 

CONCLUSIONS 

The effective areal power output for both sides of the radiator, 
including tube and wing cross-talk factors, is q/A=4.92 kWt/m . 
The radiating surface alone is estimated to have a mass of 257 
tonnes. This increases to 600 tonnes when the headers, valves, 
and panel stiffener are included. This corresponds to 0.78 
kg/kWt. The volume of the_radiator, when the panels are folded 
accordion-like, is 8317 m . With headers of 2.5 times the 
diameter-of the radiator tubes, folded radiator volume rises to 
20,792 m"̂ . 

These numbers are more meaningful relative to the load carrying 
capacity of the conceptual super shuttle, assumed to have a 120-
tonne, 4000-m cargo bay. Approximately five shuttle loads 
will, therefore, be required to bring the radiator- components, 
the bulkiest part of the system, into orbit. Additional shuttle 
trips will be required to orbit the reactor and the energy 
conversion equipment. The significance of these estimates is that 
multiple launches, assembly in space, and markedly increased 
cargo carrying capacity of the Space Shuttle will be required for 
orbiting space power sources of this magnitude. 
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INTRODUCTION 

The Liquid Droplet Radiator CLDR) consists of a column or sheet 
of liquid droplets moving through space from a droplet generator 
to a collector. The droplets carry the waste heat generated by a 
space power system and radiate this waste heat directly to space 
during their flight. The liquid droplets are collected at a 
lower temperature, reheated, and pumped to the generator and 
reused to continue to remove waste heat from the thermodynamic 
power cycle. This study was a parametric analysis of a 
cylindrical LDR to estimate its performance and operating 
characteristics using a new pump specific mass term. 

APPROACH 

This study was a parametric investigation of the performance and 
operating characteristics of a cylindrical LDR for use in space. 
The LDR system mass per waste heat radiated was minimized as a 
function of the average droplet temperature at the collector. 
This Study was similar to the work of Knapp C1980); however, a 
new pump specific mass term was used in the total system mass 
calculation for tl̂ is study. Knapp's pump specific mass was 
defined as kg-s ' /rh . A new pump specific mass term was used in 
this study, defined as pump mass per liquid mass flow rate to 
develop a physically meaningful pump specific mass term for use 
by design engineers. 

The total LDR system specific mass was calculated as a function 
of the average temperature at the collector for a given set of 
fixed parameters and for varying pump specific mass values. The 
temperature corresponding to the minimum mass system was then 
used to calculate droplet stream length, stream diameter, and 
droplet radius for each case. 

The new pump specific mass was varied from 10.0 kg/Ckg/s) to 40.0 
kg/Ckg/s) based on available industry standard pumps CCole-Parmer 
1987). The average droplet temperature at the collector was 
calculated to minimize the LDR system mass for heat loss rates of 
10 kW, 100 kW, 1000 kW, and 10,000 kW for mission lifetimes of 0, 
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10, 20, and 30 years. The initial droplet temperature at the 
generator was fixed at 300 K. A silicon oil, 
Trimethylpentaphenyltrisiloxane or DOW 705 CBuch and Huntress 
1985) was modeled because it has a low vapor pressure 
(approximately 3 x 10~8 Pa) at 300 K CKnapp 1980) that will 
reduce evaporation loses in space. 

RESULTS 

The temperature results for the minimum mass system for a varying 
pump specific mass are shown in Figure 1 for the 10-kW case at 0, 
10, 20, and 30 years. The top four curves use realistic 
parameter values for beta and mc, while the bottom four curves 
use optimistic values for beta and mc, where beta is the ratio of 
liquid mass in the reheating station to the droplet mass in the 
droplet stream and mc is the specific mass of the droplet 
generator and collector Ckg/m^), as defined by Knapp C1980). 
Table 1 shows the numerical values for the bottom four curves of 
Figure 1 where. To is the average droplet temperature at the 
collector; M™/Q is the total radiator system specific mass; L is 
the droplet stream length; D is the stream diameter; and a is the 
droplet radius. 

CONCLUSIONS 

The results of this study indicate the new specific pump mass 
term provides a physically meaningful term for design engineers 
to use on future LDR systems by offering a range of pump masses, 
depending on pressure loss and flow rate design requirements. 
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FIGURE 1. Droplet Temperature versus Pump Specific Mass for the 10-kW Case. 
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TABLE 1. Results for the 10-kW Case Using Optimistic Values 
CBeta = 0.10, mc = 40.0 kg/m ). 

M i s s i o n 
Time 

0 T2 = 

M / Q = 

L = 

D= 

a= 

10 y e a r s 

20 y e a r s 

30 y e a r s 

Pump S] 
1 0 . 0 

2 4 1 

0 . 3 8 7 

7 1 . 8 

0 . 2 8 7 

7. 8 

2 3 9 

0 . 4 0 1 

7 2 . 5 

0 . 290 

7 . 3 

2 3 7 

0 . 4 1 5 

7 3 . 2 

0 . 293 

6 . 9 

2 3 6 

0 . 4 2 9 

7 3 . 5 

0 . 294 

6. 7 

1 5 . 0 

2 3 5 

0 , 4 3 5 

7 3 . 8 

0 . 2 9 5 

6 . 5 

2 3 3 

0 . 4 4 8 

7 4 . 5 

0 . 2 9 8 

6. 2 

2 3 2 

0 . 4 6 1 

7 4 . 9 

0 . 2 9 9 

6 . 0 

230 

0 . 4 7 4 

7 5 . 6 

0 . 302 

5 . 7 

D e c i f i e Mass 
2 0 . 0 

2 2 9 

0 . 4 7 9 

7 5 . 9 

0 . 3 0 4 

5 . 6 

2 2 8 

0 . 4 9 1 

7 6 . 3 

0 . 3 0 5 

5. 4 

2 2 7 

0 . 5 0 3 

7 6 . 7 

0 . 307 

5 . 3 

225 

0 . 5 1 5 

7 7 . 4 

0 . 310 

5 . 0 

2 5 . 0 

225 

0 . 520 

7 7 . 4 

0 . 3 1 0 

5 . 0 

2 2 4 

0 . 5 3 1 

77 . 8 

0 . 3 1 1 

4 . 9 

222 

0 . 543 

7 8 . 6 

0 . 314 

4 . 7 

2 2 1 

0 . 554 

7 8 . 9 

0 . 316 

4 . 6 

C k g / C k g / s ) ) 
3 0 . 0 

2 2 1 

0 . 5 5 9 

7 8 . 9 

0 . 3 1 6 

4 . 6 

220 

0 . 5 7 0 

79 . 3 

0 . 3 1 7 

4 . 4 

2 1 9 

0 . 5 8 1 

7 9 . 7 

0 . 3 1 9 

4. 3 

2 1 8 

0 . 5 9 1 

80 . 1 

0 . 3 2 1 

4. 2 

3 5 . 0 

2 1 7 

0 . 5 9 6 

8 0 . 6 

0 . 3 2 2 

4. 1 

2 1 7 

0 . 6 0 6 

80. 6 

0 . 322 

4. 1 

2 1 6 

0 . 6 1 7 

80. 9 

0 . 324 

4 . 0 

2 1 5 

0 . 6 2 7 

8 1 . 4 

0 . 3 2 6 

4 . 0 

4 0 . 0 

2 1 4 

0 . 6 3 1 

8 1 . 8 

0 . 3 2 7 

3 . 9 

2 1 4 

0 . 642 

8 1 . 8 

0. 3 2 7 

3 . 9 

213 

0 . 6 5 2 

82. 2 

0 . 3 2 9 

3 . 8 

212 

0 . 6 6 2 

82. 7 

0 . 3 3 1 

3 . 7 

Knapp 

243 

0 . 5 0 1 

70 . 8 

0 . 2 8 3 

3 . 6 

237 

0 . 5 1 1 

72 . 7 

0 . 2 9 1 

3 . 2 

2 3 1 

0 . 523 

74 . 8 

0 . 299 

2. 8 

228 

0 . 5 3 6 

7 5 . 9 

0 . 303 

2. 7 

Units: T2 CK), M /Q Ckg/kW), L Cm), D Cm), a Cmicrons) 
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TNTRODUCTION 

This paper describes the work done for the development of an irradiation performance data 
base for nitride fuels. This data base was constructed from an extensive literature search and 
review that emphasized uranium nitride (UN). Mixed nitrides ([U,Pu]N) and carbonitrides 
([U,Pu]C,N) were also included to increase the quantity and breadth of pin data available. The 
nitride fuels data base provides a foundation for the construction and evaluation of fuel 
performance models and serves as an easily accessible and expandable source of fuel 
performance information. A fuel element temperature distribution code was developed to 
provide a complete and consistent set of temperatures for the data base. 

METHODS 

A standardized procedure was adopted for the examination of irradiation reports in order to 
systematically collect, analyze, extract, and organize the pertinent data base information. More 
than 85 separate operational, reactor, fabrication, and irradiation performance variables relevant 
to multimegawatt and SP-100 operating conditions were incorporated. Supporting 
documentation was developed to allow entries in the data base to be traced back to the location 
in the report from which they were originally extracted and to detail any additional calculations 
performed. The data base was constructed using an integrated spreadsheet/data base 
manager/graphics program. A large number of data base specimens was acquired and 
characterized to only a moderate degree as opposed to a small number of very well 
characterized specimens. This was done so that the majority of available specimens could be 
identified and incorporated to some degree within a reasonable time frame. More thorough 
characterizations of specific irradiation tests should be performed in future work. 

The fuel element temperatures reported in the literature were derived using a variety of 
measured and calculational procedures. To provide consistent and expanded temperature data, 
a temperature distribution (TD) program to compute fuel element temperatures at the peak axial 
position for beginning-of-life (BOL) conditions was developed. The temperature calculation 
was choosen for BOL in order to simplify the calculations. For steady state tests, the BOL 
temperature may be evaluated with a fair degree of accuracy and can be used as a basis for 
characterization of the fuel temperature. Other choices considered included time-average, peak, 
end-of-Ufe (EOL), or some mixed representation. However, to proceed with any of these other 
alternatives, it would be necessary to incorporate additional information such as an accurate 
power history, fission gas release, fuel swelling, creep, and gap degradation. 

The cladding or fuel surface temperatures measured or derived from coolant conditions during 
the irradiation tests are inputs to the temperature distribution program. From an input cladding 
temperature, a nominal temperature drop is assumed to specify an initial inner cladding 
temperature. The average cladding temperature is computed along with a corresponding 
thermal conductivity. Gamma heating is modeled as a percentage of the total volumetric heat 
generation rate. The inner cladding temperature is computed using an iterative approach. If a 
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liner is present, the same routine is initiated to calculate an inner liner temperature. Gap closure 
due to thermal expansion of the fuel and cladding is modeled based on the average fuel and 
cladding temperatures. For simplicity, no mechanical analysis is performed. Many aspects of 
a detailed mechanical analysis, such as creep or fuel cracking, are not relevant because this is a 
BOL calculation. The outer fuel surface and average fuel temperature are assigned an initial 
value. Also, a corresponding fuel temperature profile is initially assigned. The gap 
conductance is computed and a new fuel surface temperature is iteratively calculated. The 
program then calculates the radial temperature distribution within the fuel. An integral thermal 
conductivity formulation is used to calculate the fuel temperatures at radial node positions. A 
flat fission heat production profile is assumed for fast reactor irradiations while a Bessel's 
function representation is employed for specimens (solid or annular) irradiated in a thermal 
spectrum. The area average fuel temperature is found based on the nodal temperatures, with 
the assumption of a linear temperature profile between the nodes. The calculated fuel 
temperature profile is then compared to the initial fuel temperature profile guess. If 
convergence has not been obtained, the program retums and computes the new gap closure 
width associated with the new calculated area average fuel temperature. This process continues 
until the convergence criteria are met 

RESULTS 

A total of 247 pin specimens had the necessary parameters to allow temperature distribution 
calculations. The reported fuel temperatures in the data base were used to verify the program. 
Agreement between the reported and predicted values was generally better than +1- 10 %, as 
can be seen in Figure 1, with an absolute standard deviation of +1- 53.1 K. On this basis, the 
temperature distribution code was judged to be acceptably accurate and ensured that the same 
methodology and assumptions were made in deriving fuel temperatures for all irradiation 
specimens. 

o 

Q:: 

Q: 
UJ 
Q. 

a 
i i j 

& 
o 
UJ 

i.^\JU -

2000 -

1500-

1000-

5 0 0 -

0 -

• 

y 

• - t - / - 10 % 
open Literature Dala 

^ 

^ y^ 
_ — , — , — ^ 

/ / 

1^^^ 
jp/ 

1 1 

x^ 
y ^ y ^ ^ y ^ 

^ / « ^ ^ 

1 1 1 
250 500 750 1000 1250 1500 1750 

REPORTED TEMPERATURE (C) 

2000 2250 2500 

FIGURE 1. Comparisons B«t\M««n Reported Temperatures ond 
Temperatures Predicted by tl^e TD Code, 

318 



Currentiy, 568 specimens are incorporated in the data base, although only 203 are characterized 
well enough for modeling purposes and only marginal data are included for 256 specimens. 
Littie information on microscopic variables such as grain size, stoichiometry, and impurity 
concentrations is currently available in the data base. This is due both to the lack of such data 
in the literature and the secondary emphasis placed on these variables during data collection. 

The specimens incorporated in the base represent a very wide range of operating conditions, 
fuel element designs, and irradiation performance. Figure 2 shows the distribution of pin 
powers and bumups. As can be seen, data are available for peak powers of up to 210 kW/m 
and bumups to 19 at.%. Figure 3 displays the distribution of area average fuel temperatures 
and bumups. Area average fuel temperatures of up to 17(K) K are included in the data base. 
All these figures were constructed using only open literature data. 

CONCLUSIONS 

The temperature distribution program methodology represents a uniform approach and treats all 
specimens as consistently as possible. The procedure is implemented for BOL conditions in 
order to greatly simplify the calculations. The predicted clad, liner, and fuel temperatures were 
incorporated into the data base for each separate irradiation test to provide consistent and 
expanded temperature data. 

This work represents a very extensive effort to systematically collect and organize irradiation 
data for nitride-based fuels. The data base has many potential applications. First, it can 
facilitate parametric studies of nitride-based fuels using a wide range of pin designs and 
operating conditions. This should aid in the identification of important parameters and design 
requirements for multimegawatt and SP-100 fuel systems. Secondly, the data base can be used 
to evaluate fuel performance models. For detailed studies, it can serve as a guide to selecting a 
small group of pin specimens for extensive characterization. Lastiy, the data base will serve as 
an easily accessible and expandable source of irradiation performance information for nitride 
fuels. The data base has been utilized in the investigation and development of correlations for 
fission gas release and fuel swelling (Brozak 1987 and Thomas 1987). 
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INTRODUCTION 

The melting of materials in the low microgravity conditions of space is 
of importance to both the materials processing Industry and to spacecraft 
power systems. Materials processing applications can be greatly enhanced 
by the use of the microgravity conditions available in earth orbit to 
reduce impurity levels in semiconductors, superconductors, and other im
portant materials. The SP-100 space nuclear reactor is designed with 
a liquid lithium primary coolant loop, which is to be frozen solid during 
the prelaunch and launch phases of a mission (Kruger, et al., 1987). 
This coolant loop must then be thawed prior to full power operation of 
the reactor. Such a thaw must take place under very controlled conditions 
so as not to damage any components of the reactor system. Due to the 
expansion of the lithium during the thaw, large stresses are possible 
in the primary coolant lines if a free melting surface is not maintained 
at all times. This has been demonstrated on the ground in liquid metal 
corrosion loops (Smith, 1986). Thus, an understanding of the solid-to-
liquid phase change, and how it can be accomplished in a controlled manner 
is of great importance. 

The Microgravity Thaw Experiment (MITEX) is designed to give visual observa
tions of the solid-to-l1quid phase change under constrained microgravity 
conditions similar to those that can be experienced in space. It is being 
developed to be as small as possible to be included on either parabolic 
aircraft flights or on future Space Shuttle missions. This paper details 
the design and operation of the MITEX package. 

In order to increase the understanding of the phenomena taking place within 
a tube during the solid-to-liquid phase change, water is to be utilized 
as the material undergoing the phase change. In this way, a Pyrex tube 
can be used to visually inspect the thawing process. We expect significant 
differences between the thawing of the water in the tube on the ground 
and under low gravity conditions. For instance, because water contracts 
when it melts, voids will form and collect at the top of the tube on the 
ground, but should be more evenly distributed in microgravity. If they 
become evenly distributed along the tube surface, they will decrease the 
heat transfer from the tube to the ice/water and, therefore, increase 
the amount of time necessary to thaw and increase the tube temperature. 
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PACKAGE DESIGN 

The experiment package consists of three primary components: the glass 
tube assembly, a variable voltage power supply, and a VHS format camcorder. 
The schematic layout of the MITEX package is seen in Figure 1. 

to aircraft power connector 

/ 

Ught s o u r c e 

yYYYYYV_ZI] 

L nichrome coil 

power 
supply 

t imer 

video camera 

FIGURE 1. Schematic of the Microgravity Thawing Experiment (MITEX), 

The glass tube assembly is the test section holding the water that will 
be subjected to the phase change. A variety of dye combinations has been 
tested to obtain the greatest degree of visual distinction between the 
three regions that develop during the tests: the ice, water, and void 
regions. A combination of yellow food coloring and a very small amount 
of potassium dichromate ^2^^207) appears to give the greatest degree 
of visability of these different regions as the thaw progresses. A sche
matic of the tube assembly is given in Figure 2. This tube-in-a-tube 
arrangement reduces the chance of water leakage and allows a close-up 
view of the thawing process. The glass tube assembly consists of an outer 
borosilicate glass tube (2.5 cm ID) surrounding a quartz inner tube (0.95 
cm ID). The inner quartz tube contains the ice solution and has a nichrome 
heating wire wrapped around it, covering a 10-cm heated length. The total 
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power lead 

outer stopper Quartz tube 

Pyrex tube 

FIGURE 2. MITEX Glass Tube Assembly. 

length of nichrome wire is 61 cm and the wire has a rated resistance of 
13.4 ohms/m. If the applied voltage across the wire is 26 volts, the 
power dissipated by the wire is approximately 70 watts, of which approxi
mately 55 watts are conducted into the frozen inner tube. The thermal 
conductivity of the outer tube is small enough to maintain the outer tube 
surface temperatures to low enough values to allow the tube to be picked 
up by an ungloved hand at the end of a 40-second test. The entire glass 
tube assembly is designed to allow for the rapid changeout to perform a 
number of tests in a short period of time. Each tube can then be refrozen 
and reused. 

The variable voltage power supply has been adapted for this experiment 
to include a solid state timer capable of driving an external relay to 
switch the power to the heating coils on and off as needed. The timer/relay 
has been adjusted to allow for a 40-second heating period to eliminate 
any overheating problems. The power supply also is adjustable from 0% 
to 100% of input voltage by a rheostat on the front panel, and is fairly 
immune to inductance effects. 

The VHS format camcorder is a Panasonic AG-160 remote unit capable of 
low light operation and a 2-hour recording period per battery charge. 
Supplemental lighting is included in the package for extremely low light 
conditions. 
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CONCLUSIONS 

A microgravity thawing experiment package is being developed for use on 
KC-135 parabolic flights (NASA Johnson Space Center, 1981) in conjunction 
with Battelle prepared boiling and two-phase flow microgravity experiments 
(Antoniak, 1986 and Antoniak and Krotiuk, 1986). It is also adaptable 
to future Space Shuttle applications. Objectives to be demonstrated and 
observed include: 

• The development and motion of voids and liquid areas as the ice 
melts in low gravity and comparison to ground tests; 

• The relative magnitude of the conductive heat transport mechanism 
within the ice/liquid/void medium; 

• Comparisons of the lifetime of the central ice slug with ground 
tests; and 

• Development of analytical models to treat both ground and flight 
tests. 
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INTRCDUCTICN 

At present/ there are numerous proposed systems designed to provide 
housekeeping/ alert/ and burst power to all space based Strategic Defense 
initiative (SDI) platform concepts. For each proposed power system/ there 
are numerous subsystan variations/ and each subsystem can be constructed by 
using a wide variety of carponents. A.wide range of political/ social and 
economic factors can influence the development of tJie components that make 
up these power systems. 

Previously the defense community has had no means to monitor all activities 
and parameters associated with space power development programs. To assist 
in this task/ a Space Power Reference Source (SPRS) has been developed for 
the Air Force Space Technology Center (AFSTC) to be used as a tool for 
tracking SDI power development programs/ budgets/ and critical technology 
areas. 

METHCDCLOGY 

The Space Power Reference Source (SPRS) is a corprehensive Information 
Management System (IMS) programmed in Revelation (TM) (Cosmos/ 1985). The 
IMS allows the user to link bidirectionally for Systems/ Subsystons/ 
Critical CorponentS/ and Government Work Package Descriptions (WPD #). 
Mditionally/ SPRS has a pre-programmed Figure of Merit algorithm that 
permits the ranking of systems based on user specified parameters. The SPRS 
Package capabilities allow the user to input a variety of facts about an "on 
the shelf" or proposed power system (or subsystem). The system is then 
cataloged in the IMS for quick reference at a later date. When an agency 
funds a component applicable to a power subsystem/ all data relevant to the 
ccmponent's capability/ development/ and budgeting are fed into the IMS. 
The IMS will then link the component to the appropriate subsystem/ which 
directly relates to a power system. The result is a traceability of WH3# to 
the ̂ jplicable system in two directions. Cnce the IMS is populated to a 
reasonable degree/ a figure of merit algorithm will autanatically rank 
systems based on user specified parameters such as power level/ power 
duration/ and deployment date. 

THE INFORMATION MftNAGEMENT SYSTEM 

The SPRS IMS was developed and programmed on Revelation (TM). Revelation 
(TM) was selected on the basis of programming ease/ and unlimited field 
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lengths. The capability to have unlimited field lengths is particularly 
important because most power systens are in a developmental stage; therefore 
explanations regarding certain parameters are necessary. The types of data 
addressed in SPRS include parameters associated with: 

1. Performance 
2. VUlnerabililY 
3. Platform Ccnpatibility 
4. Developtnent and Production 
5. Deployment Characteristics/ and 
6. Cost 

once the SPRS IMS is initially populated/ the user has access to a variety 
of report generation utilities. The report generation utilities can be 
accessed by naming one or more systems/subsystems of interest/ or by using a 
series of performance oriented queries. .In addition to reporting the 
systems/ the data can be transported to the SPRS Figuire of Merit algorithm. 

FiaiRE OF MERIT 

SPRS Figure of Merit uses an algorithm (developed in Revelation's code R-
BASIC) based on theories developed by Dr. Thomas L. Saaty (Saaty 1980). 
Saaty's theory approaches a problem by organizing all of the relevant 
factors into a hierarchical tree structure (Figure 1). 

CRITERIA A 

X Y 

GOAL 

CRITERIA B 

X Y 

— ROOT 

— BRANCHES 

— LEAVES 

ALTERNATIVES ALTERNATIVES 

FIGURE 1 . 

Generic h i e r a r c h i c a l t r e e s t r u c t u r e used i n SPRS. 
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In this tree/ the root of the problem is the goal. In SPRS the goal is to 
select the best power system for a specific application. The intermediate 
levels or "branches" represent the criteria for system selection (production 
and performance issues). The leaves in the hierarchy represent the system 
alternatives of choice. 

Ety organizing a problem this hierarchical fashion/ it becanes possible to 
coirpare the importance of a criterion with respect to its local goal/ and 
compare all alternatives with respect to all selection criteria. The end 
result is a total synthesis throughout the tree where the leaves are 
processed and related to the root or goal in order to determine the best 
power system alternatives. 

SPRS provides an algorithm which allows the user to change and store the 
relative weights of the branch nodes. This algorithm permits flexibility 
for various organizations responsible for power system development. For 
example/ a production oriented organization will place more weight on 
production oriented parameters within the hierarcl^/ while organizations 
responsible for developing a SDI system architecture would place more weight 
on areas related to power system performance. Figure 2 is a flow chart of 
the SPRS Figure of Merit Hierarcl^ Structure. 

CONCLUSIONS 

SPRS is an effective tool for tracking space power trends/ comparing 
technologies for similar applications/ and facilitating budget 
appropriations. However further work is needed to optimize the Figure of 
Merit hierarchy/ and to further evaluate the types of data needed to 
optimize SPRS for use as an administrative tool. 
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Figure of Merit Hierarchy Structure. 
(Numbers indicate the relat ive weights of the branch nodes.) 
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NUCLEAR PROPULSION: PAST, PRESENT, AND FUTURE 
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(714) 896-3456 

INTRODUCTION 

The use of nuclear energy in rocket propulsion owes its genesis to the success of work done during 
World War II and the studies that followed. First was the comprehensive study done at the 
Applied Physics Laboratory, Johns Hopkins University, followed by the more detailed studies 
done by the staff on the then Aerophysics Laboratory of North American Aviation (currently 
known as Rocketdyne, Division of Rockwell International). Development work started in earnest 
with the advent of the KIWI and ROVER experimental reactor programs, and culminated with 
the NERVA rocket engine, which, although a very successful program, was terminated in 1973 
because of changing national priorities. 

This paper presents the activities at McDonnell Douglas Astronautics Company (MDAC) in two 
parts, one historic covering the activities in the ROVER/NERVA programs and one covering the 
current work. 

PAST MDAC STUDIES 

The participation of MDAC in nuclear propulsion dates back to the middle 1950s with the Nuclear 
Powered Aircraft (NEPA) studies at the then Douglas Aircraft Company, followed by a variety 
of activities that culminated with MDAC being the finalist in the National Aeronautics and Space 
Administration (NASA)-sponsored NERVA nuclear vehicle studies for interplanetary flight. In 
connection with this effort, MDAC performed solid core nuclear propulsion vehicle integration 
studies under NASA contract from June 1969 to 1973. The original NASA study was to define 
two versions of a Nuclear Flight Propulsion Module (NFPM), a version that would be the third 
stage of Saturn V vehicle and a version that could be carried to orbit by the Space Transportation 
System. Both versions would use the NERVA engine and be assembled in low earth orbit in a 
manned Mars configuration. 

In 1971 the project name was changed to Nuclear Shuttle System Definition Study and the emphasis 
was changed to a low earth to geosynchronous orbit shuttle or a lunar resupply mission. This 
concept used the smaller PEWEE solid core nuclear engine. 

These MDAC studies resulted in vehicle module designs for interplanetary vehicles, shown in 
Figure 1, and a reusable Space Shuttle launched orbit transfer vehicle (OTV), shown in Figure 
2. 

Design and performance analyses were conducted to produce outbound and return payload 
weights. Additional analyses produced detailed radiation fields during operation and after engine 
shutdown. The latter data were required to design orbital operations including docking, refueling, 
cargo exchange, and maintenance. Reactor core cooldown systems were also designed and their 
performance effects evaluated. 

Nuclear and flight safety analyses were performed, which resulted in reliability predictions and 
the definition of a test program and schedule. 

The data developed during test operations and the analysis performed are still valid and, with 
minor updates, can provide a sound basis for the renewal of a direct nuclear propulsion system. 
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CURRENT ACTIVITIES 
With an eye into the future and recognizing the limitations of the currently available chemical 
propulsion systems, MDAC initiated IRAD studies into futuristic high thrust and high specific 
impulse propulsion systems. The first such system to be identified and studied was that of direct 
nuclear propulsion, where liquid propellants (usually hydrogen) are heated to high temperatures 
(2500 K to 3000 K). 

The first step in these studies was the "revival" of the old studies (discussed in the previous 
section), followed by the development and the coding of mathematical algorithms to conduct 
performance calculations for nuclear-reactor-powered rocket engines. 

Three propellants have been coded and checked out: liquid hydrogen, ammonia, and water. The 
computer output is presented in Figures 3 and 4 for Hj, Figures 5 and 6 for NH3, and Figures 7 
and 8 for HjO (steam). 

Current studies are focusing on the possibilities of "seeding" the propeliant with high energy 
excited molecules or cluster ions which form within the confines of the reactor, thus absorbing 
extra energy, and depositing their energy in the gas stream downstream of the reactor. A set of 
preliminary key experiments has been identified which appears to be promising in principle. 

CONCLUSIONS 

All studies, past and current, indicate that the technology and the capabilities of direct nuclear 
propulsion to accomplish near-earth orbit transfer, lunar and Mars mission are available. It only 
remains for the needs, the economic feasibility and the socio-political questions to be ironed out 
before a full-scale effort is undertaken. 
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GAS CORE REACTORS FOR DIRECT NUCLEAR PROPULSION 

Bruce G. Schnitzler 
Idaho National Engineering Laboratory 

P. 0. Box 1625 
Idaho Falls, ID 83415 

(208) 526-9794 

INTRODUCTION 

Gas core nuclear reactors offer the potential for achieving very high specific 
impulse in a space propulsion engine. The absence of any solid material in 
the core allows operation with very high propellant exhaust temperatures. 
Specific impulses above 19,600 m/s (2000 s) can be achieved with hydrogen at 
temperatures above 7000 K. 

The potential for space propulsion using gas core reactors was recognized more 
than 30 years ago. Different open cycle and closed cycle propulsion system 
configurations are described by Schwenk and Franklin (1970). The fuel is 
totally contained in closed cycle systems, while in open cycle systems some 
fuel is unavoidably exhausted with the propellant. There has been 
considerable evolution in the open cycle devices. Much of the change was 
driven by attempts to reconcile the conflicting requirements of nuclear 
criticality and hydrodynamic containment. At the termination of the national 
space nuclear power program in 1973, the most promising open cycle concept 
(Taylor et al. 1973) was the porous wall engine described in the next section. 

The investigation described in this paper characterizes BeO reflected gas core 
reactors over a wide range of propulsion system performance levels. 
Parametric variables include cavity diameter, fuel volume fraction, reflector 
thickness, propellant temperature, and thermal power. Propulsion system 
performance characterization includes specific impulse, thrust, and mass 
estimates for the reflector, pressure shell, and radiator. 

GAS CORE DESCRIPTION 

The major features of an open cycle gas core propulsion system are illustrated 
in Figure 1. Fissile material is contained in a spherical cavity surrounded 
by a reflector-moderator and a pressure shell. The fuel (usually highly 
enriched uranium) is at very high temperature and high pressure. Typical fuel 
centerline temperatures are on the order of 30,000 K to 50,000 K. Cavity 
pressures may range from about 10' to 10° N/m^ (100 to 1000 atmospheres). 
Fuel densities usually range from 0.01 to-0.1 g/cTtr. The fuel cloud 
typically occupies about one-third of the cavity volume. 

Energy is radiatively transferred from the fuel to a surrounding annul us of 
seeded hydrogen. The seed materials enhance absorption of thermal radiation 
in the propellant and are needed to reduce radiant heat loads to manageable 
levels. Propellant is injected through orifices over the entire cavity liner. 

Neutrons born in the fissioning fuel cloud transit the fuel and propellant 
regions with little interaction. The high energy neutrons enter the reflector 
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Perforated 
cavity liner 

FIGURE 1. Open-Cycle Porous Wall Gas Core Reactor Schematic. 

and are moderated to a distribution characteristic of the moderator and its 
temperature. The thermalized neutrons are returned to the cavity but must 
pass through the high temperature propellant. The high energy hydrogen is 
very efficient at transferring energy to the returning thermal neutrons, and 
significant upscattering occurs. There is significant negative reactivity 
worth associated with the hydrogen due to upscatter and absorption. 

GAS CORE REACTOR BEHAVIOR 

The size and mass of a gas core propulsion system is controlled primarily by 
the conflicting demands of hydrodynamic containment, nuclear criticality, and 
the need to maintain a practical operating pressure. Hydrodynamic containment 
improves as the fraction of the total cavity volume occupied by the fuel cloud 
decreases. The fuel loading required for criticality increases as the fuel 
volume fraction in the core decreases. A small part of the critical loading 
increase can be attributed to the less favorable geometry. The dominant cause 
for the increase is upscatter (and absorption) from hot hydrogen in the 
propellant. Critical loadings increase by factors of 10 to 15 over the fully 
expanded fuel cloud cases as the fuel volume fraction approaches 30%. 
Increases in critical loading result in an increase in the fuel cloud 
pressure. A fuel pressure increase must be balanced by a corresponding 
increase in propellant pressure. The reactivity worth of hydrogen is 
negative, while the reactivity worth of fuel is positive but decreases rapidly 
as the fuel loading increases. If the combined reactivity worth approaches 
zero for a particular configuration, no additional fuel can be supported and 
the configuration is at its maximum operating pressure. High pressures also 
result in increased pressure shell thickness and mass. 
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Criticality in gas core reactors is very sensitive to absorption at the cavity 
wall and in the reflector-moderator. The addition of structural materials in 
quantities adequate to provide propellant inlet and reflector cooling can 
easily increase the critical loading by a factor of 10. 

Cavity pressures can be relaxed by increasing the cavity diameter. Although 
critical loading increases with increasing cavity diameter, the core volume 
increases more rapidly resulting in a decrease in fuel density and pressure. 
The effectiveness of the reflector-moderator is a very strong function of 
reflector thickness and a very weak function of cavity diameter in the regions 
of interest. Increasing the cavity diameter while retaining the same 
reflector thickness sharply increases the reflector volume and mass. 

Determining the minimum-mass gas core configuration for a particular 
performance level is clearly a complex optimization task. The neutronic 
behavior of gas cores is relatively well understood in the sense that 
intuition is usually adequate to qualitatively predict the response to a given 
individual change. Determining the magnitude of the change, or even 
determining the dominant of two competing changes, is more difficult. In 
practice, such optimizations require comprehensive parametric analyses. 

MODELING REOUIREMENTS 

Appropriately simple geometric models and analytic methods were generally 
employed in the analysis of the very early gas core concepts. Relatively 
simple models and methods were also used for many scoping studies and 
parametric investigations. The physical models became more complex and 
required more sophisticated computational methods, both as particular concepts 
matured and as better understanding of the physics was gained. Many of the 
early studies ignored or inadequately treated features now recognized to play 
major roles in the behavior of gas cores. Important examples include assuming 
the fuel region is fully expanded to the cavity wall, ignoring the requirement 
for structural materials in the reflector, and not treating upscatter from the 
propellant. Even the most comprehensive analyses (for example, Taylor et al. 
1973) that addressed these important issues were targeted at optimizing 
propulsion system mass for some particular performance level. Although the 
configurations may be well characterized at that selected performance level, 
there is not sufficient information available to characterize the 
configurations at other performance levels. In particular, it is not possible 
to estimate the propulsion system mass for lower performance levels. The 
additional parametric variable required is thermal power level. 

The current characterization of gas core reactor neutronics includes treatment 
of high temperature upscattering by the propellant, modeling of fuel cloud 
temperature and density distributions, and a realistic representation of 
structural absorption in the reflector-moderator. High temperature 
upscattering is handled by allowing the propellant to scatter neutrons to 
arbitrarily high energies in the neutronics calculations. Scattering cross 
sections for both hydrogen atoms and hydrogen molecules have been developed 
for a wide range of temperatures up to 50,000 K. Temperature distributions in 
the fuel cloud are important, both for assessing engine performance and 
because the temperature distribution controls the fissile material 
distribution in the fuel cloud. The fuel cloud opacity is quite high and a 
diffusion approximation can be used to calculate the temperature distribution 
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(Ragsdale and Kascak 1968). Temperature and density distributions are 
calculated using the uranium plasma thermodynamic properties and opacity data 
developed by Parks (Parks et al. 1968). The reflector and structural material 
model for these studies is based on a preliminary heat rejection system design 
study performed at NASA Lewis (Taylor et al. 1973). The design employed high 
pressure helium as the working fluid to provide cooling for a BeO 
reflector-moderator. The molybdenum alloy TZM was used as a structural 
material and for propellant and helium coolant piping. The TZM content in the 
reflector is about 2 volume percent. 

RESULTS AND CONCLUSIONS 

The neutronic behavior of BeO reflected gas core reactors is characterized 
over a wide range of propulsion system performance levels. Performance 
characterizations include specific impulse, thrust, operating pressure, and 
masses for the reflector-moderator, pressure shell, and radiator. Critical 
uranium loadings (98% ^^^U) were calculated as a function of power level and 
propellant conditions for a variety of configurations. Cavity diameters were 
varied from 3 m to 5 m. Fuel cavity radius fractions from 0.65 to 0.85 were 
considered. Reflector thickness was varied from 0.30 m to 0.70 m. A somewhat 
arbitrary upper pressure limit of 1.01 x 10° W/w- (1000 atmospheres) was 
selected. Configurations with average propellant exhaust temperatures ranging 
from 7,000 K to 25,000 K were examined. Specific impulses ranged to about 
5300 s (51,900 m/s). 

Preliminary performance characterizations confirm the very high potential for 
gas core reactors as direct nuclear propulsion devices. Neutron upscatter 
from low-z high temperature propel1 ants strongly impacts calculated gas core 
critical loadings and propulsion engine performance. This characterization 
provides consistently calculated performance parameters over a significantly 
wider range than previously available. 
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INTRODUCTION 

The growing emphasis on very challenging missions and the anticipated 
availability of high power levels in space have led to renewed interest in 
high power electric propulsion. The proposed paper will review the status of 
high power electric propulsion technology and its applicability to various 
missions, leading to identification of the major thruster and system 
technology issues that must be addressed in a focussed program in order to 
assure technology readiness for these missions. 

BACKGROUND 

The National Commission on Space advocates a number of challenging missions, 
such as a return to the Moon, unmanned and manned exploration of Mars and its 
moons, and unmanned scientific exploration of the rest of the solar system 
(National Commission Space 1986). Many of these missions would be enhanced, 
and some would be enabled by high specific impulse electric propulsion. 
Present applications of electric propulsion are limited to relatively low 
specific impulse because of the modest power levels currently available for 
propulsion. The problem is illustrated in Figure 1, where thrust is plotted 
versus power for several electric propulsion systems with a wide range of 
specific impulse. In order to achieve the required impulse for stationkeeping 
with reasonable thrusting times, communications satellites use resistojets at 
about 500 W and an Igp of -̂  300 s. 

PROPULSION REOUIREMENTS 

To perform the challenging future missions, higher specific impulse systems 
such as those shown in Figure 2 will be required along with much higher power 
levels typical of nuclear systems. Current research and development 
activities are focussed primarily on the arcjet, which offers a substantial 
advancement in performance beyond the state of the art and, perhaps more 
importantly in the present context, may serve as a bridge to even higher 
performance devices such as ion or magnetoplasmadynamic (MPD) engines. Recent 
efforts in electrothermal (Stone 1986, Zana et al. 1987, Morren and Sovey 
1987, Burton et al. 1987, Curran and Haag 1987, Haag and Curran 1987, 
Pivirotto et al. 1987, Stone and Huston 1987, Hawley et al. 1987, Hardy et al. 
1987, Byers and Wasel 1987, and Sovey et al. 1987), ion (Hardy et al. 1987, 
Byers and Wasel 1987, Sovey et al. 1987, Beattie 
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et al. 1987, Shimoda et al. 1987, and Aston et al. 1987), and MPD propulsion 
(Gilland et al. 1987, Polk et al. 1987, Kurtz et al. 1987, King 1987, Choueri 
et al. 1987, and Auweter-Kurtz et al. 1987) will be reviewed. Demonstrated 
performance and lifetime of these systems will be summarized, which will lead 
to identification of the major issues which must be addressed, such as 
electrode life, magnetic nozzles, and superconducting magnets. An approach to 
resolving these issues in a timely but cost-effective manner will then be 
discussed. 
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INTRODUCTION 

Recently imposed limitations regarding venting propellants in the 
Space Transportation System (STS) payload bay may severely limit 
the capability to place heavier payloads in geosynchronous orbit 
by not allowing the use of current cryogenic propulsion systems. 
Currently, there is no propulsion system, deployed from the STS, 
that can deliver greater than approximately 4550 kg (10,000 lb) 
to a geosynchronous orbit. A higher performing propulsion option 
that can meet the operational safety requirements must be 
identified. An option identified in this paper uses a nuclear 
propulsion engine with various noncryogenic propellants. 
Payloads for two nuclear propulsion engine options using 
noncryogenic propellants are determined. The effect on nuclear 
propulsion system design of the noncryogenic propellants is not 
considered at this time. 

PROPULSION SYSTEMS 

The two propulsion systems considered in the following analysis 
represent a wide range of nuclear reactor technology. The Small 
Nuclear Rocket Engine (SNRE) represents years of technology 
development from the Rover/NERVA program (Durham 1972). On the 
other hand, the particle bed propulsion system represents a yet 
unproven reactor design offering a significant reduction in mass 
(Powell et al 1987). For the purpose of this paper, both 
propulsion systems are assumed to have the same operating 
conditions, approximately 250 Mwt, a chamber temperature of 2770 
K, and a chamber pressure of 10.1 MPa (100 atmospheres). Table 1 
lists the mass breakdown for each engine system. No shielding is 
added due to the short operating times for the propulsion systems. 

TABLE 1. Engine Mass Breakdown (kg). 

Particle Bed SNRE 

600 1380 
40 40 
225 225 
15 15 
28 28 
107 107 
150 150 
1165 1945 
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PROPELLANTS 

Figure 1 lists the seven noncryogenic propellants considered in 
this study and their performance (seconds of specific impulse). 
The data for water and lithium hydride come from Krieger (1959). 
The performance for gasoline, hydrazine, methanol, ethanol, and 
propanol was calculated using a simple equation for specific 
impulse. Incorporated into that calculation is the average 
molecular of each propellant found in Sitney (1956). As 
mentioned earlier, the use of such propellants may have a 
significant effect on reactor design due to material 
incompatibility. In the case of the hydrocarbon propellants, at 
certain temperatures, solid carbon in one of the exhaust species. 
This may attack or condense on the components in a graphite 
reactor. Sitney (1956) offers a potential solution that uses 
different propellants at different temperatures to minimize solid 
carbon formation. The feasibility of this technique is not 
addressed in this paper. 

Figure 1. Isp versus Propellant, Tc = 2770K, Pc = 10.1 MPa. 

ANALYSIS METHODOLOGY 

The mission considered in this study is a basic Low Earth Orbit 
(LEO) to Geosynchronous Earth Orbit (GEO) transfer from a 203.7-
km (110-Nmi), 28.5-degree inclination STS starting orbit. This 
requires a change in velocity of 4570 m/s (14,997 ft/s). 
Equation (1) determines the mass ratio. Assuming an STS payload 
capability, Mj., of 25,000 kg (55,000 lb). Equation (2) determines 
the propellant requirements for the transfer mission. The tank 
mass, M^, is 0.075 the mass of the propellant, Mp. The system 
inert mass, M^, is the sum of the propulsion system mass in Table 
1 and the tank mass. Equation (3) defines the payload mass, Mp^ . 
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Calculating the mass ratio for each propellant allows one to 
determine the payload capability of each based on the system 
constraints. 

r = exp[ V/(Isp*G)] (1) 
Mp= M^(l-l/r) (2) 
M,, = M^- M^- Mp (3) 

Where V equals the mission velocity increment, I equals the 
specific impulse of the propellant and G is the gravitational 
constant. 

RESULTS 

Figure 2 lists the payload to GEO capability of each propellant 
using the two different propulsion systems. Using the Particle 
Bed Reactor (PBR) propulsion system, all propellants deliver more 
than 4545 kg (10,000 lb) to GEO. Except for water, all other 
propellants deliver payloads of more than 5265 kg (11,580 lb), 
with the maximum being 8654 kg (19,040 lb) using lithium hydride. 
The payload capabilities using the SNRE differ from the PBR 
values by the difference in the system inert masses, 780 kg 
(1716 lb). 

FIGURE 2. Payload versus Propellant for a 25000 kg STS 
payload capability, LEO to GEO orbit transfer, 

CONCLUSION 

Nuclear propulsion systems using various noncryogenic propellants 
offer a viable option for increasing the payload to GEO 
capability of the STS. The use of propellants that do not 
require venting, that is noncryogenic, coupled with a nuclear 
fission reactor should allow the development of high performance 
nuclear propulsion systems that meet STS payload safety 
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requirements. A major concern is the effect of the noncryogenic 
propellants on the reactor concepts. This issue must be 
addressed in reactor design. 
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Comparison of three Rocket Propulsion 

Low Thrust 
Cryo 

Solar 
Rocket 

Mercury 
Ion 

Thrust (N) 2224 
Isp (s) 460 
Propellant LOj^/LH^ 
Trip Time (Days) 2.75 
Initial Mass (kg) 28120 
Payload Mass (kg) 9070 

222 
900 
LHa. 
30 

28120 
15200 

125E-3 
2900 

Mercury 
180 

28120 
19960 

Solar propulsion provides a substantial increase in payload to 
GEO over chemical rockets, while substantially reducing the trip 
time required for an ion engine. This unique concept can use 
almost any liquid as a propellant and the oldest, most famous, 
nuclear power source- the sun. 

VEHICLE CONCEPT 

The basic principle of operation of the solar rocket is to use 
highly concentrated solar radiation to heat a working fluid and 
exhaust it through a nozzle to produce thrust. This technique 
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produces small accelerations and low propellant consumption while 
creating efficient, high velocity exhaust. Figure 1 illustrates 
the solar rock6t concept. 

SUNLIGHT 

FIGURE 1. Conceptual Diagram of the Solar Rocket 

Two large, off-axis solar collectors reflect and concentrate 
solar radiation into an engine/absorber. These off-axis mirrors 
are segments of a paraboloid made from very thin 0.635 ^ra (1/U 
mil) plastic films. These reflectors consist of a clear upper 
canopy and a lower reflective parabolic surface. Boiloff from the 
propellant tank . (or a separate gas canister) can be used to 
inflate the reflectors and maintain their required parabolic 
shape. Each of the 30-m (98-ft) projected diameter concentrators 
are capable of collecting and concentrating approximately 1000 
kWt into a circle 33 cm (13 in) in diameter. 

is the engine/absorber 
ly 

made of coiled 
opeiiant tiowing through the tubes is heated, without 
mbustion, to very high temperatures (2800 K) using the intense 
lar radiation. The very hot propellant is then exhausted 
rnuffh a hieh area ratio nozzle to produce thrust. 

At the focus of the concentrators 
assembly. The absorber chamber is essentially a black body 
radiation absorption cavity made of coiled rhenium tubes. 

through the tubes is heated. Propellant 
CO 
so 
through a high 

Because the solar rocket obtains its thermal energy from the sun, 
it is not necessary to carry fuel and oxidizer as conventional 
chemical rockets do. Any liquid propellant such as ammonia, 
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methane, hydrogen, or even water can be used. However, the low 
molecular weight and excellent cooling characteristics of 
hydrogen make it an ideal propellant for the solar rocket. Using 
hydrogen, specific impulses of nearly 900 s can be achieved. 
Therefore, the solar rocket can nearly double the performance of 
a conventional chemical rocket and allows a larger percentage of 
the spacecraft's initial mass to be committed to the payload. 
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FIGURE 2. Payload versus Trip Time for LEO to GEO transfer. 

Figure 2 shows the performance level of a 1050 s Isp advanced 
solar rocket (using hydrogen propellant), plus the near term 
black body absorber solar rocket using hydrogen (872 s Isp) and 
ammonia (550 s Isp) as propellant. The data for this graph was 
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obtained from a computer code (known as MULTIBURN) that 
calculates the optimum orbit transfer for low thrust spacecraft. 
The payload delivered to GEO will obviously be reduced for round-
trip missions. However, preliminary analysis (using MULTIBURN) 
indicates that a 900 s Isp solar rocket can place up to 9,070 kg 
in GEO and return in 40 days. 

CONCLUSIONS 
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LIQUID METAL TESTING AT ETEC FOR THE SP-100 PROGRAM 

Therese F. Triumph 
Energy Technology Engineering Center 

P.O. Box 1449 
Canoga Park, CA 91304 

(818) 700-5633 

INTRODUCTION 

The technology goals of the SP-100 space program include the design, 
fabrication, testing, and deployment of a space based power system. In the 
initial design phase of the program, a nuclear reactor driven power system 
was developed that supplies 100 kWe to the user at 200 VDC. Passive 
thermoelectric devices convert the thermal energy from the nuclear reactor 
to electrical power. The excess thermal energy is radiated to space by 
liquid metal heat pipe radiators. 

The purpose of the Liquid Metal Component Test Program at the Energy 
Technology Engineering Center (ETEC), is to test the high temperature (1400 
K), lithium cooled, refractory metal SP-100 components at operating 
conditions. This will require ground testing in a high vacuum 
(1.333 X 10"^ mbar) environment in order to avoid oxygen embrittlement of 
the Nb - 1% Ir refractory metal. 

ETEC is a government owned, contractor operated, liquid metal test 
laboratory. ETEC was the site for the SNAP 2, 8, and 10-A component and 
system development and testing in the early 1960s. Since then, testing of 
liquid metal components in support of Fast Flux Test Facility, Clinch River 
Breeder Reactor, and other reactor plant and advanced concept components has 
been conducted. 

TESTING 

The System Contractor for the SP-100 program has identified several test 
articles and subsystems that need to be tested in a high vacuum environment: 
multifoil insulation, volume compensators for lithium expansion 
(accumulators), field integration joints, a gas separator, a thermoelectric 
electromagnetic pump, and other components. In addition, ETEC will design, 
fabricate, and test both a lithium purification and loading system and a 
high purity helium system. 

These tests, Nb - 1% IT components operated at 1400 K in a 1.333 x 10'^ mbar 
environment, require test facilities able to withstand high temperatures 
(1400 K), handle reactive liquid metals at these high temperatures, achieve 
high vacuum conditions (1.333 x 10'^ mbar), and protect the test articles 
from embrittlement. In order to meet these requirements, ETEC will prepare 
vacuum chambers and install them in the Space Power Advanced Components 
Engineering facility. Each test program will include liaison with the test 
requester; preparation of the test procedures; receiving, inspection and 
installation of the test article; checking out the test article and its 
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instrumentation; conducting the test; and preparation of a final data 
report. The SP-100 tests are scheduled to begin in fiscal year 1988. 

The development of a lithium purification and loading procedure is vital to 
the entire SP-100 program, from the component testing through the entire 
flight program. Impurities in the lithium coolant can cause chemical 
embrittlement of the Nb - 1% Zr , which can lead to failure of the liquid 
metal coolant boundary, shutdown of the SP-100 power system, and loss of the 
flight mission. ETEC's existing technology and experience with lithium 
metal purification and loading systems used in conjunction with a bi
metallic lithium pumped loop, will be upgraded to meet the stringent SP-100 
program requirements. 

The development of a ultrahigh purity helium system also is essential for 
ground testing of the SP-100 components and subsystems. Helium will be used 
as the cover gas (passive) in the SP-100 component test system to maintain 
the system pressure. Impurities in the helium can be a source for chemical 
embrittlement of the Nb - 1% Zr which could cause the ultimate failure of 
the flight mission. The development of this ultrahigh purity helium system 
is essential to all SP-100 testing involving pressurized components. 
Extensive knowledge of liquid metal cover gas systems will be applied in the 
design, fabrication, and testing this helium system. 

The test articles will be tested individually (accumulators, integration 
joints, multifoil insulation) or as part of a piping loop (pump, gas 
separator, flowmeter), depending on the test requester requirements. All 
tests will be conducted in a simulated space environment. 

The high vacuum pumping equipment required for the SP-100 testing was 
determined after review oî  the existing ETEC capabilities and the 
preliminary test requirements. The review was augmented by consultation 
with experts in the high vacuum community. The expected high gas loads of 
hydrogen (initially) and nitrogen (long term) from the Nb - 1% Zr influenced 
ETEC's choice of cryogenic and turbomolecular pumps for the high vacuum 
system. The specification for the high vacuum system will include pressure 
gages, thermocouples, and residual gas analyzers (RGA) to enhance the 
operating and monitoring capabilities of the system. The RGA will not only 
be used during initial pump-down but also for vacuum system diagnosis (leak 
detection, out-gassing measurements), monitoring and controlling (gas 
purity), and product analysis. 
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REVIEW OF ALKALI METAL AND REFRACTORY ALLOY COMPATIBILITY FOR 
RANKINE CYCLE APPLICATIONS 

James R. DiStefano 
Oak Ridge National Laboratory 

P.O. Box X 
Oak Ridge, TN 37831 

(615) 574-4452 

INTRODUCTION 

Liquid metals make excellent high-temperature coolants in Rankine cycle 
systems because of their unique physical and chemical properties. However, 
for use with refractory metal alloys in space power applications at high 
temperatures, compatibility is an important factor that must be considered. 

The principal corrosion reactions in refractory metal-alkali metal systems 
are due to dissolution, mass transfer, and impurity reactions. Dissolution 
results from solubility of refractory metal alloy constituents in the alkali 
metal. Mass transfer results from dissolution and deposition processes that 
are driven by an activity gradient that can result when several materials 
are present in the same circuit or there is a temperature gradient in the 
system. Impurity reactions are the result of chemical reactions of constitu
ents of the refractory metal alloy and/or the alkali metal with elements 
like oxygen or nitrogen that may be present in the system. 

Corrosion testing to evaluate compatibility has included exposure of refrac
tory metal alloys to static alkali metals in closed capsules, exposure to 
flowing alkali metals in natural circulation and forced circulation loops, 
exposure to condensing alkali metal vapor in refluxing capsules and boiling 
loops, and exposure to alkali metals in complex engineering systems. 

COMPATIBILITY TEST RESULTS 

In general, results of static corrosion tests of the refractory metals 
(primarily niobium and tantalum but also molybdenum and tungsten) and their 
alloys with alkali metal have shown that they are highly compatible 
(Table 1). However, corrosion resistance does require maintaining low oxy
gen in the refractory metal alloys (for use with lithium, in particular. 
Figure 1) and minimizing the use of conventional alloys within the same 
refractory metal circuit to avoid dissimilar metal mass transfer (Table 2). 
In the case of niobium- and tantalum-base alloys, small quantities of oxygen 
in these materials can result in rapid attack by lithium over a wide range 
of temperature; however, if sufficient amounts of hafnium or zirconium are 
added, oxygen can be stabilized and the catastrophic attack prevented 
(Table 3). Significant amounts of corrosion data in lithium have been accu
mulated for Nb-l%Zr and T-IU (Ta-8%W-2%Hf) in various systems at temperatures 
from 1270 to 1570 K (1000-1300°C). The results can generally be summarized as 
follows: 

• low dissolution and mass transfer rates, 
• no significant mlcrostructural changes, and 
• slight evidence of zirconium, hafnium, nitrogen, and carbon transfer. 
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TABLE 1. Results of Corrosion Experiments of Refractory Metals 
in Various Alkali Metals. 

Test Material Alkali Metal 
Temperature 

(°C) 
Time 
(h) Remarks 

Niobium 

Niobium 

Nb-lZr 

Tantalum 
Molybdenum 
Molybdenum 
Mo-0.5Ti 

Molybdenum 
Tungsten 

Lithium 

Potassium 

Potassium 

Lithium 
Lithium 
Sodium 
Potassium 

Cesium 
Lithium 
Potassium 
Cesium 

815 
950 
1090 
1150 
1200 
1090 
1150 
815 
815 
1500 
730 
900 
925 
980 
1000 
815 
540 
1000 

100 
100 
300 
100 
140 
300 
100 
100 
100 
100 
500 
500 
500 
500 
100 
100 
1000 
100 

No attack 
No attack 
No attack 
No attack 
No attack 
No attack 
No attack 
No attack 
No attack 
<0.026-mm attack 
No attack 
No attack 
No attack 
No attack 
No attack 
No attack 
No attack 
No attack 

TABLE 2. Dissimilar-Metal Corrosion Results of Refractory Metals in 
Iron-Lithium and Nickel-Sodium Systems after 400 h at 1270 K 
(1000°C). 

Specimen 

Niobium 
Tantalum 

Molybdenum 

Tungsten 

Niobium 

Tantalum 

Molybdenum 

Tungsten 

Container 

Arraco iron 
Armco iron 

Armco Iron 

Armco iron 

Nickel 

Nickel 

Nickel 

Nickel 

Liquid 
Metal 

Lithium 
Lithium 

Lithium 

Lithium 

Sodium 

Sodium 

Sodium 

Sodium 

Weight Change 
(g/cm2) 

-0.003 

-0.011 

-0.071 

-0.060 

+0.010 

+0.002 

-0.029 

Metallographic 
Notes on Specimen 

Thin surface film 
Surface film 
identified at TaC 
by X-ray 
Thin surface 
deposit; x-ray of 
surface showed 
traces of Fe 
No film visible but 
x-ray of surface 
identified FegW 
Unidentified phase 
at some grain 
boundaries 
Dual film; x-ray 
identified TaC 
0.053-mm-thick Ni-
rich tntermetallic 
compound 
Extremely thin 
metallic surface; 
x-ray of surface 
indicated WC 
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FIGURE 1. Effect of Oxygen on Corrosion Resistance of Nb-l%Zr Alloy to 
Lithium at 1090 K (ISOCF). 

TABLE 3. Susceptibility of Some Oxygen-Contaminated Refractory Metals/Alloys 
to Penetration Attack by Lithium. 

„/T . ^ j , . , .ir ,. ^.„ Critical^ Oxygen Level 
Refractory As Oxidxzed After Heat Treatment ^ TJ^UJ A^^ I 

Metal/Alloy (1000<>C) (100(^1800<>C) ^̂ "̂  (wjp") 

Niobium 
Tantalum 
Molybdenum 
Tungsten 
Nb-l%Zr 
Nb-40%V 
T-IU 
ASTAR-811C 

Yes 
Yes 
No 
No 
Yes 
Yes 
Yes 
Yes 

Yes 
Yes 
No 
No 
No 
Yes 
No 
No 

400-500 
100-200 

3500 
500-1000 
>3000 
TBD 

^Level above which metal/alloy not resistant after heat treatment. 
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From results in static systems molybdenum and tungsten also appear to have 
excellent resistance to lithium. These materials do not exhibit significant 
oxygen solubilities and are not subject to the same type of catastrophic 
attack as the niobium and tantalum alloys. However, because of the dif
ficulty in fabricating loop systems of these materials, mass transfer under 
forced circulation conditions has not been extensively measured. 

Not as much corrosion testing of refractory metals has been done in sodium 
compared with lithium. The most significant results are from two forced 
circulation loops of Nb-l%Zr that were conducted during the late 1960s 
(Hoffman and Holowach 1968 and 1970). In general, results were good and no 
significant corrosion problems were noted at temperatures to 1390 K (1120°C). 
In comparison with lithium, corrosion of niobium and tantalum alloys by sodium 
can be summarized as follows: 

• similarly low dissolution and mass transport rates if oxygen in the 
sodium is low, 

• not as readily attacked if oxygen in the niobium or tantalum is 
high, and 

• more readily attacked if oxygen in the sodium is high. 

Corrosion data for boiling sodium and potassium are available for several 
refractory metal alloys, particularly the niobium and tantalum base systems. 
When impurities such as oxygen are low, corrosion resistance is good up to at 
least 1470 K (1200°C) (Hoffman and Holowach 1970, Romano et al. 1966, and 
DeVan et al. 1967). However, one feature of boiling and condensing systems is 
oxygen accumulation in the boiler. For example, pure niobium was heavily 
attacked at 1470 K (1200°C) when exposed to refluxing potassium containing 
300 ppm oxygen (Figure 2). However, this type of attack was not observed in 
molybdenum and tungsten alloys nor in niobium or tantalum alloys that 
contained an oxygen stabilizer such as zirconium or hafnium (Figure 3). 

!"»rt IdWf C («ert i 

(«»«*» Inwrt !0 

FIGURE 2. Appearance of Niobium Insert Specimens after Exposure to 
Refluxing Potassium Containing 300 ppm Oxygen for 5000 h at 
1470 K (1200°C). 
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FIGURE 3. Microstructure of Typical Insert Specimens after Exposure to 
Refluxing Potassium for 5000 h at 1470 K (1200"'C). 

CONCLUSIONS 

Clearly the most serious corrosion problems that have been encountered in 
refractory metal-alkali metal systems have been due to impurity reactions 
associated with oxygen. Dissimilar metal mass transfer effects with 
stainless steels have also been noted, but below 1170 K (900°C) results have 
not been catastrophic. In the absence of oxygen and other materials in the 
system, corrosion rates have generally been extremely low. 
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DEVELOPMENT OF MATERIALS FOR FABRIC RADIATORS 

John T. Prater and James M. Bates 
Pacific Northwest Laboratory 

P.O. Box 999 
Richland, WA 99352 
(509) 375-6905/2539 

INTRODUCTION 

Radiator designs for rejecting heat from future space-based power plants will 
place a premium on weight savings, survivability, and launch volume. 
Preliminary studies suggest that these criteria may be satisfied by 
incorporating fabric materials into the radiator design. A number of ceramic 
fabrics currently exist that have exceptional strength-to-weight ratios and 
excellent flexibility (Mah, et al. 1987). The concern is whether these 
fabrics can be adapted to provide containment of the working fluid and be 
afforded satisfactory thermal and radiative properties to be suitable for use 
as a radiator wall. If these modifications can be achieved, then it should 
be possible to construct a radiator with features that extend beyond those 
available in conventional radiator designs. It is anticipated that a 
radiator that made extensive use of such fabrics would be extremely 
lightweight, easily stowable for launch, and retractable for enhanced 
survivability. 

This paper discusses the major issues concerned with the adaptation of these 
ceramic fabrics to space radiator applications. It also presents the results 
of experiments performed to identify suitable fabric materials and 
coating/sealing techniques that would be compatible with the construction of 
a flexible composite. This materials effort is complemented by a systems 
analysis task that is studying design issues and comparing fabric radiator 
designs with other alternatives (Antoniak and Jacox 1988). 

APPROACH 

It is envisioned that an extremely light radiator could be constructed using 
ceramic fabric materials to provide structural integrity, and an inner 
metallic liner to contain the working fluid. The most feasible approach 
identified to date appears to be the separate fabrication of the fabric 
skeleton and the metal foil liner, followed by an insertion and joining 
process. However, the direct application of the metal layer to a preformed 
fabric shell is also being considered. 

For this study, candidate ceramic fabrics have been selected based on 
commercial availability and fiber flexibility. Four fabric compositions have 
been chosen for study: silica, silicon carbide, aluminaborosilicate, and 
graphite. At this time no consideration of the type of weave has been 
attempted, although the selection is almost limitless. It is felt that this 
selection is best made later in conjunction with overall design criteria. 

The selection of the metal layer has been dominated by the need for chemical 
compatibility with the working fluid. Weight has been a secondary 
consideration. Three working fluids have been considered: HeXe, NaK, and 
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Li. The respective candidate materials chosen for the different working 
fluids are listed in Table 1. 

TABLE 1. Candidate Metal Sealant Layers selected for Various 
Working Fluids. 

Working Fluid Candidate Metal Layer Corrosion Rate 
iftm/yr) 

HeXe Al, Ti, Ni 0 

NaK Austenitic Steel, Mo 5 

Li Ti, Mo 5 

Compatibility with the space environment, notably atomic oxygen, is also 
required of the different materials. However, thin coatings of Si, Al or Cr 
could be applied to vulnerable materials (for example, graphite fibers) to 
provide adequate protection without significantly degrading their mechanical 
properties. 

Bonding of the metal layer to the fabric does not appear to be a critical 
concern. In fact, for a radiator application, the bond can be quite tenuous, 
or even nonexistent, because the internal pressure of the system will press 
the metal layer firmly against the surrounding fabric upon deployment. In 
terms of bonding, there appears to be a tradeoff between an intimate bonding, 
which tends to reduce overall flexibility of the composite, and a looser 
attachment. Flexibility of the composite improves as the number of contact 
points decreases, but it also becomes more prone to developing sharp creases 
when flexed. Sharp creasing of the metal layer is felt to be detrimental 
because these highly worked regions are expected to develop pinhole leaks 
first. 

A number of sandwiching experiments have been performed. Adhesive bonding of 
thin metal foils to ceramic fabrics has been found to work extremely well; 
flexibility is maintained while providing an impermeable barrier to the 
working fluid. The best results are obtained when care is taken to minimize 
the filling of the interstices in the fabric weave by the adhesive. Silicone 
adhesives appear to represent a plausible adhesive for use in the HeXe 
system, where operating temperatures will be below 320®C. Silicone compounds 
are stable in space environments (NASA 1985) and can be used continuously at 
temperatures up to 320*'C. There are an abundance of other bonding agents, 
for example paraffin, which could be used to provide an interim bond that 
would be present for deployment but then later disappear. 

For liquid metal cooling systems where higher temperatures are required other 
bonding techniques have been explored, including brazing of foils to fabrics 
and using ceramic adhesives. By far the best results were obtained when 225-
ftm iron wires were woven into nonmetallized ceramic fabrics to act as the 
points of attachment between the fabric and the foil. In this manner an 
excellent bond was obtained between the fabric and the foils, and the 
intermittent nature of the bonding permitted excellent flexibility. For 
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example, using wires spaced about 2 cm apart, an aluminaborosilicate fabric 
was bonded to a 25-/im steel foil and then repeatedly bent over a 1-cm mandrel 
with no visible signs of distress. This is roughly equivalent to the 
performance of the adhesively bonded composites and yet would be applicable 
to much higher temperatures (about 900*'C). It was also found that the 
fabrics could be metallized using either electroless (Ni) or physical vapor 
deposition (Ti). In both cases, the metallization left the fabric with its 
original flexibility. Metallized fabrics could then be brazed to steel, Ti 
and Mo foils, although significant reductions in the flexibility of the 
sandwiches resulted. 

A gas permeability experiment was performed to demonstrate that these 
composite materials could remain gas impermeable following modest flexing. A 
Ti foil, which was adhesively bonded to an aluminaborosilicate fabric, was 
tested before and after being randomly wrapped around a 1.3-cm diameter 
mandrel 50 times. Leak rates below the sensitivity limits of the apparatus 
(10" std cc/s cm2) were observed in both cases for a pressure drop of 3 atm 
across the sample. 

DISCUSSION 

The intent of this study has been to demonstrate the feasibility of 
incorporating ceramic fabrics into space-based radiators as the structural 
component and, thus, provide future radiator designs with exceptional 
flexibility and weight savings. A preliminary review of materials has 
identified combinations of commercially available materials that appear to 
satisfy the major criteria, notably, chemical compatibility with the working 
fluids and low mass. By using thin metal foils backed with ceramic fabrics, 
an extremely durable, gas impermeable skin appears possible. Fabrication of 
several different candidate materials with weights varying from 0.5 to 1.5 
kg/m2 has proceeded without difficulty. The relative merits of the various 
schemes will continue to be evaluated in terms of mechanical durability and 
thermal transport behavior. 

Preliminary experiments indicate that foil thicknesses will have to be kept 
below about 50 /m to retain good flexibility of the composite material (to 
permit wrapping around a 1-cm mandrel). This foil thickness limitation does 
pose some concern for the liquid metal radiators where surface corrosion 
rates of as much as 5 /tm/yr may be experienced. Over the proposed 7- to 10-
year life of the power plant, a single foil layer may prove to be too thin. 
However, a multilayered ply that contained several SO-inn foil layers should 
be able to provide adequate thickness, strength, and flexibility. 

Metallization of the fabrics has proven to be quite simple, effective, and 
innocuous. Not only does this increase the number of bonding options that 
are available, but it also suggests that thermal transport properties of the 
fabrics can be modified with surface coatings. There is clearly a penalty to 
be paid in a space-based radiator system that incorporates a thermal 
insulator in its outer skin. However, radiation out through the open weave 
of the fabric and conductivity through the fabric, which could be enhanced by 
metallization of the ceramic fabric, may make this penalty small. 
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CONCLUSION 

Materials issues related to the incorporation of ceramic fabrics into space-
based radiator systems have been reviewed. Preliminary results suggest that 
ceramic fabrics can be combined with thin metal layers to provide an 
extremely durable, gas impermeable skin. The metal layer provides a barrier 
to prevent loss of the working fluid while the fabric provides the structural 
support. In .this manner it should be possible to construct radiators that 
will be extremely lightweight and flexible. This is especially attractive 
from a launch and deployment perspective. Candidate material combinations 
have been identified that could be used in conjunction with different working 
fluids (HeXe, NaK, Li) at temperatures up to at least 900'*C. 
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INTRODUCTION 

Current designs for Thermionic Fuel Elements (TFEs) require the use of a sheath 
insulator to electrically isolate the collector from the liquid metal coolant. 
In addition to being a good electrical insulator, the sheath insulator must 
also be a good conductor of heat to avoid efficiency losses in the converter. 
It must also withstand neutron irradiation and high temperatures for long 
times. The target operating conditions for a TFE sheath insulator include a 
maximum temperature of 1150 K (average of 1100 K), maximum electrical potential 
of ±15 V (average of ±7.5 V ) , maximum neutron fluence of 3.1x10^^ n/cm^ 
E > 0.1 MeV (average of 2.3x10^^ n/cm'), and a lifetime of 7 yrs. This problem 
is being studied as part of the TFE Verification and Thermionic Insulator 
Development and Evaluation (TIDE) programs. 

In the TFE Verification Program, the work is divided into three major tasks: 
manufacturing development, testing, and modeling. The tasks have been executed 
interactively to produce a sheath insulator that meets the desired performance 
levels: a maximum temperature drop of 21 K and a minimum electrical resistance 
of 270 ohms with an ionic conductivity of < 4x10"^^ (ohm-cm)"i. 

The manufacturing development efforts focused on the areas of manufacture of 
flawless sheath insulator packages with consistent, well-characterized 
microstructure. Testing of the insulator had the dual purpose of evaluating 
the results of the manufacturing program and of providing guidance to the 
modeling efforts. Modeling initially concentrated on developing a method of 
predicting the onset of dielectric breakdown due to electrolysis and chemical 
diffusion. It also served to determine the important parameters for a 
long-lifetime insulator, which helped direct manufacturing development. 

The TIDE program is designed to answer fundamental questions raised by the 
modeling task. The program plans to address the areas of interaction of a 
neutron flux and electric fields and relative magnitude of ionic and electronic 
conductivities at the very low oxygen and nitrogen activities present in a 
system cooled by molten lithium. 

MANUFACTURING DEVELOPMENT 

Production of insulator packages followed two parallel development paths. The 
first is referred to as the "graded trilayer" and consists of a niobium 
collector covered with plasma-sprayed layers of niobium and/or ceramic. The 
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alternate approach is to include small (about 25 pm) niobium spheres in the 
ceramic layer. This is called the cermet sheath insulator. The spheres serve 
as sites for diffusion bonding in addition to toughening the ceramic layer to 
minimize cracking due to neutron swelling. Past production of these cermets 
contained 25 vol% niobium in the cermet layer. 

Development of the graded trilayer approach included yttria, alumina and 
yttrium aluminum garnet (YAG), Alumina trilayers of this type have been made 
previously. Alumina samples were made using Linde C powder and were hot 
isostatic pressed (HIPed) at 1820 K'in argon. Yttria has also been used to 
produce sheath insulators on earlier programs and samples were made using 
high-purity powder purchased from Johnson Matthey Co., Seabrook, NH. The 
samples were HIPed at 1970 K to achieve final density. Samples were analyzed 
by X-ray techniques in the scanning electron microscope (SEM) and no 
penetration of niobium into the yttria was detected. 

YAG sheath insulators had heretofore not been produced using this approach. 
Efforts to produce YAG cermet sheath insulator samples had resulted in cracking 
of the YAG and reaction with niobium that has not been fully explained. After 
an extensive search, YAG powder of acceptable purity was purchased from United 
Mineral and Chemical, New York, NY, and displayed good plasma spraying capa
bilities. These were HIPed at two different temperatures, and the resulting 
assemblies were analyzed for strength and chemical reaction with niobium. 

Development of the cermet option focused mainly on alumina with some yttria 
development. Alumina cermets with varying volume fractions of niobium spheres 
(0.1 and 0.25) were made and tested for bond integrity and strength. Results 
of the mechanical tests showed little difference in the strength or bond 
integrity of these two materials. The lower volume fraction of niobium is more 
desirable because the metal provides regions of enhanced electric fields and 
internal surfaces for faster mass transport within the ceramic (insulating) 
layer. The former is a concern for dielectric breakdown of the material and 
the latter for electrolysis and chemical transport. The 0.1 volume fraction 
material was therefore chosen for further development. Samples of yttria 
cermet with 0.1 volume fraction of niobium spheres and yttria with no niobium 
were also produced for testing. 

ELECTRICAL TESTING 

Electrical testing of the insulators was divided into four subtasks. First, a 
portion of a sample from each production run was analyzed for microstructure 
and impurities. Next, the resistance of each sample was measured as a function 
of temperature from 800 K to 1250 K. After this characterization the samples 
were life tested, either at nominal conditions (1100 K, 15 volts applied) at 
higher temperatures (up to 1250 K) to accelerate the transport within the 
sample, at lower voltages to slow the degradation near failure or a combination 
of these last two variations. 

Samples for electrical testing were configured with guard rings to prevent 
leakage currents from surface conduction or thermionic emission from confusing 
the current data. The guards were kept equipotential to the sample body. The 
samples were life tested in a centrally heated oven utilizing a thin molybdenum 
tube as a heating element. The oven contained a low (about 3x10^ Pa) pressure 
of helium to provide a heat flux through the sample of about 10 W/cm^. Voltage 
was applied to the exterior surfaces of the samples. The center annulus of the 
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samples was kept at ground potential. The guard rings current for each sample 
was measured as a pair, not separately. Resistance versus temperature 
measurements were most often made in a simpler, isothermal oven. 

Microstructure of the samples was determined by metallographic preparation 
followed by chemical etching to show the grain structure. These were then 
photographed using optical, scanning electron (SEM) and transmission electron 
microscopy (TEM) to determine grain size and phase distribution. 
Spectrographic analyses were made to determine the chemical, composition and 
structure of the phases present. These analyses were used as a baseline for 
comparison with samples after life testing. 

Data for the resistance of a sample versus temperature generally followed that 
predicted in the literature for the ceramic material, although some anomalies 
were found. Life tests have currently been conducted for up to three months. 
Some samples, however, failed within 14 days. Failure was quite sudden, with 
room temperature resistances falling from greater than 10 Mohm to less than 2 
ohms in a matter of a few hours. Further testing of all sample types is 
planned. 

Post-test analyses of the samples were conducted in a similar fashion to the 
microstructural analyses of the untested samples. If the sample had not failed 
during testing, the resistance versus temperature was checked before 
destructive analysis. On failed samples, attempts to isolate the region(s) of 
failure were made to allow detailed analysis. Attention was paid to signs of 
electrolysis for all samples. 

MODELING 

An analytical model to predict the effect of electrolysis and chemical 
transport was developed. The model attempts to calculate the flux of each 
species within the sheath insulator layers that will result from the imposition 
of an electric field or a chemical activity gradient, such as would result for 
oxygen in oxide ceramics upon exposure to very pure lithium. The model uses 
the standard diffusion equations and ignores the effect of interfacial kinetics 
because mobility in the ceramic phase is assumed to be rate controlling. Space 
charge effects are also ignored. Fluxes are matched at the interfaces between 
the layers to provide continuity between the layers. 

The effects of applied potential and a chemical activity gradient are made 
additive by the Nernst relation. This allows translation of the applied 
potential into the equivalent of a chemical activity gradient, reducing the 
problem to one of multilayer diffusion. Because it is anticipated that oxygen 
transport will be of the greatest consequence and the diffusion coefficient of 
oxygen in niobium is so high, it is assumed that the niobium layer into which 
the oxygen flux is being driven is essentially reversible and can therefore be 
left out of the analysis. Because of this rapid diffusion in niobium, it is 
also possible to consider the other niobium layer as reversible up to the point 
at which reduction of the ceramic would begin and then to treat it as a 
blocking electrode beyond this point. The problem then becomes that for a 
finite slab which suddenly has one or both of its faces exposed to a new (in 
this case lower) chemical activity. Failure is predicted when the reduced 
zones (defined as an area with less than an adjustable percentage of its 
original oxygen concentration) expand to the point where the unaffected sample 
thickness is small enough to cause the field resulting from the applied 
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potential to exceed the breakdown potential of the ceramic. 

If the primary diffusing species is a metal ion, these latter assumptions are 
not valid and the solutions for the equations become more complex and the 
necessary transport data more rare. This case is not covered by the existing 
model. The effect of neutron irradiation is not addressed in the above model 
due to a lack of information regarding its interaction with an electric field, 

THE TIDE PROGRAM 

The TIDE program plans to address this gap in understanding. It has the added 
objective of measuring the electrical properties of alumina over a range of 
temperatures and oxygen partial pressures. The latter information is important 
because no data on electrical properties of alumina are available at the ex
tremely low oxygen partial pressures associated with molten lithium. Beginning 
investigations of the role of dopants and grain boundaries are also planned. 

Samples of titanium-doped and pure polycrystalline and single crystal alumina 
were characterized for impurities and microstructure, including TEM 
investigations of defect structure prior to testing. Identical samples will be 
subjected to testing both in and out of a neutron flux. Out of the irradiation 
environment, the components of sample conductivity (ionic, electron, and hole 
conductivities) will be measured using well-established blocking electrode 
techniques. The temperature will be_varied from_900 K to 1200 K, and the 
oxygen activity varied from about 10~'*atm to lO'^^atm using metal/metal oxide 
coexistence electrodes. Several samples will be subjected to life tests at 
various temperatures and oxygen activities and removed periodically to study 
the progress of degradation mechanisms. 

In-reactor tests will be much simpler due to the harsh environment. The 
neutrons will be supplied in the Los Alamos Meson Physics Facility (LAMPF), 
Samples will be subjected to a measured neutron flux with and without applied 
electric fields over a period of six months. The current in the samples with 
electric fields will be monitored. 

After removal of samples from testing, all will be recharacterized using 
optical techniques, SEM and TEM. Some chemical analyses may also be attempted. 
Defect structure changes will be recorded and compared. The results will be 
interpreted using existing theory, and the findings applied to the model 
described above. 

CONCLUSIONS 

Work conducted as part of the TFE Verification Program has shown that sheath 
insulators can be manufactured that are capable of meeting initial performance 
specifications, and whose lifetime can be modeled in the absence of a radiation 
field. A new program, TIDE, has been initiated to investigate the effects of 
concurrent neutron irradiation. 
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INTRODUCTION 

A unique fuel cell coupled with a low power nuclear reactor presents an 
attractive approach for SDI (Strategic Defense Initiative) burst power 
requirements. The requisite high power, long-duration bursts appear 
achievable with appropriate development of the concept. 

A monolithic fuel cell/nuclear reactor system clearly possesses several 
advantages. 

• The system is flexible. The system could be operated: (a) open cycle -
emitting coolant hydrogen and product water, (b) partially open cycle -
emitting only coolant hydrogen, or (c) closed cycle - with no emissions 
from the energy storage subsystem. Furthermore, a system could be 
operated in a closed cycle condition for periodic testing, then open 
cycle during the burst power mode. Open or partially open fuel cell 
cycles would employ hydrogen that was also used as coolant for the weapon 
on board the space platform. Closed cycle operation would employ a 
dedicated hydrogen tank. 

• The system is regenerative. Full-power capability can be recharged 
following extended bursts under battle or test conditions. The length 
of the recharge time Is determined by the size of the nuclear reactor. 

• The heat rejection requirements are minimal. The fuel cell system is 
highly efficient. Furthermore, the high operating temperature of the 
fuel cell (1300 K) also reduces the weight and volume of the heat 
rejection device. 

• The system has essentially no moving parts. A static power conversion 
system is used with the reactor. The fuel cell is an all solid-state 
device. Mechanical motion is required only for pumping gases through the 
fuel cell. As a result, no large torques are added to the system. 
Furthermore, high system reliability is envisioned during extended 
standby operation over a period of years. 

The system performance advantages result from a significant breakthrough In 
fuel cell design. The monolithic design employs the same thin ceramic compo
nents used in other oxide fuel cells in a strong, lightweight honeycomb 
structure of small cells and, thus, can achieve very high power per unit mass 
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or volume. The light weight and low volume, as well as the efficiency and 
reliability of electrical systems, are advantageous in space applications. 

Coupling a nuclear reactor with a monolithic fuel cell appears attractive for 
space based pulse power systems. In the preferred configuration, the mono
lithic fuel cell combines hydrogen and oxygen to produce the power pulse, and 
the product water is stored on board. Following a test power pulse, the fuel 
cell is run in reverse to regenerate the hydrogen and oxygen. The nuclear 
reactor provides the power input for the reverse operation. As a result of 
the reverse operation, the quantity of reactant that must be put into orbit is 
significantly reduced. In addition, there are other advantageous links 
between the nuclear reactor and the fuel cell subsystem. For example, reject 
heat from the reactor may be used to maintain the fuel cell in a "hot standby" 
mode in order to rapidly respond to demands for power, 

MONOLITHIC FUEL CELLS 

In the monolithic concept, fuel and oxidant are combined electrochemlcally in 
a ceramic cell at an operating temperature of 1100 K to 1300 K, Cell 
components are fabricated as one piece, much like a block of corrugated 
paperboard. Fuel and oxidant are conducted through alternating passages in 
the stack. These passages are formed from thin (0.025 mm to 0.100 mm) layers 
of the active cell components: electrolyte (yttrla-stablllzed zlrconla), 
cathode (strontium-doped lanthanum manganlte), anode (nlckel-zlrconla cermet), 
and the interconnection material (magnesium-doped lanthanum chromite) that 
connects cells in electrical series (bipolar plate). The corrugations also 
form the gas seal at the edges of the structure. Advantage is taken of the 
ability to fabricate the solid electrolyte and other solid cell components 
into shapes that cannot be achieved in liquid electrolyte systems. In liquid 
electrolyte systems, much of the mass and volume goes into building the inert 
container for the liquid. Eliminating this unnecessary material gives the 
monolithic fuel cell a significant advantage in performance. 

The potential for the high power density of the monolithic fuel cell results 
from the small cell size. Cells 1 mm to 2 mm in diameter or smaller are 
achievable when the inert container for electrolyte and the inert support for 
the thin active layers are eliminated. The small cell size Increases the 
active surface area per unit volume of the cell. More Importantly, the small 
cell size in the monolithic design reduces the voltage losses caused by 
internal electrical resistance. This reduction is a significant consider
ation, because internal resistance is the principal dissipative loss for the 
ceramic materials and temperatures of Interest. Decreasing the cell size 
decreases the current path length because current is carried in-plane by the 
electrodes in the monolithic design. 

PRESENT STATUS 

The principal challenge for the development of the monolithic fuel cell is 
fabrication of the intricate structures. Well-developed ceramic fabrication 
techniques are being employed. Tape casting methodology is being optimized to 
fabricate thin layers of fuel cell materials. Tape casting is used to form 
thin layers in the ceramic capacitor industry. The tape cast layers are 
bonded together, corrugated as required, and stacked in the green state. All 
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layers of the array are coflred In air under the same conditions. The prin
cipal challenge for coflring is to match the shrinkage rates of all four 
materials by tailoring the particle size and the binder content in each layer. 
Gas manifolding is added after the array is fired. 

Arrays (one-piece stacks) of the monolithic design have been fabricated and 
operated. Typical arrays contain two to six cells in electrical series. An 
array has been operated for more than 650 hours. The array was two cells in 
electrical series; each with an active area of 9 cm^. The operating condi
tions were-1270 K (lOOO'C), 50 mA/cm^, hydrogen as fuel, and air as oxidant. 
The performance demonstrates the feasibility of the monolithic fuel cell 
concept. 

APPLICATIONS IN SPACE 

Regeneration has been demonstrated for the monolithic fuel cell configuration. 
Cells of the monolithic designed have been operated in the reverse (electrol
ysis) mode. The cells were three-layer composites of cathode/electrolyte/ 
anode with an active area of 3 cm^. The cell tests required a configuration 
different from that of a monolithic array. The cell geometry was flat in 
order to simplify gas manifolding. The unsupported three-layer composite was 
sealed to the end of a tube. The seal was made with a commercial zlrconla/ 
silica cement. For the test of regeneration, a steam/ hydrogen mixture was 
continuously supplied to one side of the cell. The other side of the cell was 
flushed with oxygen prior to the start of the test, the oxygen supply was 
discontinued prior to the start of the test. The electrical contacts applied 
to the cell for test purposes were a platinum paste and a platinum screen. 
The cell and test apparatus were maintained in an isothermal zone at lOOO'C 
and 1-atmosphere pressure. 

The cell tests clearly demonstrated the ability to regenerate hydrogen and 
oxygen. On one side of the cell, water was consumed and hydrogen was formed, 
as shown in Figure 1. On the other side of the cell, oxygen was generated. 
Furthermore, the cell performance was near the predicted values. For an 
applied potential of 1.4 V, the current density was near the predicted value 
of 0.6 A/cm^, as shown.in Figure 2. The next step is to demonstrate the 
ability to regenerate hydrogen and oxygen using multicell arrays. 

Burst power applications place stringent requirements on the transient 
behavior of monolithic fuel cells. The fuel cell experiences significant 
transient conditions during liftoff. The fuel cell system must survive the 
acceleration during launch. A finite element stress analysis indicates that 
the fuel cell can survive acceleration up to 7 times that of gravity (7 g's). 
Furthermore, the stress analysis showed that the launch behavior depended on 
the orientation of the fuel cell during liftoff. A loading of 7 g's could be 
tolerated perpendicular to the gas flow through the fuel cell array. However, 
the array was much "stlffer" when the loading was applied in the direction of " 
the gas flow channels. The ceramic structure could survive a loading of 
22 g's in that direction. 

The ability to tolerate thermal and mechanical shock is essential to the 
monolithic fuel cell burst power concept. Shock-resistant, thin-layer 
ceramics have been fabricated. The effort focuses on improving the fracture 
toughness of the electrolyte (yttria-stabilized zlrconla). Additions of up to 
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30 mol % partially stabilized zirconia have resulted in a factor of four 
increase in the fracture toughness. 

CONCLUSION 

The monolithic fuel cell looks attractive for space applications and 
represents a quantum jump in fuel cells technology. Such a breakthrough in 
design is the enabling technology for lightweight, low-volume power sources 
for space-based pulse power systems. The monolith is unique among fuel cells 
in being an all solid-state device. • The capability for miniaturization, 
Inherent in solid state devices, gives the low volume required for space 
missions. In addition, the solid oxide fuel cell technology employed in the 
monolith has high-temperature reject heat and can be operated in either closed 
or open cycles. Both these features are attractive for integration into a 
burst power system. 

The technology development effort in FY 1987 led to the demonstration of 
several significant features: 

(1) The reversibility of the monolithic fuel cell was demonstrated. Cells 
of the monolithic design were operated in the regenerative mode. The 
ability to regenerate hydrogen and oxygen with the same module as used 
for burst power production is a significant factor in some designs. 

(2) Acceptable transient behavior was demonstrated. The monolith can 
withstand the transient stress of a shuttle launch. Furthermore, 
improvements in the shock resistance of thin-layer ceramic structures 
was demonstrated. This enhances the margin of safety for launch and 
operation of monolithic fuel cells. 

The challenge is to improve fabrication methodology and demonstrate 
performance at a power level of 10's of kilowatts where other fuel cell 
technologies have already been tested. The development of the monolith is 
proceeding faster than any other fuel cell. An aggressive development 
program is recommended to ensure that the monolith system is ready for use 
in the 1990's. 
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INTRODUCTION 

United Technologies Corporation, Power Systems Division (PSD), 
has studied the use of advanced alkaline regenerative fuel cell 
energy storage systems to provide 10's to 100's of MWe of sprint 
(burst) power for 100's of seconds per orbit for Strategic 
Defense Initiative (SDI) weapon platforms. Recharge power is 
supplied by a multimegawatt Space-based nuclear power system. 
Regenerative fuel cell energy storage systems offer the poten
tial for significant platform mass reduction by reducing the 
size .and mass of the nuclear power source required. This is 
because the reactor can be sized for the smaller average power 
level for the energy storage system, rather than the sprint 
power level. The regenerative fuel cell is a particularly 
attractive energy storage device because the fuel cell is 
essentially a static power conversion device, which results in 
excellent platform stability for weapon pointing and tracking. 

ALKALINE FUEL CELL 

The alkaline fuel cell is a well developed, moderate temperature 
(420 to 450K) technology for space applications, having been . 
proven in numerous Apollo and Space Shuttle missions. The key 
issue for this technology is to demonstrate performance improve
ments needed to achieve the desired mass reduction from current 
state-of-the-art systems. 

The development of high power density alkaline fuel cell tech
nology for SDI burst power missions is under way as part of a 
3-year Air Force program. The cell performance level required 
to achieve a 7-kW/kg stack has been demonstrated in laboratory 
scale already. Current activities are focusing on component 
mass reduction and scale-up required to demonstrate a 50-kW 
alkaline fuel cell stack at 7-kW/kg in 1989. 

PARAMETRIC STUDY 

PSD defined a fully closed (no effluent) regenerative fuel cell 
energy storage systems for the alkaline fuel cell. The system 
mass was then estimated as a function of burst duration from 
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100 to 1000 seconds, assuming power levels of 10's to 100's of 
MWe and a 6000-second recharge time with discharge every orbit. 

DETAILED POINT DESIGN 

The alkaline system was studied at a more detailed point design 
based upon a set of mission design parameters that resulted in 
a 210-second burst duration. 

The alkaline regenerative energy storage system for the detailed 
point design supplies 200 MWe of power for 210 seconds, based 
upon a 6000-second recharge time and a 10-MWe reactor. The 
total system mass is 51,000 kg (0.26 kg/kW) with an energy 
storage efficiency of 69%. The energy density is 225 Wh/kg. 

The alkaline system shown in Figure 1 consists of an electroly-
zer, storage tanks, fuel cell modules, and expandable radiators. 
The separate electrolyzer is close-coupled to the nuclear 
thermionic reactor to minimize heavy power cabling, and is 
designed to accept 30- to 50-VDC power output directly from the 
thermionic type reactor to eliminate power conditioning equip
ment. The separate electrolysis unit allows continuous 
recharging even during discharge of the fuel cells. Chemical 
energy in the form of gaseous hydrogen and oxygen is transferred 
from the electrolyzer to gaseous storage tanks and stored at 
13.8 MPa, 370K until needed by the high power density alkaline 
fuel cell modules. The fuel cell modules are distributed along 
the weapon. Waste energy from the fuel cell modules is rejected 
as steam during the burst. The steam is collected in light
weight expandable radiators that store energy as steam during 
the burst and allow the radiator to radiate heat over the 
entire 6000-second orbit. Condensate from the radiators is then 
returned to the electrolyzer for regeneration into gaseous 
hydrogen and oxygen reactants. 

The expandable radiators are a key element of the alkaline 
regenerative energy storage system. The combination of thermal 
energy storage, which significantly extends the radiation 
period and low mass per radiating surface area, results in a 
significant mass reduction over conventional fixed radiators. 

CONCEPTUAL LAYOUT OF SYSTEM 

A conceptual layout of an alkaline fuel cell regenerative energy 
storage system including expandable radiators was done to ensure 
that the fully expanded radiators could be accommodated on a 
satellite platform. A 90-meter-long by 15-meter-diameter 
platform, suitable for a Neutral Particle Beam (NPB) device, 
was chosen for the design. The results of this study, shown 
in Figure 2, indicate that the fully expanded radiators could 
be accommodated by deploying them along two sides of the plat
form to achieve a maximum view factor and avoid re-radiation 
from the higher temperature nuclear system radiators. 
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CONCLUSIONS 

Based upon the detailed point design and conceptual layout, 
the alkaline regenerative fuel cell energy storage system is 
an attractive choice for integration with a nuclear thermionic 
system for providing multimegawatt burst power and multi orbit 
capability. 
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INTRODUCTION 

Fuel cells have already been proposed as energy storage candidates 
for space applications in the multimegawatt regime in a number of 
studies and the projected performance seems to satisfy the severe 
requirement of high power density (W/g). These chemical energy 
based systems are particularly important when the mission duration 
is in the 1000 second domain. Recent measured performance of 
experimental polymer membranes from Dow Chemical operating on pure 
gases has brought this technology into the candidate arena because 
of its potential near term availability as space traceable 
hardware. This paper describes an energy storage system to 
furnish the mission power for a number of applications, including 
its candidacy for the strategic defense initiative. Contemporary 
fuel cell systems are a factor of nearly 50 below the power density 
needed for the platform requirements. 

RACKGROrTND 

Polymer fuel cells operate as devices that perform the 
electrochemical oxidation of a fuel. During this process, the 
cathodic reduction of oxygen is physically separated from the 
anodic oxidation step and useful current is extracted. These 
devices are not limited by the Carnot cycle as in heat engines and 
device efficiency of 70% to 80% is feasible even though the entire 
device is held at a constant temperature. In the hydrogen-oxygen 
fuel cell, hydrogen is oxidized at high surface area 
electrocatalytic layers to form the proton, 

H2 = 2 H"*" + 2 e~ 

and the protons move through a strong acid immobilized in a polymer 
membrane to react with oxygen at the cathode face, 

O2 + 4 e~ + 4 H"*" = 2 H2O 

The energy available is some fraction of that given by the chemical 
combustion of hydrogen, but this is produced directly as a voltage, 
suitable for useful work. The electrons flow in an external 
circuit to complete the electrical circuit of the fuel cell and 
thus furnish energy to the load. 

Because the prime power is chemically-derived from pure gases, the 
fuel cell optimal performance (very high power density, at a high 
cell voltage efficiency) is reached. 

381 



Fuel cells have several unique features that make them superior 
sources of electrical power in these applications which include a 
projected high power density of 8 W/g and a system efficiency of 
50% or greater. Fabricating modules in power levels of hundreds of 
kilowatts allows for a distributed power system and minimization of 
stored energy in the transmission lines. The specific motivation 
behind the using the proton exchange membrane (PEM) or polymer fuel 
cell is the recent advance in power density obtained with 
experimental membranes from the chlor-alkaline industry (Eisman 
1987). This solid polymer type electrolyte has a measured power 
density of 2 W/cm^ with a low operating temperature (360 K). 
Similar polymer technology has previously been demonstrated in 
space, but at low power density. The polymer technology has an 
immobile electrolyte, is tolerant to a differential pressure across 
the membrane and because the electrolyte is trapped in the polymer, 
the PEM technology should exhibit less corrosion than other types 
of fuel cell systems. These combined properties lead to a system 
that can have high reliability and long life. 

HIGH POWER DENSITY SYSTEMS 

Disadvantages of contemporary fuel cells are that they operate at 
modest power density (a factor of 50 increase in system power 
density is needed for space platforms in order to achieve a 8 W/g 
design goal) and they have not been operated in the non-steady 
state modes required for the spectrum of space missions. Two 
technical issues must be addressed in order to use the PEM 
technology; the issues are: (a) a method to increase the system 
power density which includes membrane-electrode optimization with 
lightweight bipolar plate assembly components; this work could lead 
to a projected single cell assembly performance of 18.4 W/g (the 
projected areal power density is 2.5 to 3.5 W/cm^) using thin, high 
conductivity membranes with optimal electrode catalyst site 
utilization with ionomer dopant to obtain the high power density, 
and (b) solving the mass transport and heat removal issues; this 
work involves using the Los Alamos concept of forced convective 
transport of reactant gases to both electrodes combined with 
evaporative cooling. This concept allows the maximum flexibility 
in the power system design tradeoffs; the loops create uniform gas 
feeds and serve to humidify the anode section, to remove product 
water, and to cool the cathode section. 

Because the fuel cell system allows for a modular and distributive 
power source, we describe a conceptual design of a submodule based 
on an already measured power density of 2 W/cm^. Using an areal 
power density of 3.0 W/cm^ as the basis of the advanced fuel cell 
projected performance and a one-cell active area of 800 cm^, we 
obtain for a 55 volt system, a single stack (submodule) output 
power of 165 kW; the submodules would be connected in parallel to 
obtain the required output power level. Using a projected power 
density of the fuel cell system of 8 W/g, a total mass of 500 kg is 
calculated for the stacks and ancillary hardware for a nominal 4 
MW electrical load, not including the fuel. The power module 
voltage efficiency is estimated to be 50 % and the thermal output 
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is approximately 4 MW. These voltage and power levels would be 
suitable to drive solid-state rf power modules. 

The description for a unit cell concept of the membrane-electrode 
with a bipolar plate assembly includes a circular membrane using a 
sheet with a thickness of 7 6.2 um. Attached to the sheet are two 
laminated coatings, each 254 um thick, composed of a porous mixture 
containing platinum black, teflon binder, and a fluorosulfonic acid 
ionic (proton) promoter. The metallic bipolar plate is assumed to 
be a thin (63.5 um) foil with a high electrical conductivity oxide 
or plated surface at the contact surface with the 
membrane-electrode area. This concept will ensure reduced mass of 
the total assembly designed to operate at about 400 kPa and 360 K. 

CONCLUf?IQNS 

Key elements of this paper have focused on the polymer fuel cell 
power source as an energy storage component. The projected high 
power density and heat/mass transport issues are the focus of a 
power module conceptual design. No single outstanding candidate 
power technology exists for the space-based platforms for the 
strategic defense initiative. Because the PEM technology can be 
implemented in large sized modules (power level), the fuel cell 
power option offers several system design options to the design 
engineer. 
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INTRODUCTION 

A space nuclear power system (SNPS) benchmark reactor physics program was 
performed October through December of 1986 at Argonne's Zero Power Physics 
Reactor (ZPPR) (Collins et al. 1987). Two uranium fuelled, BeO reflected 
reactors were assembled to test 300-kWe conceptual designs under 
consideration for the SP-100. The major difference between configurations 
was the reactivity control concept. Program goals were to aid designers 
in evaluating SP-100 designs and provide guidance in defining a series of 
engineering mockup criticals to be performed in support of the ground 
engineering test. 

EXPERIMENTAL CONFIGURATIONS 

The first configuration, denoted ZPPR-16A, was based on a Los Alamos 
design (Sapir et al. 1987) that had 13 internal control rod positions and 
a relatively thin BeO radial reflector. The second, denoted ZPPR-16B, was 
based on a General Electric design (Vaidyanathan et al. 1987) that had six 
internal control rod positions and a thick BeO radial reflector to 
simulate B C lined reflector control drums. Because a water flooding 
accident scenario is of concern to designers, a flooded version of 16B, 
denoted ZPPR-16C, was also simulated. The three ZPPR 16 criticals are 
shown in radial cross section in Figure 1. 

EXPERIMENTAL PROGRAM 

A thorough physics characterization was obtained for the 16A and 16B 
configurations. Fundamental measurements included criticality, detailed 
reaction rate distributions, detailed gamma heating distributions, control 
and reflector worth, neutron spectrum and kinetic parameters. The 16C 
fundamental measurements included criticality and kinetics parameters. An 
extensive set of material worth measurements was made in 16B and 16C. 

CALCULATIONS 

ZPPR-16 calculations used ENDF/B-V.2 data processed through the MC^-II 
code, with cell heterogeneity calculations in 230 groups using the SDX 
code, and collapsed to a 30 group library using a one-dimensional 
cylindrical diffusion model. Maxwellian thermal group cross sections were 
included in the lowest two groups and no special thermal spectrum 
calculations was used. Reactor calculations used the TWODANT code in rz 
and xy geometry. In the latter case, group dependent axial bucklings were 
calculated from the axial flux distributions from the rz model. A VIM 
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Monte Carlo calculation was made for the 16B reference with a detailed 
model including the plate structure of the assembly. 

RESULTS 

The calculated k-effective values for ZPPR-16 are as follows: 

ZPPR-16A rz S^ 1.017; 
ZPPR-16B rz Ŝl 1 .040; 
ZPPR-16B VIM Monte Carlo 1.037; and 
ZPPR-16C rz S4 0.996. 

The result for 16C includes a 12$ correction, obtained from studies of a 
simplified model, for the annular control rod model used in rz geometry. 
These studies have indicated an improved modelling procedure, which is 
being implemented. 

Control drum worths were measured in 16B and control rod worths were 
measured in 16A and 16B. The worth of complete removal of the reflector 
was measured in 16A and 16B. Several reactivity measurements and ratios 
of calculation to experiment are shown in Table 1 . To represent the 
reactor geometry, calculations were made with an xy model with the TWODANT 
code. The worth of six control rods (30$) is calculated ^^% low. The 
worth of the radial reflector (21$) is quite well predicted by the rz 
model, but grossly underestimated with the xy model. In the experiments 
simulating control drums with B C segments, the current calculations 
uniformly overpredict the reactivity changes by ^5% to 19?. 

Axial and radial reaction rates and gamma heating were mapped in one 
quadrant of 16A and 16B. Figure 2 summarizes calculational discrepancies 
for fission rates in 16B. The calculations were made with the TWODANT xy 
model and normalized to a core average C/E of 1. Fission rates in ^'^U 
are well predicted over the two lower enrichment zones but show gross 
overpredictions in the outer enrichment zone close to the core edge. 
Distributions of the ^^®U fission rates, measured along the x and y axes, 
are quite well predicted with a variation in C/E of less than 4$ for a 
statistical uncertainty of ^% on each measured data point. 

SUMMARY 

ZPPR-16 was a short program aimed at providing basic physics data for 
cores representing early SP-100 designs. All measurement results from the 
experimental program are available. Initial analysis, using standard 
deterministic methods, shows significant errors when compared against the 
measurements. Calculational difficulties are enhanced by the need to 
model a natural-B C/graphite "room-return shield" used in the ZPPR 
experiments. 
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Figure 1. ZPPR 16 Configurations. 
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Figure 2. Percent Error in Calculated 235 and 238 Uranium Fission 
Rates at the Axial Midplane of ZPPR-16B. 

TABLE 1. Reactivity Control Measurements in ZPPR-16B, 

Configuration 

6 Control Rods 
Inserted 

B C Drums Out 
B C Drums In 
Reflector Removed 

Measured 
Worth, $ 

-30.237 

-8.495 
-11.773 
-21 .159 

Uncertainty, % 

1.06 

1.04 
1.14 
1.64 

Calci ilation/Experiment 

0.880 

1.158 
1 .185 
0.700^ 
1.033"̂  

^TWODANT xy calculation. 

•̂ TWODANT rz calculation. 
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Donald S. Bost 
Rockwell International/Rocketdyne Division 
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(818) 700-3377 

INTRODUCTION 

Recent renewed interest by the National Aeronautics and Space Administration 
(NASA) and other government agencies in space reactor power systems with power 
levels in the 1 to 100 kWe range has prompted a review of earlier space reac
tor programs, as well as the ongoing SP-100 program, to identify a system that 
will best fulfill their needs. To provide a focus for this review of space 
reactor power systems, a general set of requirements was formulated based on 
information provided informally by NASA (Bloomfield 1986). These requirements 
are given in Table 1. 

TABLE 1. ttultikilowatt Space Power System Requirements. 

• Mission 

• Lifetime, years 

• Power 1 eve!, kWe 

• ~1 

• 10 to 20 

• 30 to TOO 

• General 

• Shielding 

Interplanetary 

10 to 15 

Replacement for RTGs 

1 kWe going out, power up to 10 to 20 kWe 

Nuclear electr ic propulsion 

Low mass, high r e l i a b i l i t y , survivable, no 

SP-100 requirements, 25-meter boom 

safety issues 

One of the primary uses for the system would be for interplanetary missions 
of 10 to 15 year duration. One application would be a direct replacement for 
a Radioisotope Thermoelectric Generator (RTG) at 1 kWe. Another was a system 
that would produce 1 kWe, while in transit through interplanetary space but 
could power up to 10 to 20 kWe upon reaching its destination. Finally, systems 
in the 30 to 100 kWe range are needed for nuclear electric propulsion. It is 
required that the system have low mass, high reliability, be survivable to 
natural and hostile threats, and have no insurmountable safety issues. The 
SP-100 radiation requirements at a 25-meter separation distance should be used 
in the evaluation of shield mass. 

REVIEW OF CANDIDATE CONCEPTS 

The candidate reactor types that were reviewed are listed in Table 2. This 
review was aided by an extensive technology assessment that was performed by 
Rockwell International for the Department of Energy (Anderson 1983). There 
are several ways to categorize reactor types, but, in this review, they were 
grouped according to the method of heat removal. The in-core thermionic reac
tor is somewhat unique, therefore it was grouped separately. The power con
verters include all those that are applicable in the power range of interest. 
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TABLE 2. Summary of Reactor Power Systems. 

Reactor Type 

Conduction cooled 

Heat pipe cooled 

L iqu id metal cooled 

In-core thermionic 

Gas cooled 

Reactor 

Romashka 
SNAP-10 
STAR-C 

LANL SP-100 
LLNL SPR-4 
LLNL SPR-5 

SNAP-2 
SNAP-1OA 
SNAP-8 
SNAP-5 kWe 
SNAP-50 
ORNL-MPRE 
NASA-Lewi s 
LLNL SPR-6 
GE SP-100 
RI SP-100 

TOPAZ 
GA SP-100 
GA 19 TFE 
GA 60 TFE 

NERVA 
Pluto 
ANP 
GE 710 
BNL FBR 

Spectrum 

Fast 
Thermal 
Fast 

Fast 
Fast 
Fast 

Thermal 
Thermal 
Thermal 
Thermal 
Fast 
Fast 
Fast 
Fast 
Fast 
Fast 

Thermal 
Fast 

Thermal 
Thermal 

Thermal 
Thermal 
Thermal 
Fast 

Thermal 

Converter 

TE 
TE 

Out-of-core TI 

TE 
K-Rankine 

Out-of-core TI 

Hg-Rankine 
TE 

Hg-Rankine 
TE 

K-Rankine 
K-Rankine 
K-Rankine 
K-Rankine 

TE 
Stirl ing/Brayton 

TI 
TI 
TI 
TI 

None 
None 
None 
None 

None/Brayton 

Power 

0.5 kWe 
0.3 kWe 
10 kWe 

100 kWe 
375 kWe 
300 kWe 

3 kWe 
0.5 kWe 
35 kWe 
5 kWe 
300 kWe 
140 kWe 
300 kWe 

10,000 kWe 
100 kWe 
100 kWe 

5 to 7 kWe 
100 kWe 
10 kWe 
40 kWe 

1000 to 5000 MWt 
500 MWt 
30 MWt 
220 MWt 

300 to 1000 MWt 

The intent during the review was to include only those systems that had 
reached an advanced stage of development. The primary interest was in systems 
that would not require a large development program. 

There are several observations or conclusions that result from this review. 
Most of the high temperature, high power reactors are fast reactors, with the 
main exceptions being the moderated, gas-cooled reactors for propulsion. The 
Low power reactors are moderated (thermal) reactors. There are several reasons 
for this. At the high power level, a large amount of fuel is needed because 
of bumup considerations. With a large fuel loading, fast reactors with their 
large critical mass requirements become feasible. On the other hand, they 
cannot be scaled to small size because of this critical mass limitation. 
Moderated reactors have much lower critical mass requirements and, thus, the 
potential to scale to lower size. 

High temperature operation places a restriction on the type of moderator that 
may be used. The best moderators, neutronically, are hydrogeneous materials 
such as water, organics, and metal hydrides, but they are limited to rela
tively low temperatures. The high temperature moderators are graphite, beryl
lium metal, and beryllium oxide. 

MODERATED REACTORS 

To investigate the possibilities for reactor size reduction with H, Be, or C 
as moderators, the critical mass of u235_fueied bare spheres as a function 
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of moderator-to-fuel ratio was plotted as shown in Fig. 1, An H/Zr ratio of 
1.64, which is typical of SNAP fuels, was used. It is well known that these 
type curves exhibit a minimum critical mass at optimum moderation. However, 
this does not necessarily mean that the reactor mass exhibits a minimum, as 
may be seen in the critical radius and total mass curves. Graphite-moderated 
reactors greatly increase in size and mass as the C/U^^^ ratio is increased. 
The same is true for Be but to a lesser extent. Only the ZrH-moderated reac
tor shows a potential for reducing critical mass without a large increase in 
total mass. 

i n ° l I I I I I I in° l I I I I I I m" ! I I I I I 

10'' l o " 10' 10^ lO-' 10* 10^ 10^ 10° 10^ 10^ 10^ 10* 10^ 10"̂  lo " lo'' 10^ 10^ 10* 10^ 

MOL/u235 RATIO MOL/U^^^ RATIO MOL/U^^^ RATIO 

FIGURE 1. Critical Mass of u235_Fueled Bare Spheres as a 
function of Moderator-to-Fuel Ratio. 

One of the problems with ZrH-moderated reactors is maintaining the hydrogen 
at high temperature. The reason hydrogen loss is important is the associated 
reactivity loss, which causes concern over the ability to provide sufficient 
reactivity and control worth for long life. At a coolant outlet temperature 
of 700 K, there is negligible hydrogen loss, therefore, 10 to 15 years life is 
attainable. 

ZrH-MODERATED REACTOR 

After concluding that only ZrH-moderated reactors scale to small size and 
realizing that they are limited to relatively low temperatures, one must ask 
which power converter is most compatible with such a reactor? It is known 
that thermoelectric (TE), thermionic (TI), and Stirling converters prefer 
high temperatures. The same is true of Hg- and K-Rankine cycles. The organic 
Rankine cycle (ORC) is best operated at temperatures below 6 70 K because of 
pyrolytic damage to the working fluid. Since the hydrogen loss in a ZrH-
moderated reactor is negligible at temperatures below 700 K, it is ideally 
suited to the ORC. 

Prior to program cancellation in 1973, a UZrH reactor in the 100-kWt class 
was in an advanced stage of development at Rockwell International (Van Osdol 
1973). Although intended for use with TE converters to produce 5 kWe, the 
same reactor design can be easily adapted for use with an ORC to produce 10 
kWe. The mass of a 10 kWe system is given in Table 3. The shield mass is that 
required to meet the SP-100 radiation requirements at a 25-meter separation 

395 



TABLE 3. Mass Summary for 10 kWe 
UZrH/ORC System. 

distance. The system contains redundant 
ORC converters and a deployable heat pipe 
radiator. The system mass is competitive 
with the most optimistic extrapolations 
of the SP-100 design to 10 kWe. The UZrH-
ORC system is preferable to a derated SP-
100 because of its proven technology 
readiness. 

CONCLUSIONS 

The UZrH-moderated reactor coupled with 
an ORC power conversion system provides 
an attractive system for multikilowatt, long-lived missions. The reactor re
quires a minimum development because a similar reactor has already flown and 
the ORC is being developed for use in the Dynamic Isotope Power System (DIPS) 
and on the Space Station. 

Subsystem 

Reactor 
Shield 
PHTS 
ORC-PCU 
Radiator/Structure 
Electrical 

Total 

Mass (kg) 

200 
60 

100 
390 
450 
200 

1420 
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INTRODUCTION 

Application of the Rankine cycle to space power systems is difficult because 
of the problems and complexities associated with two phase flow systems in 
microgravity. The majority of systems proposed have been indirect cycles, 
chosen specifically to avoid boiling in the core and to allow super-heating of 
the secondary fluid, thus ensuring dry vapor arrives at the turbine inlet. 
The Medium Power Reactor Experiment (MPRE) run by Oak Ridge National Laboratory 
was the only direct boiling liquid metal reactor ever operated (Hoffman and 
Krakoviak 1963), and was far from an optimum core design for space applications. 
MPRE operated with a maximum outlet quality of less than 30% and therefore 
required an elaborate moisture separating system. The high recirculation 
ratio required a rather complex coolant recirculation and control system. 

A direct cycle system which could provide super heated vapor to the turbine 
inlet would greatly enhance the development of Rankine cycle power systems 
for space applications. A potassium cooled fast reactor, fueled by highly 
enriched uranium nitride-molybdenum alloy cermet fuel and employing a unique 
radial-in-flow design that allows super heating of the exit vapor, is just 
such a system and yields a compact heat source. 

REACTOR DESIGN 

A space reactor design should take maximum advantage of the space environment 
rather than be a force fit of terrestrial reactor systems. The split core 
radial-in-flow reactor shown in Figure 1 does just that. Coolant flow in 
this design is radially inward, flowing from the outside radially inward toward 
the central axis of the core. Coolant enters as a sub-cooled liquid, begins 
boiling in the first few centimeters of travel through the core, and continues 
until dryout occurs a few centimeters from the channel exit. Due to volumetric 
expansion in going from liquid to vapor and the natural reduction in flow area 
as the coolant flows radially inward, coolant velocity is greatly increased. 
Coolant velocities near the coolant channel exit are equivalent to those found 
in gas cooled reactors. In fact, the central few centimeters of core are quite 
similar to a gas cooled reactor core. Although the heat transfer coefficient 
decreases as quality increases, the increase in velocity maintains the heat 
transfer to ensure that core temperatures remain within safe operating limits 
(Peterson 1965). Upon entering the outlet plenum, the flow turns and flows 
axially out either end of the core into outlet manifolds located at both ends 
of the reactor. 
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FIGURE 1. Radial-In-Flow Reactor Core and Vessel Configuration. 
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The core consists of monolith fuel blocks with internal coolant channels, as 
shown in Figure 2. These fuel blocks are arranged in concentric rings and 
are sandwiched between spacer or support plates, which are then stacked to pro
duce two identical core halves with one being fixed and the other being movable 
for coarse power (burn-up) control. Since boiling occurs through most of the 
core region, the core is mainly isothermal with a rise from sub-cooled to 
saturation at the inlet and a rise from saturation to superheat at the core 
exit. Being primarily isothermal allows this core design to maintain a 
satisfactory rate of heat transfer under all conditions (Alad'yev et al. 1969, 
and Dwyer 1976) and allows the core to meet operating criteria even as severe 
as an order of magnitude increase in power in just a few seconds. 

FIGURE 2. Monolithic Fuel Block with Internal Coolant Channels. 

Studies (Ischi and Fauske 1983, and Miyazaki et al. 1982) have shown that liquid 
film dryout in annular flow occurs as the quality exceeds 80%. By orificing 
the flow to each sandwiched fuel section, 80% quality is reached just as the 
coolant leaves the second to last fuel ring. The last fuel ring has the highest 
coolant velocities (Kottowski et al. 1976) and is zoned for lower power 
production to insure the desired super heating while maintaining proper fuel 
temperatures. Since power to flow mismatches may momentarily exist and even 
though the Moly-cermet fuel is able to withstand these excursions without 
excessive center!ine temperatures, the inner most ring of UN/Moly alloy cermet 
fuel is replaced with a UN/tungsten cermet which makes it possible to operate 
this core with 25 K to 50 K of superheat. This eliminates the need for any 
type of moisture separation system between the core outlet and the turbine 
inlet. 

UN-CERMET FUEL 

The UN/Moly alloy cermet fuel was selected because of the high fissile density 
of UN (30% greater than UO2), the high temperature strength of the molybdenum 
alloy, and the ruggedness of cermet. The use of cermet fuel blocks with 
internal coolant flow channels, the use of UN in a matrix of refractory metal 
alloy of molybdenum, hafnium, and rhenium, and the arrangement of these fuel 
blocks in a radial-in-flow geometry provides unique characteristics that are 

399 



in direct contrast to typical clad fuel-pin core designs, even those using UN 
as the fuel. These unique characteristics are: 

• A cermet fuel has a much greater resistance to thermal shock and stress 
(imposed by fission gas release) caused by sudden transients or cyclic 
operation over the life of the core and an ability for extended bumup 
providing long mission life. The strong, relatively ductile, high-
thermal -conductivity metal matrix and rugged configuration of the fuel 
block provides greater reliability in these respects than any other fuel 
material or fuel form. 

• The absence of interconnecting porosity among the individual particles 
of UN, and using 80% dense UN particles, increase the ability to 
retain fission products, thus minimizing fuel swelling over the 
life of the core. 

• The combination of high thermal conductivity and thin fuel webs 
between coolant channels allows high surface temperatures (1500 K) 
while maintaining relatively moderate peak fuel temperatures (1650 K). 

• The fuel composition of approximately 25% average UN loading in a Mo-Re-
Hf alloy matrix results in a configuration that has a negative reactivity 
worth for any water entering the core or the central cavity. This 
eliminates the concern over water immersion, which could result from a 
hypothetical launch abort accident. This negative worth of water is 
due to the poisoning effect the Re and Hf would have because of the softer 
spectrum resulting from the addition of water to the core. 

REACTOR CONTROL 

Reactor control for this core configuration is accomplished by two independent 
control systems. One system is for coarse reactivity control to accommodate 
bumup and the second system provides operational control for load following. 
The split core design allows one half to be supported by a fixed core basket 
attached at one end of the reactor vessel and the other supported by a movable 
core basket connected to drive rods at the other end of the reactor vessel. 
This provides a means of reactor control that will ensure a safe shutdown 
margin for any desired amount of fuel loading. Burn-up or coarse power control 
is accomplished by adjusting the separation distance of the two core halves 
using the change in core geometry to produce a sub-critical core configuration, 
thus controlling reactor criticality directly. This provides a very rapid 
shutdown which is independent of delayed neutron effects and provides a much 
greater prompt drop effect. Also, since inlet pressure exists between these 
two core halves, a loss of all power would result in an immediate separation 
of the halves and complete shutdown of the reactor. Other safety signals, 
such as low flow or loss of pressure, could be tied into the rod control system 
to deactivate the rod drives and pressure or the residual pressure due to 
flashing of the inlet coolant as the pressure drops, and would provide a natural 
"scram" safety feature that would rival terrestrial gravity assisted shutdown 
mechanisms. 

Operational control is accomplished by movable reflector segments located 
outside the pressure vessel, and employs neutron leakage from the periphery of 
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the core as the primary mechanism for operational control. Operational control 
system consists of 16 movable beryllium oxide reflector segments that are 
connected to individual control drive mechanisms located outside the reactor 
containment can. This makes it possible for reflector segments to be withdrawn 
up to 25 cm from the reactor vessel. 

CONCLUSIONS 

The split core radial-in-flow reactor design provides a safe reliable core 
design for space power systems. It makes direct Rankine cycle power systems 
a very competitive design, eliminating the boiler and additional pumps of an 
indirect cycle along with the liquid/vapor separator. A continuous power 
Rankine cycle system using this core design would produce the least weight 
system of any having the same power output. 
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TRANSIENT ANALYSES OF MULTIMEGAVATT SPACE REACTORS 

Nelson A. Hanan and Samit K. Bhattacharyya 
Argonne National Laboratory 

9700 South Cass Avenue 
Argonne, IL 60439 
(312) 972-6627 

INTRODUCTION 

Several systems have been proposed for the generation of multimegawatt power 
for space applications. The proposed systems are designed to meet the follow
ing general power mode requirements: 

. Housekeeping: hundreds of kilowatts for a long period of time, 

. Alert: few megawatts for short periods of time, and 

. Burst: hundreds of megawatts for very short periods of time. 

In some concepts, a nuclear reactor is proposed to meet all the power requi
rements; for other concepts, a nuclear reactor is proposed to deliver the 
housekeeping and alert power, and other systems are proposed to meet the 
burst power requirements. 

A common requirement for all the nuclear reactor concepts is a fast response 
for change of power level from the housekeeping mode of operation to either 
the alert or burst mode of operation. These transitions, which are required 
to occur in a very short time interval and are to be performed with the move
ment of control drums located outside of the reactor core, put a high demand 
on the reactor control system. The knowledge of this demand on the reactor 
control system is very important, not only to define the speed of rotation 
of the control drums but also to determine realistic bounds for unplanned 
reactivity transients. The purpose of this paper is twofold. First, the 
requirements imposed on the control system of two reactor concepts, a Liquid 
Metal Reactor (LMR) and a Gas Cooled Reactor (GCR), having as its main objec
tive the determination of the maximum input reactivity rates and control drum 
speed of rotation necessary to meet the power requirements, will be pre
sented. Second, preliminary analysis to validate the point kinetics against 
detailed space-time kinetics calculations is discussed. 

An LMR and a GCR were selected because they cover the range of transitions to 
be analyzed, and the range of kinetics parameters likely to be found. The 
LMR is designed to operate in the housekeeping and alert modes (with anenergy 
storage device for burst power), while the GCR is designed to operate in the 
burst mode. Availability of data was also a factor in the selection. 

METHODS 

A computer code was developed to simulate the response of the LMR core and 
the balance of the system to various transient conditions. Interconnected 
component models were developed for thermal-hydraulic analysis of represen
tative core channels, the primary and secondary coolant loops. Reactivity 
control was achieved by simulating the rotation of the control drums with a 
programmed time delay, followed by a characteristic curve of reactivity ver-
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sus time (or rotation angle). The standard point kinetics with six delayed 
neutron groups and reactivity feedbacks from changes in fuel temperature, 
core geometry , and coolant density was used. The principal assumption of 
this method is that point kinetics is valid for this core; preliminary analy
sis presented below indicates the validity of this assumption. 

For the GCR, a point kinetics model with a simplified treatment of feedback, 
and no heat transfer analysis, was used because of unavailability of data. 

DATA 

The LMR neutronics parameters used for the kinetics calculations are given in 
Table 1. These parameters were obtained through detailed neutronics analysis 
with the DIF3D/VARI3D codes (Derstine 1984), using RZ models and space-de
pendent 27-group cross sections generated with the MC^/SDX codes (Henryson 
et al. 1976 and Toppel et al. 1978) as described by Lell and Hanan (1987). 
During the evaluation of the kinetics parameters, it was found that the neu
tron generation time is strongly dependent upon bumup and control drums 
position, and that the Doppler feedback, which has its major contribution 
from the structural elements (Mo, Re and W), is also very dependent on 
control drums position (Hwang 1987). Also, because the cross-sectional data 
for those elements is considered to be poor, the uncertainty in the Doppler 
feedback may be large. 

TABLE 1. Kinetics Parameters. 

LMR GCR 

Delayed Neutron Fraction 
Neutron Generation Time (sec) 
Reactivity Feedbacks ($/K): 

. Doppler 

. Coolant 

. Radial Expansion 

. Axial Expansion 

6.755E-03 
2.466E-06 

- 2.0E-04 
- 1.4E-04 
- 3.4E-04 
- 2.2E-04 

7.75E-03 
6.00E-04 

N/A 
+ 1.6* 
N/A 
N/A 

* Feedback ($) due to gas density effect (from initial to full pressure). 

1 
Computation of the characteristic worth 
curve as a function of rotation angle 
for the control drxuns was performed with 
detailed Monte Carlo analysis. The re- s« 
suiting reactivity profile for the LMR :2 
is given in Figure 1. ^ 

(-
For the GCR, the kinetics parameters UJ 
available are also given in Table 1; "̂  
these data are preliminary and incom
plete (McDaniel 1987). Also, the in
formation on control drum worth profile 
as a function of position was not ^ ^^ 120 180 
available, and the LMR profile was INSERTION ANGLE, degree 
used in this analysis. 

FIGURE 1. LMR Control Drums Worth. 
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Because of the previously described uncertainty in the LMR data, and the lack 
of complete information on the GCR, the data given in Table 1 were used in 
this analysis as the base case data, and parametrics studies were performed. 

RESULTS 

The results of the determination of the maximum input reactivity and reactiv
ity rates necessary to meet the planned transient power requirements are pre
sented below. Based on these results, a determination of the speed of rota
tion of the control drums is performed. 

Liquid Metal Reactor 

The transient simulated was an exponential ramp in power from 5 to 100% 
ofdesign power, in a 30-s time interval (a period of about 10 s). The result
ing reactivity and reactivity rates required to follow the power trajectory 
are shown in Figure 2, where it can be seen that their maximum values are 
equal to about 60 c and 10 c/sec, respectively. 

The impact of changes in neutron generation time and in the reactivity feed
back coefficients were also analyzed. Analytically, it can be shown that the 
required input reactivity to follow a constant period is given by : 

"inpf^) '* T -1 ^̂ i(r-ri77 * (T\ - T^) «p (- (̂ *̂iA)t)l - OFdbck(') (1) 

where the terms have their conventional definitions. From this equation, it 
can be seen that: 
o Changes in neutron generation time do not affect the input reactivity rates 
( ̂  iQp does not depend upon the neutron generation time), and cause a 
constant shift in input reactivity. This shift is equal to the change in 
neutron generation time divided by the period. 

o Changes in the reactivity feedback coefficients have a perceptible impact 
on the input reactivity, but have practically no impact upon input rates. 

O-REACTIVITY 
A-REACTIVITY RATE 

10, 20 30 
TIME, sec 

•1 - Jm X 
40 4 6 

TIME, sec 

3 
a. 

1-2 
10 

FIGURE 2. LMR Reactivity Profile. FIGURE 3. GCR Reactivity Profile. 
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Gas Cooled Reactor 

The transient simulated was an exponential ramp in power from 0.1 to 100% of 
design power in a 5-s time interval (a period of about 0.7 s). The input 
reactivity and rates required to follow the power trajectory are shown in 
Figure 3; a maximum input reactivity rate of about 1.0 $/s is required. Note 
that in this simulation, the feedback was assumed to be a function of time 
into the transient; this is a reasonable assumption because the feedback 
data available is due to changes in coolant (gas) pressure. Impact of chan
ges in neutron generation time and reactivity feedback was also analyzed. 

Control Drum Speed 

To calculate the control drum speed of rotation necessary to meet the power 
requirements for both reactor types, the worth profile given in Figure 1 was 
used. Based on this profile and on the results of parametric studies (includ
ing results not presented in this summary), the maximum speed of rotation of 
the drums to meet the power requirements was found to be less than 1/3 rpm 
for the LMR and less than 10 rpm for the GCR. 

EFFECTS OF SPACE-TIME KINETICS 

Detailed analyses are being performed to validate the use of point kinetics. 
These analyses are being performed with the FX2-TH code (Shober et al. 1978) 
and two-dimensional models with an 11-group cross-section set. Preliminary 
analysis using the LMR was performed with an one-dimensional model. A tran
sient simulating the uncontrolled rotation of two control drums (out of 12), 
and with scram at 115% of design power and a 0.5-s delay for movement of 
drums (poison rotation toward core) was modeled. The results for normalized 
power and peak fuel temperatures are presented in Figures 4 and 5, respecti
vely. It is observed that there is very good agreement between point and 
space-time kinetics. These results verify earlier conclusions that the candi
date space reactors are tightly coupled and space time effects are small. 

2.0 

O-POINT KINETICS 
A-SPACE KINETICS 

s: 2000 

< a: 
a. 

1600 

=3 

< 
1200 

O-POINT KINETICS 
•SPACE KINETICS 

J- J. 
2 3 

TIME, sec 

FIGURE 4. Normalized Power. FIGURE 5. Fuel Temperature. 
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MMW SHIELDING DESIGN AND ANALYSIS 

Arne P. Olson 
Argonne National Laboratory 

9700 South Cass Avenue 
Argonne, IL 60439 
(312) 972-H873 

INTRODUCTION 

Reactor shielding for multimegawatt (MMW) space power must satisfy a mass 
constraint as well as performance specifications for neutron fluence and gamma 
dose. A minimum mass shield is helpful in attaining the launch mass goal for 
the entire vehicle, because the shield comprises about ^% - 2% of the total 
vehicle mass. In addition, the shield internal heating must produce tolerable 
temperatures. Finally, the shield materials must remain physically and 
chemically stable for the lifetime of the vehicle. 

Performance guidelines for the shield were arbitrarily selected: 

Neutron fluence < 3 x 10^^ n/cm^ (for Ê ^ > 111 keV); and 

Gamma dose to silicon <. 2 x 10' rads. 

This .work emphasized shield performance for neutrons and gammas. The.derived 
heating rates are essential inputs for auxiliary calculations to predict 
temperature profiles, thermal expansion, thermal stresses, and structural 
strength. Topics to be addressed include cross section preparation for 
multigroup 2D S -transport analyses, and the results of parametric design 
studies on shadow shield performance and mass versus key shield design 
variables such as cone angle, number, placement, and thickness of layers of 
tungsten, and shield top radius. Finally, adjoint methods were applied to the 
shield in order to spatially map its relative contribution to dose reduction, 
and to provide insight into further design optimization. 

CROSS SECTION PREPARATION 

Cross section data of ENDF/B-V (Kinsey 1978) were processed by NJOY, 
(MacFarlane et al. 1982) followed by space and energy dependent collapsing 
over asymptotic spectra via MC^-2/SDX (Wade 1978, Wade 1975, Henryson et al. 
1976). Various multigroup structures were prepared in order to study shield 
performance at several levels of detail. Any analysis is a compromise between 
selecting sufficient detail in space, energy, and scattering angle, within the 
limits of computer memory available and cost-effectiveness. Final heating 
rates were mostly obtained from a 9 neutron/8 gamma group library, using 
the TWODANT code (Alcouffe et al. 1984) (Sn-P^ quadrature) in R-Z geometry. 
Portions of DIF3D (Derstine 1984) were used for reaction rate summaries. 
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GEOMETRICAL MODEL OF MMW CORE AND SHIELD 

Figure 1 is a schematic of a reactor core, control drums, shield, and power 
conditioning equipment. Cone angles of 30° and 25° were assumed in preparing 
the geometrical model. This model included 12 control drums, 3 core zones, 
axial reflector and plenum zones, void spaces around the drums, and all shield 
layers. The power conditioning equipment (PCE) was homogenized into two 
uniform truncated conical segments. 

Sĵ -Pj transport calculations were carried out with TWODANT using various R-Z 
or slab representations. A symmetry plane was assumed to be located at the 
core axial midplane. 

Correlations of gamma dose (rads) to silicon were approximately fitted to the 
TWODANT S^ transport results for four shield designs (see Figure 2): 

1. Three-Layer Shield of Be^C and W 
Including PCE reflection effects following the shield, and three 
tungsten layers of thickness ratios 4:2:1, and t=t.| + t2 + to > 0: 

dose = 2.662 x lo"̂  exp(-0.440 t) + 1.459 x 10^ exp(-1.288 t); 

2. Two-Layer Shield of 6630 and W 
Assuming a first layer fixed at 3 cm, ignoring PCE enhancement, 
and t = 3 + t2 > 3: 

dose = 1.224 x 10^ exp('-0.7539t); - • , 

3. One-Layer Shield of Be2C and W 
Assuming t = t.| > 0, ignoring PCE enhancement: 

dose = 6.94 X 10^ exp(-0.l423 t); 

4. Three-Layer Shield of LiH and W 
Including PCE reflection effects for three tungsten layers of 
thickness ratios 4:2:1, and t = t̂  + tp + to > 0: 

dose = 8.64 x 10^ exp(-0.505 t) + 1.9 x 10^ exp(-1.3 t), 

RESULTS AND FINDINGS FROM S„ TRANSPORT ANALYSIS 

Shield design and performance parametric studies are plotted in Figure 2. The 
shield in all cases consists of two light neutron moderators (95? LiH + 5% 
Bi|C, or 95? Be2C + 5% B^C) separated by up to three layers of tungsten. 

Layer Thickness Material 

1 t̂  W 
2 50 cm neutron moderator 
3 t2 W 
4 50 cm neutron moderator 
5 t3 W 

When not parameters, R and 9 are held at 31.5 cm and 25°, respectively. 
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Consider first, the use of Be2C with B^C as a neutron attenuator. It is clear 
that the photon source in the shield itself (following the tungsten in layer 
1) is of sufficient magnitude to prevent a single-layer W shield from coming 
close to acceptance, if all of the W is in layer 1. Of course it could all be 
in layer 5 - but the volume of layer 5 is so much greater than that of layer 1 
as to make this configuration noncompetitive on the basis of weight. 

A two-layer shield (tungsten in layers 1 and 5) is much more effective than a 
shield having Just one tungsten layer. The result given in Figure 2 for two 
layers does not include flux and dose enhancement caused by the presence of 
the PCE, and so it compares to the "3-layer, without PCE" curve in this 
figure. The parameter survey yields a satisfactory shield design consisting 
of 3 + 4.4 cm tungsten, weighing about 2690 kg. 

A three-layer shield is substantially more effective, especially when the 
tungsten layers are in the thickness ratio: 4:2:1. A total tungsten 
thickness of 2.12 cm, in a shield of mass -1530 kg, meets the design Si gamma 
dose objective. 

Complete substitution of Be2C by LiH is impractical in a passively cooled 
shield due to LiH dissociation at high temperatures. Hence, the shield would 
lose its structural integrity and its performance would be impaired unless its 
various materials are physically stable and chemically compatible at design 
temperatures for the life of the system. Nevertheless, if a means of 
stabilizing the LiH (or encapsulating it in a matrix of some other material) 
is developed, it is of.interest to ascertain whether or not the shield mass 
can be significantly reduced. From Figure 2, the nominal shield mass is -1550 
kg for a three-layer tungsten shield of total thickness 7.93 cm. It is 
concluded that while there is no inherent shield mass advantage with respect 
to the silicon gamma dose design limit, there is a fast neutron fluence 
advantage from using LiH instead of Be2C. 

A final study of a shield of both Be2C and LiH in the sequence: W/Be2C/W/LiH/W, 
was carried out; the LiH being placed where the heating rate is substantially 
reduced. From Figure 2, correlation E, the optimal composite shield uses 
-2.99 cm of tungsten and weighs 1305 kg (r^ = 31.5 cm, 9 = 25°). The fast 
neutron dose goal of 3 x 1 0 ^ n/cm is almost precisely met, as is the dose to 
silicon goal of 2 x 10' rads. This composite shield is the lightest and is 
recommended subject to verification of satisfactory peak temperatures (and 
peak power densities) in the LiH. 

SHIELD MASS OPTIMIZATION 

Final optimization of the shield consists of finding a modified, lighter 
shield having a more complex geometry. For example, the nominal truncated 
conical section could be modified by rounded or beveled corners. But one 
needs an elaborate analysis or experimental test program in order to verify 
that removed shielding material is truly redundant. Analytically, one would 
like a "worth map" of the relative importance of each volume element to the 
silicon gamma dose response, for a number of dose points (on-axis, and at 
various radial positions). If any material is removed, one must still verify 
the shield's performance. 
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This "worth map" was derived by an adjoint flux calculation. Axial and radial 
"worth" traverses were computed for a silicon gamma detector. 

CONCLUSIONS 

A shield design incorporating three tungsten layers was found to be optimal 
for this MMW space power application. 
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INTRODUCTION 

The Department of Defense, the Strategic Defense Initiative and the National 
Aeronautics and Space Administration have identified increasing needs for 
electric power for various space missions. They include multikilowatts of 
power for station keeping, megawatts of power for orbital transfer and for a 
lunar base, and multimegawatts of power for SOI weapon systems. The 
magnitudes and durations of the power requirements are such that only 
nuclear-electric power can provide the most economical and practical power 
sources. Among the different types of nuclear reactors proposed for the 
various applications, one stands out as the most practical concept, capable of 
fulfilling the multiple space power requirements using a single reactor 
technology-the NERVA Derivative Reactor (NDR) based upon, the proven reactor 
technology developed under the NERVA (Nuclear Engine Rocket Vehicle 
Applications)/ROVER programs. This paper provides a description of the NDR, 
the different types of NDR-based space power systems, and discusses the design 
issues and engineering developments required. 

THE NDR AND SPACE POWER APPLICATIONS 

The NDR is similar to the NERVA design; it is shown in Figure 1 along with the 
basic building blocks of the core. NDR is a graphite moderated, epithermal 
gas cooled reactor originally developed for nuclear rocket propulsion. The 
reactor is inherently suitable for integration with closed and open cycle 
turbo-generators and open cycle MHD generators to meet the wide range of 
steady state, baseload and burst mode power requirements for the various types 
of missions envisioned. 

The nuclear-electric power sources are uniquely suited to a wide range of 
diverse space power applications. When the NDR is integrated with closed 
cycle Brayton power conversion, the power source can be designed for 
long-lived station keeping baseload power in the range of a few kilowatts to 
hundreds of kilowatts. For applications such as orbital transfer and electric 
propulsion, the same basic system can be designed for one to tens of megawatts 
of electric power output and integrated lifetimes up to several years. When 
coupled to an energy storage system, the power source can serve a dual 
function (a bimodal system): Steady state power and burst power. The NDR is 
ideally suited for integration with open cycle turbogenerators and 
magnetohydrodynamic generators to produce burst power systems that deliver 
lOOs of MWe with integrated burst durations of 100s of seconds for 
applications to directed energy weapons such as space-based lasers and neutral 
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Figure 1 Key Features of the NDR. 

particle beams. The NDR can be designed as a Dual Mode reactor, providing 
steady state power by circulating coolant and Brayton working fluid through 
the tie tubes and burst power by flowing hydrogen through the main coolant 
channels and through an open cycle power generator. The reactor is useful for 
direct propulsion applications. 

CONCLUSIONS 

All the basic subsystems and components in the NDR space power system 
concepts, with the exception of the MHO disk generator, are well proven 
technologies; consequently, there are no critical feasibility issues. 
However, there are several key design and engineering issues that must be 
resolved. Most of these are related to nuclear rector safety; others are 
related to advancing the state-of-the-art. 

It is apparent that the NERVA Derivative reactor is a highly versatile and 
flexible reactor, one that can fulfill the wide range of space power 
requirements of SDI, DOO and NASA. Moreover, there is little risk to its 
successful development, because the basic technologies have already been 
established and proven. Consequently, the cost of its development should be 
low. 
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CERAMIC ELECTRICAL INSULATOR DEVEL0Pr4ENT 
FOR 

THERMOELECTRIC SACE POWER SYSTEM 

Solomon Musikant 
General Electric Co. Astro Space Division 

PO Box 8555, Philadelphia, PA 19101 
Tel:215 354-3020 

ABSTRACT 

This paper summarizes the current development of a high 
temperature ceramic insulator for use in a 100 KW 
thermoelectric power generator for space application. Both 
oxide and nitride ceramics are being investigated. Depending 
on the thermal conductivity of the material selected, the 
insulator thickness may be from 0.010 to 0.040 inch thck and 
approximately 1 x 1 inch in areal size. Up to 10,000 
insulators are needed for the whole array. The insulator must 
have high thermal conductivity, low electrical conductivity 
(to minimize leakage currents) and operate at 1025 C for 7 
years under an impressed voltage up to 100 VDC in a space 
environment 

Low thermal impedance joints are being developed to join the 
ceramic insulator to the adjacent elements of the 
thermoelectric pile. 

This work was performed as part of Contract No. DE-AC03-
86SF16006, Mod 005 issued by the U.S. Department of Energy. 

FULL SUMMARY NOT AVAILABLE AT TIME OF PUBLICATION 
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APPARATUS FOR THE MEASUREMENT OF RESISTIVITY OF GLASSES AND CERAMICS 

Jack Hanson and Kenneth Bleiler 
General Electric Company 

Re-Entry Systems Department 
P.O. Box 8555 

Philadelphia, PA 19101 
(215) 354-5752/1865 

INTRODUCTION 

Apparatus has been constructed to measure the electrical resistivity of 
candidate ceramic and glass insulators for use on the SP-lOO project. The 
initial or prototype instrument has been used to perform measurements from 
room temperature to 1325 K in a vacuum of approximately 10-6 torr. 
Subsequently, several other measurement facilities have been made for long 
term tests at temperatures up to 1575 K. The data from this facility has 
been described in the previous paper by S. Musikant. To date samples of 
BN, AIN, Si3N^, AI2O3 and BeO have been measured as well as several high 
temperature glasses. 

SAMPLE HOLDER 

The lower portion of the sample holder is shown in Figure 1. A three-
electrode resistivity measurement technique was utilized to eliminate the 
possible error due to high conductivity paths on the surface of the sample. 
The samples were typically 2.54 cm (1 in) diameter, .1 cm thick with 
sputtered tungsten electrodes. One side of the sample had a central 
circular electrode for current measurement and an outer ring guard electrode 
which shunted any surface currents to ground. The other side of the sample 
had a larger circular electrode for applying voltage. Sputtered electrodes 
were required for reliable electrical sample contact. 

Thermionic emission currents to the central current electrode were eliminated 
by a guard tube which surrounded the central electrode and contacted the 
outer guard ring electrode on the sample. By this means the thermionic 
currents were shunted to ground and not measured. 

Pressure to assure electrical contact was provided by stainless steel weights 
on the current electrode and the guard tube located above the hot zone. A 
pivoted lower base was used to insure even sample contact and also make the 
high voltage contact with the sample. 

Temperature was measured with a type K thermocouple. It was spot welded 
to the guard ring electrode, which was in thermal contact with the sample. 
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ELECTRICAL MEASUREMENTS 

DC r e s i s t i v i t y measurements were made with a General Radio Megohmmeter 1864 
wi th applied voltage of 10 V and 100 V. Measurements of d i e l ec t r i c constant 
and AC r e s i s t i v i t y were also taken wi th a General Radio Bridge 1615-A from 
100 Hz to 10 KHz. 

FURNACE AND VACUUM CHAMBER 

The sample and holder were heated with a ver t i ca l tube furnace that was 
external to the quartz tube vacuum vessel. The quartz tube l imi ted the upper 
temperature of the f a c i l i t y . Vacuum was provided by a 2 in d i f fus ion pump 
and a cold trap at the lower end of the quartz tube. The sample holder was 
suspended from a water cooled plate at the upper end of the tube. 
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SILICON-ON-INSULATOR ELECTRONICS FOR A SPACE NUCLEAR POWER SYSTEM 

Daniel M. Fleetwood and Sylvia S. Tsao 
Division 2147 

Sandia National Laboratories 
P.O. Box 5800 

Albuquerque, NM 87185 
(505) 844-1825 

INTRODUCTION 

Providing instrumentation and control for spacebased nuclear power systems 
requires advanced very-large-scale Integrated circuits (VLSI ICs). These 
devices must be able to withstand extreme radiation environments (» 1 Mrad 
over a 7-10 year life) and, to reduce system mass and simplify thermal 
management, may also be required to withstand temperatures as high as =' 300°C. 
These requirements represent a major challenge to present and future 
generations of VLSI ICs. In this summary, we illustrate results that suggest 
that these requirements may be satisfied by devices made in a silicon-on-
insulator (SOI) technology. 

We compare the temperature response of devices from SOI and bulk silicon lots. 
The bulk devices were fabricated in Sandia's present 4/3 fim technology, and 
had a 32-nm gate oxide. Two kinds of SOI devices, with 28-nm gate oxides, 
have been fabricated for comparison: SOI via zone-melt recrystallization 
(ZMR) and via oxygen implantation (SIMOX). Details about the specific SOI 
processes are given in a separate publication (Tsao et al. 1987). Sufficient 
for our purposes here, we note that device-to-device isolation in bulk silicon 
technologies is accomplished with reverse-biased p-n junctions that are prone 
to exhibit unacceptably large leakage currents (Prince et al. 1980) at 
elevated temperatures (for example, > 250°C). In silicon-on-insulator 
technology, on the other hand, device isolation is accomplished with a 
dielectric layer. It has been suggested that this should lead to improved 
temperature response (Prince et al. 1980). However, questions about the 
total-dose radiation hardness of SOI devices, which (at least without special 
process improvements) can be more susceptible to ionizing radiation than bulk 
devices (Tsao et al. 1987), also must be addressed. 

TEMPERATURE RESPONSE 

In Figure 1 we show off-transistor leakage current as a function of 
temperature for bulk and SOI (SIMOX) devices. The temperature response of the 
ZMR devices is similar to that of the SIMOX. Note that near room temperature, 
the bulk silicon devices exhibit about a factor of 4 less leakage than the SOI 
devices. This occurs because the bulk starting material, and consequently the 
junctions formed, is of higher quality than the wafers that have been 
implanted with oxygen to accomplish the dielectric isolation. However, as the 
temperature is increased, the leakage current of the bulk devices increases 
much more rapidly (because of the increased junction area in the bulk devices) 
than that of the SOI devices. Above 200''C, the SOI devices are clearly 
preferable from the standpoint of temperature-induced leakage. Moreover, the 
overall shape of the leakage curve for the SOI devices did not change from 
part to part, with changes in the room temperature leakage. With small 
improvements in SOI material quality and/or junction quality, SOI devices are 
likely to be superior to bulk devices in terms of leakage not only above 
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Figure 1. Transistor Leakage Current versus Temperature for Bulk and SIMOX 
Transistors. For both devices, the gate length is 3 /im, and the 
gate width is 16 /xm. 

200''C, but also at much lower temperatures. At high temperatures (> 200°C), 
bulk silicon devices will fail due to leakage currents (Prince et al. 1980). 
These currents can be reduced at elevated temperatures by using SOI, and with 
small improvements in SOI material quality, leakage currents should be very 
manageable even up to 300°C and possibly higher. 

RADIATION RESPONSE 

In many previous efforts, for reasons we shall discuss in the final paper, it 
has proven very difficult to harden SOI front-gate, "sidewall," and "back-
gate" insulators to 1 Mrad(Si). In Figure 2 we show the radiation response of 
SIMOX transistors fabricated at Sandia (Tsao et al. 1987). Irradiations were 
performed in a Co-60 gamma cell at a dose rate of « 300 rad/s, with a front-
gate bias of 10 V and a back-gate bias of -10 V (Tsao et al. 1987). The 
devices exhibit acceptable sidewall and back-gate leakage characteristics up 
to the highest total doses tested (> 24 Mrad). The front gate characteristics 
are acceptable up to about 500 krad for these devices at this dose rate and 
temperature, but at elevated temperatures and lower dose rates expected for 
system applications, the response of these devices should be acceptable up to 
total doses greater than 1 Mrad (Winokur et al. 1986 and Fleetwood and 
Dressendorfer 1988). Thus, from the standpoint of radiation and temperature 
characteristics, SOI devices should be very acceptable for use at very high 
temperatures in a high total-dose radiation environment. 

RELIABILITY ISSUES 

Figures 1 and 2 demonstrate the "proof-of-principle" that SOI devices should 
be able to survive high temperatures and high total dose irradiation. 
However, it has not yet been demonstrated that SOI devices can be designed and 
fabricated to tolerate these conditions over very long times (up to 10 years) 

J I t I I 1 

424 



PASSIVATED EDGE 

V B = - 1 0 Y 

' " - 3 - 2 - 1 0 1 2 3 

VG (V) 

Figure 2. Current-Voltage Characteristics of SIMOX Transistors as a Function 
of Total-Dose Irradiation. The front-gate bias was +10 V, and the 
back-gate bias was -10 V during irradiation. 

in system applications. Reliability issues include oxide integrity, 
metallization, mobile ions, etc. It should be mentioned, however, that these 
issues are generic to any VLSI technology that is a candidate for use in this 
environment, so this does not present a challenge specific to SOI, and must be 
overcome in any future high temperature electronics technology. 

SUMMARY 

SOI transistors have been fabricated that should have acceptable radiation and 
leakage characteristics in a very high total dose, high temperature 
environment. With these transistors, assuming reliability issues can be 
resolved successfully with future development efforts, it should be possible 
to form VLSI circuits that will survive the environment of a spacebased 
nuclear power system platform. Development of such a technology should 
simplify platform thermal management, and reduce the overall system mass 
considerably. 
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THE RESPONSK OF SELECTED SEMICOMDUCTOR 
TECHWOLOGIES TO THE COMBIMED EMVIROMMENTAL 

EFFECTS OF HIGH TEMPERATURE AMD TOTAL 
DOSE GAMMA RADIATIOM 

D. B. King, W. T. Wheelis, and S. H. Luker 
Sandia National Laboratories 

P.O. Box 5800 
Albuquerque, NM 87185 

(505) 846-7635 

INTRODUCTION 

An extensive amount of instrumentation and control circuitry must be employed 
to monitor and control a nuclear reactor. Some of the circuitry must be 
employed to monitor and control a nuclear reactor. Some of the circuitry 
must be located in or near the reactor and is exposed to potentially high 
radiation levels and temperatures. Standard approaches used to decrease the 
high levels seen by these electronic components include shielding, forced or 
convective cooling, and physical separation of the components from the 
reactor. However, in a space environment, a number of these options become 
less desirable because of the added weight and size (that is, cost required 
to boost a reactor unit into space) that implementing these approaches 
requires. Space based reactors would be cooled primarily through thermal 
radioactive heat transfer to space. Large thermal radiators would be 
required to dissipate heat. Size and weight limitations would force the 
radiators to be as small as possible resulting in potentially high reactor 
environment temperatures. Shielding mass would also need to be kept to a 
minimum in a space reactor, which could result in potentially high reactor 
radiation environments. Physical separation of electronic components from 
the reactor would be feasible but a trade-off of long cable runs and the 
attendant signal degradation might be unacceptable. Thus, none of the 
approaches used on earth appears to be the best solution for protecting 
electrical components in space. The most obvious way to circumvent these 
problems is to have more rugged electronic components. These components must 
withstand higher temperatures and total radiation doses than their 
counterparts on earth. A survey of existing literature shows that the 
evaluation of the combined effects of high temperature and radiation 
environments has not been fully examined. Therefor, it is unknown how 
electronic components will respond to anticipated platform temperatures of 
greater than 573'*K and total dose radiation of greater than 10 Mrad (Ortiz 
1985). 

A series of tests using a power MOSFET (Siliconix-VNEOIOB), a dielectric 
isolated Operational Amplifier (Texas Instruments - SMX13259-1), and SOI 
(silicon on insulation) MOSFETs (Texas Instruments-3414-7, 3414-10) was 
designed to simulate as closely as possible the environment that these 
devices would be exposed to in space nuclear reactors. The tests exposed the 
devices to combined environments exceeding typical testing limits currently 
being used to qualify electronic components. 
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The purpose of the series of tests described below was to determine how 
different semiconductor technologies would response in the combined 
temperature/radiation environments that they might see on a space nuclear 
powered platform. The power MOSFET and Operational Amplifier are 
commercially available, while the SOI devices are still in development. The 
electrically components tested were those that could be reasonably expected 
to be used for instrumentation and control circuits for a space nuclear power 
plant (as well as for other system applications). In addition, the tests 
were designed to determine the design margins for the devices (that is, in 
terms of how much above manufacturer's limits the devices would functionally 
operate). Another purpose of the test program was to identify the failure 
mechanisms for the electronic components and to make this information 
available to component designers. 

EXPERIMENT SPECIFICS 

The device parameters monitored were those previously shown in the literature 
to be sensitive to either temperature or radiation (Steverns 1984; Palmer 
1981). The parameters measured for the power MOSFET were the gate to source 
voltage (threshold voltage), drain to source voltage, and drain current. A 
ramp generator driving the gate voltage from approximately +5 VDC to -9 VDC, 
within a period of approximately 6 minutes, was used to decrease the effects 
of positive charge trapping in the oxide layer of the device. This was done 
to optimize the operability of the MOSFET in a radiation environment. 
Parameters monitored for the Operational Amplifier included the input offset 
voltage, supply current, and gain/functionality of the device. An n-channel 
and a p-channel SOI MOSFET were used together to form a CMOS inverter. The 
inverter. The inverter parameters monitored were the gate voltage to output 
voltage trailing edge switching waveform and gate voltage versus inverter 
current characteristics. 

Separate sets of the power MOSFET, Operational Amplifier, and CMOS inverter 
were each exposed to a series of three tests. For each test, four to eight 
devices were electrically monitored in situ in an active- state (i.e., the 
MOSFET and CMOS inverter were turning on and off, while the Operational 
Amplifier DC gain was checked). The tests included a temperature only tests, 
a radiation test (at 398'*K), and a combined effects test at temperatures 
greater than 448''K and with radiation. This series of tests was performed to 
obtain a better understanding of the effects caused by each environmental 
factor. A brief description of each test and the rationale for the approach 
used follows. 

Temperature Only Tests 

Manufacturers have typically qualified their components to 398''K. Since the 
purpose of these tests was to determine device margins, the upper temperature 
limit that the manufacturers guaranteed their devices to work at was used as 
the first test temperature. This also provided a common point between these 
tests and the manufacturer's data. Because none of the devices used had been 
"burned-in" in accordance with military standards (MIL-STDs), the temperature 
was held SOB^K for 7 days to simulate a temperature burn-in and separate 
infant mortality failures from temperature-induced failures (similar to 
MIL-STD 883C, Method 1015.6). All other temperature steps were at least 8 
hours in duration to ensure that thermal equilibrium was reached in each 
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device (MOSFET temperature steps last approximately 4 days). The temperature 
steps were in 298''K to 323''K increments to allow for a reasonable time frame 
in which to complete the tests. Because the temperatures that the devices 
were being exposed to were above the temperatures where commercially 
available sockets could be obtained or be expected to operate reliably, high 
temperature machinable ceramic sockets were used. Connections were made to 
all devices by suing a parallel gap welder. 

Radiation Only Tests 

These tests involved using a Cobalt-60 source to expose the devices until 
they failed or they accumulated a total dose of at least 100 Mrad. The 
exposure rate used for the device depended on its generally known radiation 
tolerance levels. For the MOSFET (because of its known low gamma radiation 
tolerance levels), approximately a 2krad/h dose rate was used, while for the 
Operational Amplifier, a 600 krad/h dose rate was used. The CMOS inverter 
was tested at approximately 20 krad/h (also because of a low gamma radiation 
tolerance level). The devices were tested at a temperature of 398°K to 
provide a correlation point between the temperature only test and these tests. 

Combined Temperature and Radiation Tests 

These tests were similar to the radiation tests in that the dose rate for the 
devices was the same. The temperature for these tests were chosen to be 
approximately 323''K lower than the temperature causing device failure in the 
temperature only test. The rational for this was to ensure that the devices 
would not fail because of temperature along, but rather because of combined 
effects. 

RESULTS 

The temperature test 
presented in Table 1. 
available. 

and the radiation and combined test results are 
The SOI tests are in progress, and data are not yet 

TABLE 1. Results of Temperature, Radiation, and Combined Tests. 

Test Device Parameter Failure^ Functional Failure" 

Temperature MOSFET 
Op Amp 

423''K 
473''K 

None observed to 698°K 
583-623°K 

Radiation MOFSET 10 krad(air at SgS-K 
Op Amp 12 Mrad(air) at 398"'K 

Combined MOFSET 20 krad(air) at 473''K 
OpAmp 6-100 Mrad(air) at 533''K 

None observed to 200 Mrad(air) 
None observed to 100 Mrad(air) 
at 378*>K 
None observed to 200 Mrad(air) 
6-100 Mrad(air) at 533''K 

Parameter Failure: defined as follows for each device type; 
MOSFET: .5 V change in gate threshold voltage 
Op Amp: 5 mV change in input offset voltage 

Functional Failure: that temperature or radiation level where the device 

output ceases to respond to changes in the input signal. 
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CONCLUSIONS 

These results indicate: 

• Device parametric failures occur at 423 to 473''K; however, functional 
failures occur at temperatures in excess of 573'*K. 

• Dielectrically isolated devices are not as temperature sensitive as 
standard silicon devices. The MOSFET had measurable leakage currents 
that increased with temperature while none was observed in the Op Amp. 

• Discrete devices are rugged in terms of temperature and radiation 
tolerance when operation is in a digital mode. 

• The MOSFETs parametrically failed at tens of krads of gamma exposure; 
however, they continued to operate to 100 Mrads with very little gate 
threshold change after 30 Mrad. This indicates that a radiation 
burn-in may be viable for digital mode. 

• Positive synergism occurs with increasing temperature and radiation. 
Operating at a higher temperature (given the same radiation profile) 
provided less device parameter changes because of the annealing effects 
caused by temperature. 
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INTRODUCTION 

The use of nuclear reactors to generate electrical power for future space 
missions will require the electrical components used in the power 
conditioning, control, and transmission subsystem to operate in the 
associated radiation environment. The location of the electrical components 
and the allowable shielding mass budget will determine the level of radiation 
tolerance required by these electrical components. The identification and 
development of high radiation tolerant components will not only impact the 
shielding mass requirements, but will also allow much greater flexibility in 
system design. 

High power switching devices will be one of the critical electrical 
components needed to condition, control, and regulate the power to the 
spacecraft's electrical bus and any ballast loads required. Solid state 
switches are potential candidates for this application. However, the 
electrical and switching properties of these solid state switches must be 
characterized in terms of their tolerance to both gamma and neutron 
irradiation. 

The purpose of the investigation reported in this paper was to make an 
initial assessment of neutron irradiation on the electrical and switching 
characteristics of commercial high power NPN bipolar transistors. 

APPROACH • 

The type of transistor selected for this investigation was the D60T455010, 
which has a rating of 450 V, 50 A, and dc current gain of 10 at a forward 
collector to emitter voltage of 2.5 V. Four transistors were tested. The 
electrical and switching properties of each transistor were fully 
characterized prior to irradiation. The transistors selected for testing 
were closely matched in terms of dc current gain so that any change in this 
parameter between the devices would be readily detected during the in-situ 
tests. 

The 10-kW research reactor facility at Ohio State University was used to 
conduct the in-situ tests. A test fixture was fabricated to symmetrically 
hold up to four devices. The inner surface of both the test fixture and the 
test socket was shrouded with cadmium to cut off the thermal neutron flux. 
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The reason to remove the thermal neutrons was that previous tests on similar 
devices showed that the thermal neutrons were causing certain elements in the 
transistor to become quite radioactive. In order to conduct electrical tests 
shortly after removal of the test fixture from the reactor port, the use of 
cadmium shrouds was deemed necessary from safety considerations. Power and 
sense cables were fabricated to connect the test devices to the test 
instrumentation. 

Two of the transistors were irradiated for 6 hours at an epithermal (>0.5 eV) 
flux of 9.1 x 108 n/cm^.s for a fluence of 2 x 10^3 n/cm^, while two 
of the transistors were irradiated for 6 hours at an epithermal flux of 
4.5 X 10^ n/cm^.s for a fluence of 1 x 10^^ n/cm^. For both tests, 
the gamma dose did not exceed 30 krads. 

A curve tracer with a high current pulse unit was used to take the electrical 
measurements before, during, and after irradiation. The switching tests were 
only done before and after irradiation using a base drive circuit developed 
to give a high current and variable width pulse. The electrical measurements 
included the following: 

0 Collector current versus collector to emitter voltage curves; 
0 Collector current versus base to emitter voltage curves; and 
0 Leakage current versus breakdown voltage curves for collector to 

emitter (open base), collector to base (open emitter), and 
emitter to base (open collector). 

The data from these curves were then used to plot the results shown in 
Figures 1 to 4. 

RESULTS 

Figures 1 and 2 show the effects of neutron irradiation on the dc current 
gain, hpg, of the D60T455010 transistor. For both figures, hpg, which is 
the ratio of collector to base current, is calculated for a forward collector 
to emitter voltage, \/c£, of 2.5 V. Figure 1 gives the hpg versus fluence 
curves for three different collector currents for device C. The percent gain 
loss, given by the dashed curve in Figure 1, is found to be independent of 
the collector current. The fastest rate of change in gain degradation occurs 
in the time interval immediately after reactor turn-on. No noticeable 
changes in hp^ were detected after reactor shutdown. The other three 
irradiated devices gave similar results to those shown for device C in Figure 
1. 

Figure 2 is a plot of hp^ as a function of collector current, l^, at a 
VQ^ of 2.5 V for the four transistors tested. The upper curve in Figure 2 
shows hp£ as a function of Ic before neutron irradiation and the lower 
curve shows the degradation of the upper curve results after neutron exposure 
to a fluence of 1 x 10^^ n/cm^. The closed symbols in the lower curve 
are for a flux of 9.1 x 10^ n/cm^.s and the dotted symbols are for a flux 
of 4.5 x 10^ n/cm2.s. These curves show that the dc current gain is 
fluence dependent but flux independent. 
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Figure 3 is a plot of the collector to emitter (base open) breakdown voltage, 
BVc£o> 3nd collector to base (emitter open) breakdown voltage, BV^gO' 3S 
a function of neutron fluence. Both breakdown voltages were measured at a 
leakage current of 15 x 10"^ A. Devices A and B are for a flux of 
9.1 X 10^ n/cm^.s, wnile device C is for a flux of 4.5 x 10^ n/cm^.s. 
From the plot it is seen that BVC^Q ^nd BVQBO are approximately equal for 
the same device at zero fluence and remain so as the neutron exposure dose 
increases. Even though devices C and A have higher breakdown voltages at 
zero fluence, they both degrade faster than device B and converge to the 
curve for device B as the fluence increases. 

Seven hours after device A and B were irradiated, it was found that their 
B\/Q£O 3nd BVQBO voltages increased by approximately 100 V. Ten hours 
after device C was irradiated, it was found that its BV^gg and BVQBO 
voltages increased by only approximately 50 V. However, no such time anneal 
effect at room temperature was observed in the hp^ characteristics 
discussed in Figures 1 and 2. 

Figure 4 illustrates how neutron irradiation increases the forward collector 
to emitter voltage, \/c£, for device A as a function of base and collector 
current. The open symbols in the plot are for zero fluence while the closed 
symbols are for a flux of 9.1 x 10° n/cm^.s and a fluence of 
2 x 10^3 n/cm2. Before neutron irradiation, VQ^ is very low and only 
slightly dependent on collector current and almost independent of base 
current. After irradiation, for the low collector current, VQ^ increases 
over its preirradiated values and is only slightly dependent on base current; 
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F IGURE 4 . Base Current versus Collector to Emitter Forward Voltage Before and After Irradiation 
for Device A. NPN Transistors Type D60T455010, 450 V / 50 A. 
F l u e n c e - 2 X 10^3 n/cm2 piux 9.1 x 108 n/cm2 . s , 

however, as the collector current increases, then \IQ£ becomes strongly 
dependent on the base current. For the high collector current a very large 
base current is required to reduce V Q £ , but in so doing, the gain of the 
transistor decreases to less than unity. Thus, for this transistor to 
operate near its rated collector current and give an acceptable forward 
voltage drop after this level of neutron exposure, it would require a very 
large base current. Lower base currents and resultant higher gains are 
possible but the resultant forward voltage drop would cause the switch's 
"on-state" power losses to become prohibitive. 

CONCLUSION 

The results of this experimental investigation clearly show the detrimental 
effects caused by neutron irradiation on the electrical and switching 
characteristics of the D60T455010 NPN bipolar power transistor. To determine 
whether commercial bipolar transistors can be significantly improved to make 
them more radiation resistant will require additional testing of different 
types of commercial bipolar transistors accompanied by an in-depth 
exploration of the mechanisms causing performance degradation. 

Acknowledgments 

Tnis research was performed at the NASA Lewis Research Center under the 
SP-100 Advanced Technology Program. 

435/VJ^ 



parksb
Text Box
page blank	436



NUCLEATE POOL BOILING: HIGH GRAVITY 
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INTRODUCTION 
Requirements for the proper functioning of equipment and personnel in reduced 
gravity associated with space platforms and future space station modules 
introduce unique problems in temperature control; power generation; energy 
dissipation; the storage, transfer, control, and conditioning of fluids; and 
liquid-vapor separation. The phase change of boiling is significant in all 
of these, and has been so recognized in early activities associated with 
space vehicles (Siegel and Usiskin 1959 and Merte and Clark 1964). Although 
both pool and flow boiling would be involved, research results to date 
include only pool boiling because buoyancy effects are maximized for this 
case. The effective application of forced convection boiling heat transfer 
in the microgravity of space will require a well-grounded and cogent under
standing of the mechanisms involved, many of which are shared with pool boil
ing. 

This paper presents experimental results for pool boiling from a single geom
etric configuration, a flat surface, covering a wide range of body forces 
from a/g = 20 to 1 to a/g = 0 to - 1 for a cryogenic liquid, and from a/g = 
20 to 1 for water and a liquid metal. Similarities in behavior are noted for 
these three fluids at the higher gravity levels, and may reasonably be 
expected to continue at reduced gravity levels. 

BACKGROUND 
Pool boiling experiments from spheres and wires for short and extended peri
ods of microgravity (Merte sind Clark 1964 and Weinzierl and Straub 1982) 
indicate that removing buoyancy has negligible effect on the heat transfer in 
the nucleate boiling regime. This is not surprising because these geometries 
include all orientations relative to the gravity field, and the additional 
larger surface tension effect in the case of the wire. 

The influence of orientation on nucleate boiling has been studied at earth 
gravity by rotating the heating surface from horizontal facing upward to ver
tical to nearly horizontal facing downward (for example, Nishikawa et al 
1984). In the lower regimes of heat flux, the effectiveness of the heat 
transfer, measured here in terms of the heater surface superheat, appears to 
be enhanced as the surface is rotated from horizontal up to nearly horizontal 
down. At the higher levels of heat flux, on the other hand, the heat trans
fer effectiveness appears to be decreased somewhat for the corresponding sur
face rotation. Caution must be exercised when one attempts to simulate 
reduced gravity behavior by taking the normal component of the body force 
vector as the surface is rotated; the liquid flow patterns resulting from 
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buoyancy effects are quite different, with the possibility for different 
mechanisms becoming significant. 

EXPERIMENTAL FACILITIES 
In the works presented here, the body force vector is maintained normal to 
the heater surface, for the most part, with the convention of + for the 
inward direction. This means that a/g = +1 for horizontal up and a/g = -1 
for horizontal down in earth gravity. It should be recognized that a compli
cation of vapor disposal arises in the horizontal down orientation with 
steady state operation, and the system behavior may become size dependent. 
This orientation is useful, nevertheless, in adding to understanding of the 
mechanisms involved. 

Figure 1 shows a cross section of the centrifuge used for subjecting the test 
vessel to body force levels between a/g = 1 and 20. The pivoted test vessel 
ensured that the net body force was normal to the heating surface at all 
acceleration levels. Three different test vessels were fabricated for 
nucleate pool boiling tests with water at atmospheric pressure (Merte and 
Clark 1961), liquid nitrogen at atmospheric pressure (Clark and Merte 1963), 
and with mercury at pressures up to 2.07 MPa (Merte 1967). 

A flat copper disc was designed and instrumented to act as a transient calo
rimeter (Merte et al 1971)» and could be rotated to horizontal up, vertical 
and horizontal down orientations relative to the gravity field. The disc is 
immersed at room temperature in liquid nitrogen, and the transient cooling 
curve recorded, giving the heat flux and AT via the energy equation. For 
reduced gravity the entire package, including the cryogenic container, is 
released in a drop tower to fall 9-7 meters, giving 1.34 seconds of free 
fall. By measurement, the maximum body force during free fall due to air 
drag is a/g = 0.008. 

RESULTS 
Figure 2 shows the effect of increeised body force on the pool boiling of mer
cury at 2.07 MPa at body forces over the range a/g = 1 to 15 (Merte 1967). 
At the relatively lower levels of heat flux, the heat transfer is enhanced 
with increasing body force due to the increased contribution of nonboiling 
convection; at the higher heat flux level, the heat transfer is first inhi
bited and then enhanced, again owing to the increased contribution of non-
boiling convection associated with the increasing bulk liquid subcooling pre
sent. The increase in heater surface superheat with acceleration, at the 
higher heat flux levels, is consistent with that observed with water (Merte 
and Clark 1961). 

Figure 3 shows results of heat flux versus heater surface superheat obtained 
with the disc in LN2 at a/g = 1 with the three different orientations, and 
includes the data provided by the transient technique over all the boiling 
regimes, for the sake of completeness (Merte et al 1971). For reference pur
poses the results of tests obtained with a copper sphere in LN2 at a/g = 1 
and a/g - 0 are included. It is noted that the heat transfer in the lower 
nucleate boiling regime is enhanced considerably as the body force is changed 
from a/g = +1 to a/g = -1. One might anticipate then that the results for 
a/g ~ 0 should fall between these results, and this is shown to be the case 
in Figure 4, which combines the results of Figure 3 with those with high gra
vity (Clark and Merte I963). The results from the transient calorimeter in 
the horizontal up orientation coincide identically with those for the elec
trically heated disc at a/g = 1 in Figure 4. 
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CONCLUSIONS 
As may be deduced from Figure 3> a complete description of the influence of 
orientation on nucleate pool boiling must include heat flux levels up to the 
critical heat flux. At the lower levels of nucleate boiling in Figure 4, the 
heater surface superheat first increases and then decreases as the body force 
is increased above a/g = 1, owing to the increasing contribution of nonboil
ing convection. As the body force is decreased from a/g = 1 to a/g s. Q and 
a/g = -1, a more dramatic decrease in the heater surface superheat takes 
place, indicating a significant enhancement in the heat transfer process. 
This is also associated with buoyancy, but is proposed as being due to two 
different effects. Buoyancy now keeps the heated fluid adjacent to the heat
ing surface, increasing the size of the microlayer and hence the heat trans
fer rate associated with each site. At high gravity levels, on the other 
hand, the opposite takes place. The increased buoyancy reduces the extent of 
superheated liquid in the vicinity of the heat transfer surface, reducing the 
number of nucleating sites, and also reduces the microlayer size and, hence, 
the heat transfer rate associated with each site. For an imposed heat flux, 
the net effect will be an Increase in the heater surface superheat as 
observed at the higher levels of heat flux in Figure 4. Again, the increas
ing relative contribution of nonboiling convection at the lower levels of 
heat flux causes this trend to reverse. 

It would appear that upon reducing the buoyancy to near zero, the temperature 
distribution in the vicinity of the heating surface will be altered suffi
ciently so as to affect both the nucleation and vaporization processes asso
ciated with the boiling process. From Figure 4 one notes that these net 
affects are reduced considerably at sufficiently high levels of heat flux. 
The effective utilization of pool boiling in microgravity conditions over 
long periods of time then would require only that some mechanism be provided 
to remove the vapor bubbles from the vicinity of the heating surface. 
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INTRODUCTION 

It is being recognized that there does not currently exist an adequate under
standing of flow and heat transfer behavior in reduced- and zero-gravity 
conditions. There is not a sufficient data base of experimentally measured 
pressure drops and heat transfer rates to develop design correlations for 
two-phase pressure losses, heat transfer coefficients, and critical heat flux 
limits in systems proposed for advanced power sources and permanent manned 
environments in space. Battelle. Pacific Northwest Laboratory (PNL) has 
become involved in this research as the lead laboratory for thermal hydrau
lics in the Department of Energy's Multimegawatt Space Power Program. PNL 
has the responsibility of developing microgravity thermal-hydraulic analysis 
capabilities for application to space nuclear power systems. In support of -
this program, PNL obtained funding from the U.S. Department of Energy (DOE), 
National Aeronautics and Space Administration (NASA), and the U.S. Air Force 
for a series of reduced-gravity two-phase flow experiments using the NASA 
KC-135. 

The objective of the experiments was to supply basic thermal-hydraulic infor
mation that could be used in development of analytical tools for design of 
space power systems. The tests were conducted in conjunction with Dr. Fred 
Best of Texas A&M University, using an apparatus designed and built at Texas 
A&M for NASA-sponsored low-gravity condensing studies (Kachnik 1987). PNL 
contributed a transparent quartz 8-mm ID boiler tube, with appropriate 
instrumentation, and provided trained personnel to operate the experiment on 
the KC-135. This paper describes the experiments conducted with this 
apparatus in the KC-135 on 29-30 April 1987. 

EXPERIMENTAL PROCEDURE 

The test matrix was designed to cover as wide a range of flow rates, void 
fractions, and power levels as the equipment permitted in the relatively 
short time available in two KC-135 flights. (A typical test day consists of 
20 to 30 parabolas; careful planning might permit as many as 40 to 50.) 
Table 1 shows the test matrix for the first day of testing. Fifteen boiling/ 
condensing tests were planned consisting of 12 unique runs and three repeated 
points. Completion of this test matrix would have required 45 zero-g parab
olas, because the procedure on the KC-135 was to set up conditions for a 
given run in level flight, then take data while executing three parabolas in 
succession. Following pullout on the third parabola of a set, the aircraft 
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TABLE 1. Test Matrix for Boiling/Condensing Two-Phase Flow in Reduced 
Gravity. 

Planned Test Conditions As-Run Test Conditions 

Average 
Run Flow Ratep Power Exit Void Parabola Flow Rate2 Power 
No. (L/min) (kg/m -s) (W) quality fraction number (L/min) (kg/m -s) (W) 

1 0.91 307 3583 0.01 0.65 

0.91 307 3934 0.02 0.75 

0.91 307 4987 0.05 0.83 

0.30 101 1194 0.01 0.65 

0.30 101 2247 0.10 0.90 

0.45 152 3371 0.10 0.90 

0.45 152 2494 0.05 0.83 

8 0.45 152 1792 0.01 0.65 

returned to level flight, and conditions were set up for the next test point. 
Data were obtained for eight of the planned 12 unique runs, during which 24 
parabolas were executed, then testing was terminated due to power malfunction 
in the boiler. Testing continued on the second day with adiabatic nitrogen/ 
water flow. The test matrix is shown in Table 2. (The superscripted a 
beside the water flow rates indicate that the flow was below the range of the 
turbine flowmeter, and the value reported is that obtained with a rotameter 
in level flight, before initiating the series of parabolas for that run.) 

1 
2 
3 

4 
5 
6 

7 
8 
9 

10 
11 
12 

13 
14 
15 

16 
17 
18 

19 
20 
21 

22 
23 
24 

-

0.8 
0.8 

0.7 
0.7 
0.6 

0.8 
0.8 
0.8 

0.4 
0.4 
0.3 

0.4 
0.4 
0.4 

0.5 
0.5 
0.4 

0.3 
0.5 
0.5 

0.5 
0.4 
0.5 

_ 

270 
270 

237 
237 
203 

270 
270 
270 

135 
135 
101 

135 
135 
135 

169 
169 
135 

101 
169 
169 

169 
135 
169 

_ 

3160 
3037 

3305 
3110 

-

5163 
5160 
4671 

1049 
998 
1164 

2725 
2783 
3037 

3780 
3323 
3228 

2203 
2510 
2630 

1902 
2064 
1919 
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TABLE 2. Test Matrix for Adiabatic Two-Phase Flow in Reduced Gravity. 

Planned Flow Rates As-Run Flow Rates 

Run Water 2 Nitrogen 2 Parabola Water ^ Nitrogen ^ 
No. (L/min) (kg/m s) (L/min) (kg/m s) Number (L/min) (kg/m s) (L/min) (kg/m s) 

1 0.15 50 0.905 0.192 

0.75 248 0.905 0.192 

0.15 50 3.016 0.641 

0.75 248 3.016 0.641 

0.15 50 3.400 0.723 

0.03 10 0.905 0.192 

0.03 10 3.016 0.641 

8 0.03 10 3.400 0.192 

0.75 248 6.075 1.29 

10 0.30 99 3.016 0.641 

1 
2 
3 

4 
5 
6 

7 
8 
9 

10 
11 
12 

13 
14 
15 

16 
17 
18 

19 
20 
21 

22 
23 
24 

25 
26 
27 

28 
29 
30 

0.15f 
0.15! 
0.15^ 

0.6 
0.6 
0.5 

0.15! 
0.15! 
0.15^ 

0.7 
0.7 

0.03f 
0.03! 
0.03^ 

0.15! 
0.15f 
0.15^ 

0.7 
0.6 
0.5 

0.024^ 
0.024^ 
0.024^ 

0.6 
0.6 
0.6 

0.16! 
0.16! 
0.16^ 

50 
50 
50 

198 
198 
165 

50 
50 
50 

231 
231 

10 
10 
10 

50 
50 
50 

231 
198 
165 

8 
8 
8 

198 
198 
198 

53 
53 
53 

~ 

0.9 
0.9 
0.9 

3.0 
3.0 
3.0 

3.0 
3.0 
3.0 

0.9 
0.9 
0.9 

0.9 
0.9 
0.9 

6.1 
6.1 
6.1 

6.1 
6.1 
6.1 

6.1 
6.1 
6.1 

3.0 
3.0 
3.0 

0.2 
0.2 
0.2 

0.6 
0.6 
0.6 

0.6 
0.6 
0.6 

0.2 
0.2 
0.2 

0.2 
0.2 
0.2 

1.3 
1.3 
1.3 

1.3 
1.3 
1.3 

1.3 
1.3 
1.3 

0.6 
0.6 
0.6 

Below the range of the turbine flowmeter; reported from rotameter reading 
before parabola 
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The adiabatic tests were included in order to obtain two-phase flow data at 
low flow rates, and thereby expand the data base for flow regime mapping in 
zero gravity near the slug/annular and bubbly/slug transition lines. 

The as-run test conditions departed in some cases from those planned because 
more interesting flow behavior was observed at the higher vapor flow rates. 
In particular, annular flow was observed at conditions where normal gravity 
flow regime maps predict slug flow, or bubbly slug flow. 

Pressure, temperature, pressure drop, and counts from a gamma densitometer 
were recorded during the tests using an IBM PC. Flow rate was measured by 
recording the output of a turbine flowmeter on the boiler inlet line. High
speed video images of the boiler or condenser sections were recorded during 
the zero-g portion of at least one parabola in each set of three. High-speed 
movies of the boiler or condenser were also obtained using NASA cameras for 
selected tests. These films and video images show clearly the predominance 
of annular flow in reduced gravity, and provide an invaluable aid for flow 
visualization and regime mapping. 

The computer-recorded information and the videos and film constitute the data 
obtained in these tests. The microgravity condition was measured by the 
accelerometer mounted in the KC-135 near the location of the test apparatus. 

CONCLUSIONS 

Two main conclusions can be drawn from the results obtained in this test 
•series. First, these tests demonstrate that the KC-135 is a suitable test 
environment for obtaining two-phase flow and heat transfer data in reduced 
gravity conditions, primarily at high flow rates. The approximately 20 
seconds of reduced gravity in each parabola is of sufficient duration for 
momentum equilibrium to be well-established. At higher flowrates or higher 
heat transfer rates, thermal equilibrium can be obtained, as well. Second, 
the behavior of two-phase flow in low gravity is sufficiently different from 
that obtained in 1-g to warrant intensive investigation of the phenomenon if 
adequate analytical tools are to be developed for microgravity conditions. 
It is not possible to correctly predict multiphase fluid behavior in 
microgravity by extrapolating from 1-g behavior, nor is it possible to 
predict whether such extrapolations will be conservative or nonconservative. 
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INTRODUCTION 

Reduced gravity two-phase flow boiling and condensing experiments were con
ducted in the NASA KC-135. A detailed description of the experimental appa
ratus and test procedure, including the data error analysis, is presented 
elsewhere (Kachnik 1987 and Cuta 1988). In an attempt to gain a better 
understanding of two-phase flow behavior in reduced gravity, the individual 
test runs were critically examined to determine their suitability to be taken 
as representative of two-phase flow in microgravity. Selected runs were 
simulated usinq the two-fluid thermal-hydraulic COBRA/TRAC computer code 
(Thurgood 1983). [A parallel effort was undertaken by EG&G of Idaho National 
Engineering Laboratory using ATHENA (Carlson 1986).] The comparisons of 
these sophisticated codes with the observed flow behavior illustrate the 
generic shortcomings of current two-phase modeling capabilities in 
application to reduced gravity conditions. 

APPROACH 

The data were examined in detail, using graphs of the information recorded 
from the instrumentation via an IBM PC, and also by reviewing high-speed 
video images and films taken during the zero-g intervals in the KC-135. 
Several tests at high flow rates and relatively high power were selected as 
representing behavior that was influenced primarily by the low gravity 
condition, and not extraneous uncontrolled variables in the KC-135 
environment. 

The physical geometry of the test section itself was modelled for the 
COBRA/TRAC code using the existing versatile input structure. The measured 
inlet flow rate, boiler power, and system exit pressure were used as boundary 
conditions on the problem, and the code solved for the thermal-hydraulic 
conditions in the model of the boiler and condenser. No modifications were 
made to the code's correlation set for flow regime and heat transfer selec
tion logic. The constitutive correlations in COBRA/TRAC have been selected 
to allow the code to model severe reactor transients with thermal nonequilib-
rium between phases, counter-current flow, entrainment and de-entrainment, 
hot walls subjected to quenching with subcooled water, and post-CHF film 
boiling. The only concession to the unique environment of microgravity was 
to remove the gravity term from the phasic momentum equations. This was done 
by setting the acceleration of gravity, g, to zero. [Correlations that used 
the acceleration of gravity as a parameter, however, retained the normal 
earth-environment value of 9.81 m/sec2 (32.2 ft/s2).] 
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RESULTS 

Several test points from the KC-135 tests were selected for simulation with 
COBRA/TRAC. The selected test points covered a void fraction range from 
about 10% to 90%. Instrument measurement points are indicated on the 
schematic diagram of the experimental apparatus (Figure 1). The COBRA-TRAC 
calculations showed reasonable agreement with the measured temperature data 
in the boiler (Figure 2). The calculated boiler pressure drop, however, was 
slightly higher than the measured value for these tests, indicating that the 
normal gravity interfacial drag, and possibly the wall drag correlations in 
the code, are not accurate in a reduced gravity environment (Figure 3). The 
COBRA/TRAC calculations do not match the pressure and temperature measure
ments in the condenser as well, indicating that the existing constitutive 
models in the code for condensation, wall heat transfer, and possibly 
interfacial momentum exchange are not directly applicable to reduced gravity 
conditions. Careful analysis is needed to analyze the sources of the 
discrepancies, separating out those due to idiopathic uncertainties in the 
test procedure and conditions, and those actually due to the microgravity 
condition. Calculations made for the test conditions in a one-gravity 
environment are useful in pointing up these differences. 
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CONCLUSIONS 

More and better data are needed to develop adequate analytical tools for 
predicting flow behavior in microgravity. These results show the inadequacy 
of existing constitutive relations, but this small handful of data points is 
not sufficient to serve as the basis for derivation of new correlations. A 
data base spanning the full range of anticipated flow rates, pressures, and 
heat fluxes, obtained in representative geometries, is needed before any 
faith can be placed in the accuracy or conservatism of design calculations 
for two-phase flow and heat transfer systems in space. 
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INTRODUCTION 

When gas and liquid mixtures flow in a pipe, the distribution of the two phases may take many 
forms. A flow pattern, or flow regime, is the characteristic spatial distribution of die phases of 
flow in a pipe. Because heat transfer and pressure drop are dependent on the characteristic 
distribution of the phases, it is necessary to describe flow patterns in an appropriate manner so 
that a hydrodynamic or heat transfer theory applicable to that pattem can be chosen. Though 
numerous investigators have tried to estimate two-phase flow patterns, predicting flow regimes 
for two-phase mixtures in a pipe is, as yet, an unresolved problem. Empirical approaches 
(Suo 1964 and Weisman et al. 1979) plot transition boundary lines on two-dimensional maps, 
but these are only good for specific pipe sizes and fluids chosen. Because flow regime maps 
developed empirically have little generality, some investigators have searched for a theoretical 
flow regime map based on physical properties. Though flow pattem have a major influence 
on most two-phase phenomena, there are no generally accepted criteria for the transitions 
between the various flow regimes. Moreover, most work related to predicting two-phase flow 
regime patterns was developed for an earth gravity environment. The objective of the current 
analysis is to create and validate a flow regime map based on physical modeling of 
vapor-liquid interaction phenomena in a microgravity environment. 

FLOW DESCRIPTION 

In the present work, Lee and Best (1987), four basic flow patterns are defined as follows: 
• Dispersed flow : In this pattem, either small discrete bubbles are approximately 

uniformly distributed in a continuous liquid phase, or small liquid drops are scattered 
in a continuous gas phase. 

• Stratified flow : In this pattem, one phase is located above the other phase against the 
direction of the gravity field. 

• Slug flow : In this pattem, most of the gas or vapor bubbles exist in large bullet 
shapes, which have a diameter almost equal to the pipe diameter. These bubbles are 
sometimes designated as Taylor bubbles. Taylor bubbles are separated by a slug of 
continuous liquid that bridges the pipe. Thin liquid films between the gas bubbles and 
the pipe wall are usually moving slower than the gas bubbles. Reverse flow of these 
liquid films has been found in 1-g vertical pipe flows. The plug and piston flows 
named in some references will be categorized in this pattem. 

• Annular flow : In this pattem, a continuous liquid film exists on the pipe wall with a 
continuous gas or vapor core. The liquid phase on the wall moves relatively slow 
compared to the vapor core. Liquid droplets are sometimes entrained in the gas core 
and large amplitude waves will be present on the surface of the liquid film. The wispy 
annular and annular with liquid drop flow of some references are categorized in this 
flow regime. 
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FLOW PATTERN TRANSITION MODELING 

Two-phase flow pattems have been found to be strongly dependent on several principal 
parameters including flow rates, fluid properties, void fraction, channel orientation, contact 
angle, and pipe sizes. Fluid properties, liquid and vapor flow rates, and pipe sizes along with 
flowing quality were chosen as the principal parameters in this work. Some literature (Quandt 
1965, Heppner 1975, and Taitel and Dukler 1976) mentions that a two-phase flow pattem is 
determined by a dominant force in each region, and a change in the dominant force is reflected 
as a change in the observed flow pattem as it adjusts to the new circumstances. One example 
of this is that the gravity force is a dominant force for phase separation leading to stratified 
flow. The basic idea used in this paper to develop transition boundaries between flow pattems 
is that a transition from one flow pattem to another will occur when there is a change in the 
dominant force that controls that flow pattem. The forces considered in this modeling are 
surface tension force, body force, inertial force, friction, and turbulent fluctuations. In 
accordance with this "force" approach as proposed by Taitel and Dukler (1976), macroscopic 
viewpoints are taken rather than the microscopic perspective, which is usually used in 
two-phase analysis for heat transfer and pressure drop calculations, that is, individual bubbles 
are not analyzed. Also, nondimensional approaches are taken so that the developed flow 
regime map will be applicable to various flow conditions. 

The modeling has been based on the following assumptions: 
• The flow is fully developed turbulent flow. This assumption is used to simplify the 

problem. In realty, most engineering equipment does operate in this condition. In 
order to extend the developed map to laminar flow, the viscous force will have to be 
included. 

• The pipe is assumed to be relatively long and straight. A long pipe was chosen to 
eliminate entrance effects, and a straight pipe was chosen to eliminate comer effects 
and channel orientation, which might be important factors in secondary flows. 

• The flow in a cylindrical pipe is assumed to be azimuthaUy symmetric. This 
assumption was chosen because at real zero gravity the time averaged flow should be 
azimuthally symmetric. 

• The system considered is assumed to have reached the equilibrium flow regime 
condition. No attempt is made to estimate the length of pipe (or time) necessary to 
reach the equilibrium condition. 

Stratified Flow in Microgravity 

Stratified flow has been observed in horizontal pipes in 1-g gravity fields. It is evident that the 
gravity force causes the stratified phase separation. Since the main force causing stratification 
is gravity, it is expected that there will be only a limited set of conditions under which this flow 
regime will occur in microgravity. For the current analysis, we reason that stratified flow will 
occur when the body forces are greater than surface tension forces. 

Transition Between Slug Flow and Dispersed Flow 

The main forces considered for this transition boundary are surface tension force and the force 
derived from eddy turbulent fluctuation. At high liquid flow rates and low gas flow rates, the 
gas tends to mix with liquid. The transition from slug flow to dispersed bubbly flow will take 
place when the force from turbulent fluctuations is strong enough to overcome the surface 
tension force tending to keep the gas in the Taylor bubble shape. 
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Transition Between Slug Flow and Annular flow 

It is intuitive that if the gas volumetric flow rate is increased while maintaining the total flow 
rate constant, then the gas bubbles in slug flow would get progressively longer until they 
become an annular flow pattem. The argument used to describe the transition between annular 
and slug flow is that if the gas inertia is greater than the surface tension force, which is the 
force keeping the gas phase in a large bubble shape, then the transition from slug flow to 
annular flow will take place. 

RESULTS AND DISCUSSION 

The above arguments are expressed quantitatively as follows. 

For the transiton between stratified flow and others: 

g 
A = 

(P i -pg)gD 

For the transition between slug flow and dispersed flow: 

B = 
Pi 

s 1.8 _ 0 . 8 0 . 2 
U, ^ 1̂ 

(1) 

(2) 

For the transition between slug flow and annular flow: 
s 2 

c = 
p u D 

(3) 

The three dimensionless parameters were plotted with respect to Lockhart-Martinelli parameter 
in a microgravity environment and are shown in Figure 1. 
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In order to compare the predictions of the theory developed in this paper with the data of the 
KC-135 experiment, the dimensionless boundaries were recalculated in terms of gas and liquid 
superficial velocity coordinates for the design conditions of the KC-135 experiment. The 
results are shown in Figure 2, the theoretically developed flow regime map shows general 
agreement with the data in the regions tested. 

" A n n u l a r 

10 " 10 10 ' 

S u p e r f i c i a l Gas Veloci ty (m/sec) 

FIGURE 2. Microgravity Map in Superficial Velocity Coordinates. 

SUMMARY AND CONCLUSIONS 

A theoretical two-phase flow regime transition map under a microgravity environment has been 
developed based on physical concepts. These transitions use four basic flow pattems: 
dispersed flow, slug flow, stratified flow, and annular flow. The principal parameters used in 
this analysis are fluid properties, pipe size, and flow rates. The forces considered are body 
force, surface tension force, inertial force, fiicton, and the force from eddy turbulent 
fluctuation. Three dimensionless parameters, A, B, and C were developed. Because these 
transition boundaries were developed based on physical concepts, they should be applicable to 
flow regimes occuring in various design conditions. Because the flow pattem data from 
KC-135 experiments are insufficient to verify these theoretically developed transition lines 
completely, an adiabatic experiment for flow regime analysis is recommended to collect more 
data. 
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INTRODUCTION 

A space based nuclear power plant employing a Rankine cycle 
requires that liquid be separated from vapor in the boiler and 
gas/vapor be separated from the liquid in the condenser. 
Separation requirements may also exist in other power concepts 
such as the separation of chemical species. Thus an optimum 
separator, in terms of pressure drop, separation efficiency, and 
predictable operation for a wide range of flow conditions, is a 
must for the successful application of some of the power concepts 
that have been proposed for use in space. This paper describes 
the design and performance characteristics of a tangential flow 
phase separator for use in space nuclear power. 

PHASE SEPARATOR DESIGN 

In the phase separator, a two pha^e mixture is injected into a 
horizontal tube through several injectors placed on the 
circumfrence of the tube. The basic design of the phase 
separator is the same as that described earlier by Valentekovich 
et. al. (1987). The separator chamber consists of a clear cast 
acrylic tub© 0.60 m long with a 38.1 mm I.D. and a 6.35 mm wall 
thickness. The swirl flow is initiated 76.2 mm from the base of 
the chamber. The injectors are made of polypropelene tiibing, 
having an I.D. of 6.6 mm. The injectors make an angle of 70 
degrees with the chamber axis. The tangential injection leads to 
the creation of centripetal acceleration on the lighter fluid, 
which in turn leads to the separation of the phases. In this 
mode of operation, the gas or vapor occupies the central portion 
of the tube, whereas the liquid occupies the outer region. The 
separated phases are then extracted at the end of the chamber 
downstream of the inlet. The gaseous phase exits axially 
through a vortex finder, whereas the liqi.iid exits tangentially at 
the periphery of the cylinder. 

RESULTS 

Microgravity conditions are simulated by running the vortex tube 
horizontally, and are evidenced by a stable, axisymmetric gas 
core. Figure 1 shows a photograph of the separated gas core. 
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FIGURE 1. Air Core for Low Gas to Liquid Volume Ratio of 0.087. 

In the experiments, air and water are used as the test fluids and 
a complete separation of the liquid phase has been accomplished. 
Emphasis is placed on the separation of liquid from mixtures 
containing low gas to liquid volume ratios, typically less than 
15%. Data for injection pressure drop,, flow configuration, 
vortex finder back pressure, and separation efficiency has been 
taken. For different vortex finder back pressures the 
diameter of the air core and dryness fraction of exiting gas was 
observed to increase as the pressure drop through the vortex 
finder was decreased. Critical vortex finder back pressures were 
recorded for which if the pressure across the vortex finder was 
less than this critical value, air would be entrained in the 
liquid exits of the separator. Figure 2 shows how the air core 
enters the vortex finder for a vortex finder back pressure of 
11.7 kPa, far from critical. When the phase retriever of the 
separator was opperated at the critical vortex finder back 
pressure, maximum dryness fractions were observed. Figure 3 
shows separation of air at the critical pressure difference 
(1.9 kPa) for a volume ratio of 0.106. This yielded a mass based 
dryness fraction, x, of 0.52, and a volume based dryness fraction 
of 0.999. The mass based dryness fraction is defined as the mass 
of air exiting the vortex finder divided by the total mass 
exiting the vortex finder, where volume based dryness fraction is 
the volume of air leaving the vortex finder divided by the total 
volume leaving the vortex finder. This paper is a continuation 
of the previous work done by the authors. 
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FIGURE 2. Air Core Entering Vortex Finder for a Volume 
Ratio of 0.087. 

FIGURE 3. Phase Retriver operating at Critical Vortex Finder 
Back Pressure Yielding x = 0.52 and Exiting Volume 
Fraction of 0.999. All Entering Air is Retrieved. 
Injected Gas to Liquid Volume Ratio of 0.106. 
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INTRODUCTION 

Two-phase fluid management is an important factor in the successful design of organic 
Rankine cycle (ORG) power conversion systems for space applications. The evolution 
of the heat rejection system approach from a jet condenser, through a rotary jet 
condenser, to a rotary fluid management device (RFMD) with a surface condenser has 
been described in a previous paper (Bland et. al., 1987). This paper describes some of 
the test programs that have been used to prove the validity of the selected approach, 

TEST PROGRAMS 

The RFMD and shear-controlled surface condenser concept has been proved through 
a series of different test programs. These started with the original Freon test loop 
(®Freon is a Registered Trademark of E.I. DuPont de Nemours & Co.) (Bland et. al., 
1985). This allowed demonstrating the ability of these components to operate across a 
wide range of conditions, and under adverse gravity, notably with the axis of rotation 
of the RFMD horizontal and vertical and with the condenser pointed downwards and 
even vertically upwards. No system failure modes were identified in these test 
sequences. 

Because the RFMD is a pump concept that can accommodate vapor, liquid, or 
two-phase flow, it provides a means of operating a test loop with two-phase flow in 
zero-g. For this reason, the National Aeronautics and Space Administration (NASA) 
selected a representative two-phase test loop that incorporates an RFMD, surface 
condenser, and accumulator, along with other elements of a thermal management 
system for a KC-135 test program. This test loop was designed with an evaporator 
capable of generating varying quality two-phase flow, along with a transparent test 
section for observing the flow regimes and accurately measuring the fluid pressure 
drops. Inadequate data previously existed for the effect of microgravity on the 
pressure drops, thus making accurate design models for Space Station applications 
questionable. 

The flight test program generated significant new data on pressure drops in the 
microgravity environment, along with exceptionally good high-speed film footage of the 
flow regimes and transitions during parabolic maneuvers. 

Pretest predictions of pressure drop in two adiabatic test sections and the shear flow 
condenser were made using proprietary correlations from Heat Transfer Research 
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Incorporated which, unlike many other two-phase predictive methods, incorporate a 
gravity dependence. Other open literature correlations were investigated for 
comparison and were evaluated after the tests to determine alternate predictive 
techniques. 

The predictive techniques depend on a knowledge of the anticipated flow regimes that 
can be different in zero-g compared to ground operation. The adiabatic test section 
was operated at different qualities with nearly constant mass flow. The observed flow 
regimes in zero-g progressed from slug flow at very low qualities to mist-annular at 
high qualities, with a transition occurring at about 15 percent quality. Mist flow had 
been anticipated at very high qualities (above about 80 percent), but the mist-annular 
regime persisted to the highest test value of about 85 percent quality, requiring slight 
modification to that transition boundary. As anticipated, ground operation of the 
adiabatic test sections resulted in stratified flow and lower pressure drops than in 
zero-g. 

The condenser for an Organic Rankine Cycle (ORC) Dynamic Isotope Power System 
(DIPS) would operate at a nearly constant mass flow and heat load over the life of the 
unit. The shear flow condenser is designed to operate predominantly in mist-annular 
flow on the ground, resulting in no change in flow regime when entering into zero-g. 

Additional tests of the total system were performed in zero-g, including demonstrating 
RFMD startup and shutdown and a loss-of-coolant demonstration in which the heat 
rejection system was deactivated for three successive parabolas. The experimental 
results were exactly as anticipated, with start and stop unaffected by gravity level and 
a gradual rise in system pressure when the heat rejection was disconnected. 

A program was initiated as part of the United States Air Force technology verification 
program in support of the Boost Surveillance and Tracking System Spacecraft. This 
program was designed to use existing assets and provide a demonstration of 
successful resolution of technology issues remaining in the Dynamic Isotope Power 
System after conclusion of the 1978 to 1980 Technology Verification Program. The 
selected approach used the existing test stand and prototypic RFMD operating on 
Freon®. The effort was primarily directed toward demonstrating, through testing, that 
analytical tools used to design the condenser are adequate. Freon 11 was selected as 
the design test fluid because it fairly closely matches toluene, while the condenser 
was designed to operate with the same flow regimes and have similar thermal and 
hydraulic characteristics as the toluene version. The demonstration was judged to be 
successful by correlation of pretest predictions of heat transfer and hydraulic operation 
with actual test results. 

The final test program reported on is the fabrication and demonstration of a toluene 
shear-controlled condenser and RFMD designed for the ORC option for the 25kW 
Space Station Solar Dynamic Power Generating System. This experiment was funded 
as a part of the Space Station advanced development programs designed to bring 
technology forward in support of a 1992 launch. A semiprototypic RFMD and flat-plate 
condenser with glass cover was fabricated for this purpose and operated across a 
range of conditions commensurate with anticipated Space Station operation. The test 
was very successful (Havens et. al., 1987) with excellent film footage obtained of the 
condensation process and demonstration of operation in an adverse, uphill gravity 
field. 
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CONCLUSIONS 

These test programs have demonstrated the validity of the concept of using an RFMD 
with a shear flow condenser. Considerable test data have been generated to provide a 
sound design base for two-phase flow and heat transfer in zero-g. 
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INTRODUCTION 

The subjects of two-phase flow and heat transfer in a microgravity environment 
are important in the design of advanced thermal control systems for 
spacecraft. Among such systems is a distributed, two-phase thermal bus which 
would collect waste heat from various components by evaporation of a working 
fluid and return the vapor to a central radiator for condensation and 
redistribution. To allow energy transport over greater distances, active 
pumping is favored over capillary pumping. This creates a need for phase 
separation and control of the working fluid. 

An interest in active working fluid control using dielectrophoretic forces 
prompted the current study. This paper specifically addresses the use of 
high-strength, nonuniform electric fields to control the collection and 
removal of the liquid phase of a dielectric working fluid. The behavior of 
dielectric fluids in the presence of nonuniform electric fields has been 
studied extensively in the past (Woodson and Melcher 1968). Two 
configurations are examined in this paper, one for a dispersed two-phase 
regime and one in which a laminar liquid film collects on a wall. 

LAMINAR FlIM CONDENSATION 

This section deals with the collection of a condensate film using 
dielectrophoretic forces. Figure 1 shows the geometry examined, consisting of 
a condenser surface and an opposing electrode plate. The condenser surface is 
immersed in the saturated vapor of a dielectric working fluid at temperature 
Ts and is held at temperature Tw (Tw < Tg) by heat removal. A nonuniform 
electric field is induced in the region between the plates by applying an 
alternating voltage between the plates. Condensate forms on the cooled 
surface and flows away from the center under the influence of 
dielectrophoretic forces. Analysis of the device is simplified by the 
following assumptions: 

- The inertia of the liquid film is negligible, 
- The liquid film is very thin so convection within the film is negligible, 
- The liquid-vapor interface is smooth and shear free, and 
- The angle a subtended by the plates is small. 

The first three assumptions are those of Nusselt film condensation. The last 
assumption allows the use of rectangular coordinates. Because the plates are 
not parallel, polar coordinates are required for an exact description of the 
electric field. However, if a is small, very little error is introduced by 
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FIGURE 1. Film Condensation Geometry. 
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the use of rectangular coordinates. The percentage error in magnitude of the 
electric field intensity E for this case is given by 

AE/E = a/tana - 1 (1) 

For ff < 10 , this error is 1% or less. 

If the gradient of the interfacial dielectrophoretic force is f(x) and the 
film thickness is S(x), the velocity profile u(x,y) in the film is given by 

u(x,y) = f(x){y2/2 - ^(x)y}//t , (2) 

where /t is the liquid dynamic viscosity. Assuming pure conduction through the 
liquid film and defining /l=hfg+3/8cp*AT, (AT=TW-TS) integration of the energy 

balance over the liquid film yields 

Introducing 7=̂ '* and C=-(4vkAT)/<l, one obtains the ODE 

7' + (4f'7)/(3f) = C/f . 

(3) 

(4) 

The solution of this ODE depencis on f(x), which is a function of electrode 
geometry. For the simple geometry considered here, one may write E = 
V/(a-bx), where V is the applied voltage and a and b are constants. The 
boundary condition due to symmetry is imposed, (TJ'= 0 @ x=0) and one obtains 
the following for the film thickness: 

^(x) = Ti^^^ = -(2C/b2B)-'-/^ (a-bx){ln(a/(a-bx)) + 1/4}-̂ /'* . (5) 
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Here B=(l/2)eo(fr~l)V^ and Cr and eo are respectively the relative 
permittivity of the liquid and the permittivity of free space (approximately 
equal to that of the vapor). The mean heat transfer coefficient as a function 
of applied voltage, temperature drop, and electrode geometry is 

where L is the length of one half of the plate. 

Results for the heat transfer coefficient are compared with previous data from 
a similar geometry (Holmes and Chapman 1970) in Figure 2 for Freon-114 
(er=2-8) condensing at 446 kPa on a 38.1-mm-long surface in normal gravity. 
The analysis shows good agreement with the data for a horizontal plate for 
voltages up to 30 kV. At higher voltages, increased heat transfer 
coefficients are probably attributable to instability of the liquid-vapor 
interface caused by the oscillating polarization force. 

DROPLET REMOVAL IN A DISPERSED FLOW 

The purpose of this section is to describe the use of dielectrophoretic forces 
to remove liquid droplets in a two-phase dispersed flow in zero gravity. 
Consider an electrically insulating liquid sphere of radius a and dielectric 
permittivity e. in its own vapor with Cy approximately equal to the 

permittivity of free space. The dielectrophoretic force acting on the droplet 
is given by (Pohl 1958 and Jones and Bliss 1977) 

F = 2;ra3eo[(e^-eo)/(f^+2eo)]VE2 . (7) 

This force is directed along the gradient of the square of the electric field 
and the droplet is attracted to regions of higher electric field intensity. 

In a concentric electrode system (cylinder) with the outer cylinder (radius 
r2) grounded and the inner cylinder (radius ri) at electric potential V, the 
gradient of E^ is 

VE2 = - 2V2 r/{r3[ln(r,/r2)]2} , (8) 

where r is the unit vector in the radial direction. The gradient of E^ 
between a pair of electrode plates (wedge) placed at an angle 9 to each other 
is given by 

VE2 = - 2V2 r /(r3^2) . (9) 

The equation of motion for a dielectric droplet is 

1 /J/fa^^ = - 6T/tvav + F , (10) 
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FIGURE 3. Separation Time for Droplets. 

where p . is the droplet density, /ty is the vapor dynamic vicosity, and v is 

the droplet velocity. The viscous drag is given by the conventional Stokes 
drag expression, assuming the droplet to be rigid. 

The time for a droplet to move from an initial position of r = ri = 5 can to 
the final position of r = rj = 3 can is given in Figure 3 as a function of 
droplet radius and applied voltage. The fluid used in the calculations is 
CCI4 {€. = 2.238eo. Pi = 1595 kg/m^, (ly = lO'S Ns/m2). For the wedge 

geometry, the angle ^ is 16 . Except for droplets that are smaller than 100 
/»m, the results indicate that the separation time is fast and fairly constant. 
To effectively remove all droplets with a > 100 jim, a voltage of 10 kV is 
required for both the geometries studied. 
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INTRODUCTION 

A very compact space based magnetohydrodynamic (MHO) power system capable of 
meeting space platform burst power needs is examined. An open cycle MHD 
disc generator concept originated by Professor J. F. Louis of the 
Massachusetts Institute of Technology has been incorporated in a nuclear 
power system arrangement by R. R. Holman of Westinghouse (Louis and Holman 
1987). Thermal energy for the system is provided by a NERVA derivative 
nuclear reactor and the MHD disc generator is used for thermal to electric 
energy conversion. NERVA (Nuclear Engine for Rocket Vehicle Applications) 
was the technically successful program to develop a prototype flight rated 
engine as an expansion of the original ROVER space nuclear rocket program 
that began at the Los Alamos National Laboratory. 

Study results to date show that the NERVA derivative reactor coupled with 
the MHD disc generator provides a low total system launch mass and a very 
high energy extraction of > 20 MJ/kg in power operation. This energy 
extraction is much higher than the < 2.5 MJ/kg values of linear MHD 
generator systems studied previously. 

Nuclear Heat Source 

The NERVA/ROVER nuclear reactor program was directed toward the development 
of nuclear rockets (Holman and Pierce 1984). In these reactors, hydrogen 
was heated to a temperature range of 2000 K to 2500 K at a chamber pressure 
of 30 to 40 atmospheres. Thermal power up to 4000 MW was demonstrated. The 
NERVA Derivative Reactor heat source under consideration uses the technology 
and design demonstrated in PEWEE reactor tests and pure carbide (UC-ZrC) 
fuel elements (Holman and Pierce 1986) to attain reactor operating 
temperatures in excess of 2900 K. A comparison of the current reactor 
parameters with the PEWEE-I reactor that was successfully ground tested in 
1968 is provided in Table 1. 
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TABLE 1. Comparison of PEWEE-I and NERVA Derivative (MHD Disc) 
Reactor Parameters. 

Parameter 

Design Power (MWt) 
Operating Power (MWt) 
Operating Time (Min) 
Fuel Elements (No.) 
Average Power/Elem (MWt) 
Maximum AT, Fuel to Cc 
Max. Fuel Temperature 
Fuel Exit Temperature 

)olant 
(K) 
(K) 

Chamber Temperature (K) 

PEWEE-I 
Reactor 

500 
514 
64 
400 
1.3 
205 

2860 
2655 
2550 

NERVA 
Reactoi 

Derivative 
r (MHD Disc) 

344 
180 
10 
360 
0.5 
80 

3080 
3000 
2900 

MHD Disc Generator 

An MHD disc generator is a Hall-effect device. Thus, operation with high 
Hall fields (greater than 10 kV/m) is most beneficial in this particular 
application, where system size and mass are of crucial concern, because it 
assists in achieving high power densities relative to those that can be 
obtained in the more conventional. Hall field-limited (less than 4 kV/m) 
linear MHD channels. Typically, linear channel power densities are in the 
vicinity of 10 MWe/m-^ of active volume, and 2 MJ/kg of working fluid, 
corresponding to enthalpy extractions in the 10 to 20% range. However, the 
disc MHD generator is capable of appreciably higher values for these 
parameters. In the proposed design, for example, the predicted power 
densities reach approximately 7000 MWe/m^ and average 2600 MWe/m^ near 
the generator inlet, with a hydrogen flow energy extraction of 20 MJ/kg. 
The effective enthalpy extraction of the system is approximately 55%. All 
generator performance calculations have been based on conservative 
interpretations of available disc generator analytical and experimental 
results from Daurio (1970) and Louis (1986). 

System Description 

Figure 1 is a schematic of the system. During power operation, hydrogen is 
pumped sequentially through the component structures for recuperative 
cooling before it enters the reactor for final heating. The seeded hydrogen 
stream then expands radially through the disc generator and exhausts in two 
equal and opposing streams for thrust cancellation. Hydrogen working fluid 
can be drawn from the mission platform supply or a dedicated hydrogen supply 
can be provided. The latter approach has been assumed herein. In the 
current design, the system is once-through without seed recovery in order to 
minimize system mass. However, if seed recovery proves to be essential for 
environmental and/or mission related reasons, that feature can be 
incorporated in the design. It should be noted that, due to the 100% 
ionization of the seed, which is a characteristic of this MHD disc concept, 
the seed concentration in the effluent will be a factor of ten lower than 
with an open cycle linear MHD channel of comparable power. Application of 
the disc concept inherently leads to a compact, low-mass power system with 
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FIGURE 1. Schematic of Nuclear/MHD Disc Power System. 

significant improvements possible with power scaleup. The estimated mass of 
the power system including the dedicated hydrogen supply, but exclusive of 
power conditioning equipment, is estimated at 10,800 kg. 

A pictorial representation of the power system is shown in Figure 2. This 
system, including the dedicated hydrogen supply tank, will fit within a 
4.3-m X 8-m cylindrical envelope. The system produces direct-current 
electrical power at the net rate of 100 MWe for 500 s (50,000 MJ) at 14,850 
amps and 6,745 volts. 

CONCLUSIONS 

The proposed system is based on a NERVA derivative reactor and a disc MHD 
generator which is exceptionally well suited to space burst power 
applications. The disc MHD generator is a very high energy extraction 
device compared with linear MHD channels and will lead to an extremely 
compact, low mass system. The system is easily scaleable to power levels 
well in excess of 100 MWe. The use of a clean hydrogen working fluid with a 
low-mass fraction of seed results in a benign effluent for this open cycle 
system in comparison with combustion driven or linear MHD channel systems. 
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FIGURE 2. Nuclear/MHD Disc Power System Arrangement. 
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INTRODUCTION 

Research is being conducted on gas core reactors for space nuclear power at the 
University of Florida to establish the scientific feasibility and engineering 
validation of a reactor and energy conversion system that can significantly 
improve specific power, dynamic performance and system efficiency as compared 
to current state-of-the-art reactor systems. Rapid (<100 s) achievement of 
burst mode (GWe) operation at core power densities of 1 kW/cm^ and system 
specific powers of at least a few kWe/kg are research objectives; coupled with 
Magnetohydrodynamic (MHD) conversion, system efficiencies of 25 percent and 
heat rejection temperatures of 1200 K or higher are anticipated. The design of 
a gas core reactor/MHD generator configuration to directly produce pulsed 
electrical power, thereby alleviating external power conditioning requirements, 
is also a research objective. 

SYSTEM DESCRIPTION 

A gas core reactor concept that appears to be capable of achieving the above 
research objectives is the Burst Power Gas Core Pieactor illustrated in Figure 
1. Uranium bearing gas fills the main cavities (Regions i), flows through a 
nozzle/transition region (Regions 3) and into a disk MHD generator (Regions 4J. 
The gas then flows through a heat exchanger (Region 5), to the compressors 
(Region 6) and then back to the main cavities. Regions 1, 3 and 4 are strongly 
coupled neutronically and fission-fragment induced ionization of the working 
fluid, as well as maintenance of suitably high temperatures in these regions, 
yields the required nonequilibriura electrical conductivity (>100 mhos/m) even 
though fuel gas temperatures in the main cavities are relatively low (2000 K to 
4000 K). Table 1 presents typical reactor dimensions and gas loadings. 

SYSTEM PERFORMANCE 

Figure 2 presents a system schematic for the Burst Power Gas Core Reactor. Thie 
schematic includes typical operating conditions and some performance results as 
determined from steady state analytical calculations. For analysis of the MHD 
generator, a code was developed for integrating the governing equations of 
steady, quasi one-dimensional, inviscid flow of a fissioning gas. A parametric 
analysis performed over a wide range of operating conditions indicates that the 
following are desired for disk MHD generator performance: 

1. A Hall parameter of 2 or greater; 
2. An electrical conductivity [a] and magnetic field strength (B) 

combination which provides a oB^ of 900 (mhoT^/m) or greater; 
3. A generator inlet swirl nimiber between 2 and 3; 
4. A generator inlet radius greater than 1 m. 
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TABLE 1. Typical Reactor Dimensions and Gas Loadings. 

Core Height (m) 

Core Diameter (m) 

Core Volume (m ) 

Core UFg Mass 

23^0 (kg) 

''% (kg) 

19 
^ F (kg) 

Core Helium Mass (kg) 

3 

1 

2.35 

12.66 

2.26 

7.22 

3.72 

Reactor Height (m) 

Reactor Diameter (m) 

Reactor Volume (m ) 

Core Atom Densities 

^^^U (atoms/m^) 

•̂̂ Û (atoms/m^) 

"•^F {atotas/ttT) 

^He (atoms/m^) 

5 

4 

62.8 

1.377 X 10^^ 

2.43 X 10̂ '* 

9.717 X 10^^ 

2.379 X 10^^ 

The MHD generator code was then used with a simple steady state system model tc 
obtain system performance parameters. Neutronics analysis was performed with 
D0T4 (two-dimensional Sn calculations) and MCNP (three-dimensional Monte Carlo 
calculations). System mass sind specific power estimates appear in Table 2. 

PULSED OPERATION 

Advantages of pulsed operation over steady state operation for small gas core 
reactors are well documented in the literature (Diaz et al. 1980 and Dugan and 
Diaz 1985). For the burst power gas core reactor, an additional advantage of 
pulsed operation is that the resulting gas density/gas temperature and neutr-on 
flux variations in the .MHD generator region can lead to time varying electricixL 
conductivity and the net result is the production of pulsed electrical power 
directly by the power system, thereby alleviating external power conditioning 
requirements. Pulsed or oscillated system behavior can be achieved through use 
of rotating control drums (Regions 7 in Figure 1). For gas compression, an MPD 
compressor is very attractive for an oscillated system since it is itself a 
pulsed device; it should also have a better efficiency than a (steady st^te) 
MHD compressor. 

The keff for a gas core reactor saturates with increased gas density (the core 
becomes black to neutrons) and for the burst power system the peak or 
saturation keff is typically in the range of 1.1 to 1.15 when structural 
materials are included in the analysis. The prompt neutron lifetime for Be and 
BeO moderated gas core reactors is of the order of a millisecond. The peak 
keff and prompt neutron lifetime values combine to limit the rate at which the 
system can be pulsed by means of fuel in.jection, rotating absorber rods, and so 
on, to around 10 cps. A potentially attractive way of removing this limitation 
and of further enhancing pulsed operation is to utilize, in a constructive 
manner, acoustic oscillations in the large, burst power gas core reactor. 

Acoustic oscillations are frequently observed in gaseous systems containing an 
energy source. For the fissioning gas in the symmetrically located cores 
(Regions 1) of Figure 1, fundamental mode, longitudinal acoustic frequencies 
are in the range of 100 Hz to 200 Hz. High intensity acoustical oscillations 
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in these cores can be obtained by driving the system at the fundamental mode by 
means of the pulsed MPD compressors and/or rotating control drums. Proper 
desig-n of the nozzle/transition region can generate a significant gas density 
increase in the MHD generator region. Acoustic waves in the core are thus 
translated to density waves that propagate radially in the disk MHD generator. 
These density waves can lead not only to time varying but also to enhanced 
electrical conductivity in the MHD generator region. The enhancement is 
effectively the result of density wave-neutron flux amplification achieved 
through the acoustic oscillations. The frequency of system oscillation is also 
no longer restricted to about 10 Hz, but can be as high as 100 Hz to 200 Hz. 

SUMMARY 

The gas core reactor research program at the University of Florida is a multi-
disciplinary effort that includes nuclear engineering sciences, mechanical 
engineering and materials science and engineering. Key research areas 
associated with establishment of the scientific feasibility of the described 
reactor system that are undergoing investigation include: dynamic neutronic 
analysis; determination and characterization of gas core and MHD generator 
fuel/working gas fluids; analysis of nuclear-acoustic coupling in the main 
cavity; analysis of the coupling between unsteady fluid mechanics, neutronics 
and electrical effects in the MHD generator region; experimental verification 
of UFe thermal transport properties; and theoretical/experimental UFe-materials 
interaction (corrosion) studies. Experiments are being performed on scale 
models of key regions of the core-MHD system for determination of acoustic 
characteristics and energy transfer as a function of geometry. Also, an 
experimental proof-of-concept program has been initiated for the MPD compressor 
using a benchtop-scale device powered by a capacitive discharge system. 

The goal of the Burst Power Gas Core Reactor-MHD research is to establish the 
scientific feasibility of large, economic space-based systems producing multi-
megawatts of pulsed electric power with an order of magnitude improvement in 
specific power over proposed advanced systems and two orders of magnitude over 
SOTA, operating at better than 5 kWe/kg. These systems appear capable of 
ameliorating the issues of launch weight and safety, heat rejection in space, 
rapid start-up and reliability. 
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1. MAIN GAS CORE CAVITIES 5. 
2. MODERATING-REFLECTOR 6. 
3. NOZZLE/TRANSITION REGION 7. 
4. DISK MHD GENERATOR 8. 

HEAT EXCHANGER REGION 
MPD COMPRESSOR 
ROTATING CONTROL DRUM 
MAGNET COIL 

Figure 1. Burst Power Gas Core Reactor (not to scale). 

TABLE 2. System Mass and Specific Power Estimates. 

Reactor (kg) 

Energy Conversion (kg) 

Radiator (kg) 

Total System (kg) 

2.5 X 10 

X 10 

1.45 X 10-

2.0 X 10-

Reactor Specific Power (kWeAg) 

System Specific Power (kWe/kg) 

40 

5 
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2209 K 
80 atm 

i 

REACTOR 
CORE 

^ COMPRESSOR 4 
1838 kg/s TOTAL 

He/UFg 

1226 K 
1.63 atm 

• Effective Dump Temp.: 1166 K 

• Radiator Area: 2.9x10^m^ 

4000 K 
80 atnfi (mean)' 

759 K 
4.73 atm 

2102 K 
4.73 atm 

1640 K 
— 2 atm 

Q (CORE) = 3826 MWj 
Q(MHD) = 63 MWT 

TOTAL 3889 MW-, 

P (NET) = 1000 MWg 
Q (REJ) = 2889 MW^ 

Ti=25.7% 

^C = 0.65 
^G =0.8 
11N = 0.9 

*25% oscillation about mean gas density value achieved through use 
of rotating absorbers in reflector region. 

Figure 2. Burst Power Gas Core Reactor Stystem Schematic. 
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INTRODUCTION 

Open cycle space-based gigawatt burst power system concepts utilizing stored 
cryogenic, liquified chemical reactants, or heated gases require large 
quantities of on-board stored reactants or working fluids that are ultimately 
exhausted into the environs surrounding the space craft. Recent studies have 
indicted that large effluent discharges may be very difficult to tolerate due 
to vibration, thrust generation, variable center of gravity, near field 
vehicle sensor contamination, near field and far field effluent ionization, 
plasma formation, and magnetic field induced electric charge separation, 
resulting in potential plasma electric discharge and sensor/communication 
interference. 

The potentially high cost of large space platforms in high orbits, will put a 
premium on long life (10 to 30 years) in orbit, with subsequent long-term 
amortization of the investment. Consequently, it is expected that space 
power systems must be independently fueled and capable of multiple 
redeployments, upgrading, and numerous full scale maneuvers over their 
several decades of life. 

Because of the potential difficulties surrounding open cycle, very limited 
duration, expendable coolant-working fluid systems, preliminary 
investigations are under way to ascertain the potential for closed cycle 
gigawatt burst space power generation and closed cycle payload cooling 
systems. 

The closed cycle power system described herein operates on a Rankine cycle 
with very high heat generation and rejection temperatures to achieve a high 
system efficiency and a small radiator. The Rankine vapor-liquid cycle is 
preferred in a closed cycle, high reject temperature gigawatt system because 
of its minimal pumping power requirement compared to a Brayton cycle's 
compressor power requirement. 

Conceptual system design parameters are shown in Table 1. The system 
consists of a reflector-moderated cavity core containing a uranium and 
alkaline metal working fluid vapor at 5500 K, a magnetohydrodynamic (MHD) 
static power generation duct, zero-gravity conical condensers, and heat 
rejection loops with 1900 K pumped heat pipe radiator sections and liquid 
metal electromagnetic (EM) working fluid and uranium recirculation pumps 
(Wetch, et al, 1987). The overall system efficiency is estimated to be 25%. 
The system specific mass is projected to be 0.13 kg/kWe. 
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TABLE 1. Major Vapor Core-MHD Design Parameters. 

Power 4000 MWt/1000 MWe 
Full Power Life hours 
Fuel Enriched U 
Working Fluid/Coolant Ca 
Core Temperature 5500 K 
Core Pressure 5 MPa 
Core Radius 1 m 
Mass Flow Rates (U/Ca) 500/500 kg/s 
Power Conversion MHD 
Electrical Conductivity 10 to 100 mho/m 
MHD Magnetic Field 6 T 
Heat Rejection Temperature 1860 K (Li heat pipes) 
Mass (w/o power conditioner) 130.000 kp 

The study has shown that power cycle heat rejection requirements dominate 
system mass, size, geometry, design and technology requirements. The 
gigawatt thermal management problem is Impacted primarily by absolute 
temperature levels because thermal radiation and/or storage are the only 
methods known for thermal management in closed cycle space power systems. 
Conceptual system design and flow diagrams, reactor thermal hydraulics, MHD 
duct performance analysis and heat rejection loop analysis have been 
performed. See Figure 1 for a conceptual system layout. Figure 2 shows a 
system flow diagram, including a primary loop and secondary heat rejection 
loops. 

VAPOR CORE REACTOR 

The reactor consists of a spherical cavity 2 meters in diameter with 50-cm 
thick BeO reflectors. Uranivun at 1800 K is spray-injected into the cavity 
and evaporates due to internal fission-generated heat release as the uranium 
density reaches the core criticality requirement of about 4 x 10^' atoms/cc. 
The liquid metal working fluid, Ca, is pumped through the BeO reflector wall, 
absorbing heat generated by neutron and gamma ray absorption and fissioning 
of uranium dissolved in the Ca. Then, the working fluid evaporates on the 
cavity inner surface due to convection and radiation heating by fissioning 
uranium vapor in the core, thus keeping the tungsten inner core liner surface 
below its melting temperature. The required core temperature and pressure to 
meet the uranium/working fluid vaporization requirement and overall system 
performance requirement are in the range of 5000 K to 6000 K and 40 atm to 60 
atm (4 to 6 MPa), depending upon the uranium/working fluid ratio in the core. 

MHD-DUCT 

A supersonic MHD duct is used to extract electrical power from the 
superheated working fluid. The uranivun vapor starts to condense at the MHD 
duct inlet, downstream from the nozzle throat. However, the uranium droplet 
size is estimated to be in the submicrometer range and has small effect on 
the electrical performance characteristics of the working fluid. Among 
candidate working fluid materials, lithium and calcium are most promising. 
Lithium has a quite large electron scattering cross-section (up to 300 A^), 
but it has the best thermal hydraulic characteristics with a low melting 
point of 454 K and a high heat of vaporization of 19 kJ/g. However, the 
electrical conductivity performance of Ca is better and it is assumed in the 
design calculations, thermophysical characteristics and performance estimates 
of the MHD duct. 
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FIGURE 1. 1 Gigawatt vapor core. IHD power system. 
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FIGURE 2. Vapor core reactor power system flow diagram. 
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FLOW AND THERMAL MANAGEMENT 

The working fluid is condensed in zero-gravity conical condensers after 
liquid uraniuun droplets are removed in a centrifugal cyclone separator. 
Electromagnetic pumps are employed to return the condensate to the reactor 
core, thus closing the loop. The pumping requirement is less than 1% of the 
system power output. Pumped lithium heat pipe loops are used to transfer 
reject heat to the radiator sections. The radiator are is 4000 m^ at 2000 K 
and is strongly dependent on the MHD duct outlet temperature. A radiator 
specific mass of 5 to 10 kg/m' is projected, which accounts for about half of 
the system total mass. A lightweight high temperature heat pipe material is 
proposed utilizing chemical-vapor-deposit tungsten on carbon fiber-wrapping, 
and a deployable-retractable radiator scheme is proposed to reduce the 
meteorite/debris protection requirement. 

ELECTRICAL CONDUCTIVITY 

To provide 1 GWe power at a reasonable size for the MHD generator, the 
electrical conductivity in the MHD channel should be in the range of 10 to 
100 mho/m for a magnetic field strength of 2 T to 6 T. The compromise 
between the radiator area and radiator material constraints restricts the 
diffuser exit temperature to the range of 1800 K to 2000 K. Therefore, the 
exit temperature of the MHD channel must be below this range. This 
temperature range precludes the use of thermal ionization alone to achieve 
the desirable electrical conductivity even with ionizing seeds. Therefore, 
in this design, we rely on the nonequilibrivun ionization created in a 
fissioning nonequilibrium plasma. 

A fissioning plasma is maintained in the MHD channel by the continued 
fissioning o'f the circulating uranium in the neutron field in this region. 
Neutrons appear in the channel due to a number of mechanisms, including 

Direct streaming of neutrons into the MHD channel through the reactor 
core opening (nozzle), 

• Partial entrainment of thermal neutrons by the vapor flow, 
• Delayed neutrons, and 

Moderation and reflection of neutrons in the MHD channel walls. 

As a result of fissioning, the fission fragments create a thermal and 
ionizational nonequilibrium plasma. At the temperature and pressure range 
typical for the nuclear-MHD channel, the major mechanisms of ionization are 
fission fragment ionization and electron (thermal) ionization, and the major 
mechanism of recombination is a three-body electron collision. 

Primary ionization is achieved by fission fragment impact. Electrons created 
by fission fragment interaction with a gas have energies in the vicinity of 
10 eV. After a few rapid nonelastic collisions, their energy drops below the 
lowest excitation level of atoms in the monatomic gas mixture (about 1 eV). 
After that, their energy drops very slowly as a result of elastic electron-
atom collisions. This mechanism of providing hot electrons is called fission 
fragment heating. In addition. Joule heating allows electrons to collect 
energy between electron-atom collisions due to acceleration in the electric 
field. Due to both processes the electron temperature can be substantially 
higher than the gas temperature. The elevated electron temperature causes 
secondary ionization due to electron Impact which significantly enhances the 
electrical conductivity of the MHD channel plasma. 
This mechanism is effective in raising the electrical conductivity in 
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monatomic gas mixture with an average electron-atom elastic collision cross 
section not exceeding 100 A^. The uranivim-calcium vapor mixture is ideal 
from the standpoint of the electrical conductivity enhancement. The use of 
lithium requires lower pressure and higher neutron flux and magnetic field to 
achieve the required electrical conductivity; these in turn pose additional 
difficulties. 

CONCLUSIONS 

A preliminary design has been developed for a closed cycle vapor core reactor 
with the potential for producing gigawatts of electrical power for thousands 
of seconds. The major Issues of the design are achieving adequate cavity 
wall cooling with the vaporizing calcium working fluid, achieving adequate 
electrical conductivity in the MHD duct, and management of glgawatt levels of 
thermal power. Preliminary solutions have been developed for these, making 
the concept a potential contender for providing Strategic Defense Initiative 
burst power levels. 
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INTRODUCTION 

The conceptual design of the Space Orbiting Advanced Fusion Power Reactor 
(SOAR) achieved a specific mass of approximately 0.5 kg/kWe at an electric 
power level of 1000 MWe (Santarius et al. 1987). This paper briefly summa
rizes that design and examines scaling the power output in order to assess 
alternative applications of the concept. Critical issues that arose in the 
first phase of this study—plasma physics issues, restart capability, fueling, 
high voltage direct converter design, and the operational impact of low 
radioactivity—will also be discussed. 

BACKGROUND 

SOAR, a tandem mirror fusion reactor, will deliver 1000 MWe for at least 
10 minutes from a D/He-3 plasma. A schematic of one end of the reactor is 
shown in Figure 1. About 96 percent of the fusion energy is in charged 
particles, and much of this energy is electrostatically converted directly 
into electricity at high efficiency (~80 percent). Advanced materials and 
shielding techniques allow SOAR to deliver approximately 2 watts of elec
tricity for every gram of material orbited. The SOAR reactor will allow rapid 
startup and shutdown and, although the initial thrust of the study was to 
design a single-shot system, moderate design modifications would allow a 
multiple-shot capability. The lack of radioactivity on launch and the low 
radioactive inventory after operation make the SOAR concept attractive from 
both safety and environmental perspectives. The plasma physics approach 
extrapolates from the present plasma physics and fusion technology knowledge 
base. The symbiosis of burst mode requirements, D/He-3 tandem mirror fusion 
reactor characteristics, and the space environment leads to a high performance 
design concept, whose main parameters are shown in Table 1. 

The cost of launching materials into orbit dominates intrinsic materials 
costs. Advanced, lightweight, structural components, such as ceramics and 
fiber reinforced composites, are used in SOAR. The total mass of the central 
cell magnets, shield, and cryoplant may be treated and minimized as a single 
system. For SOAR, an optimized shield of LiH was chosen (El-Guebaly 1987), 
and the shielding thickness for minimum mass was approximately 36 cm. The 
peak power density in the magnet windings is 10 m\ii/cnr. Waste heat generated 
during the 600 s operation time (342 GJ) is adiabatically absorbed in the 
shield. This requires a small pump to circulate helium in order to evenly 
distribute the heat over the shield volume and avoid hot spots. 
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FIGURE 1. Isometric View of SOAR. 

TABLE 1. SOAR Reference Case Parameters. 

Mass utilization (kg/kWe) 
Fusion power (MW) 
Net power (MWe) 
Net efficiency (%) 
Recirculating power (%) 
Total mass (tonnes) 
Central cell first wall radius (m) 
Central cell length (m) 
End cell lengths (m) 
First wall surface heat load (MW/m^) 
Shield thickness (m) 
Central cell on-axis magnetic field (T) 
Maximum on-axis magnetic field (end olug) (T) 
Average magnet current density (h/cwr) 

~ 0.5 
1900 
1000 
53 
10 

~ 500 
0.63 
73 
8 

1.6 
0.36 
7.7 
18 
4000 

The direct converter for SOAR consists of conducting grids plus thin plates 
tethered at the ends of the tandem mirror reactor. Since the direct converter 
could be tethered at any reasonable distance, heat loads and voltages can be 
kept to manageable values. With the design flexibility inherent in the space 
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environment, a direct converter achieving an overall efficiency of 80 percent 
was designed. This high efficiency is primarily due to the narrow energy 
spectrum of the charged particle flux escaping axially from the plasma. SOAR 
could be regularly tested with little impact on fuel or coolant inventories. 
Typically, a 90 s test run would suffice to check all systems at full power, 
while consuming only 5% of the helium coolant inventory. Furthermore, the 
standby power source could be used to cool the helium back to its original 
temperature. Thus, by providing a few grams of excess fuel, SOAR could be 
periodically tested for reliability without adversely affecting system 
performance. 

SCALING WITH OUTPUT POWER LEVEL 

SOAR was designed for burst-mode power. However, SOAR could also provide 
housekeeping and alert-mode power by operating in a low-density plasma regime. 
Minor design changes would be required: heat absorbed in the shield would need 
to be radiated to space, and a small, steady-state magnet refrigeration system 
would be required. For low power levels, channeling the heat from the shield, 
through heat pipes or circulating helium, to the outer skin of SOAR would 
suffice. Design considerations will be discussed for lO-MWe to 1000-MWe 
versions of SOAR, and appropriate scaling laws will be presented. 

PLASMA PHYSICS ISSUES 

The c r i t i c a l issues for D/He-3 tandem mirror operation are a l l related to 
ver i fy ing the theoret ical plasma physics models at high density and temper
ature. They are: (1) Providing plasma ion end-plugging, (2) Maintaining 
magnetohydrodynamic (MHD) s t a b i l i t y of an axisymmetric tandem mir ror , (3) 
Operating the thermal barr ier region which thermally insulates the end cel l 
electrons from the central ce l l e lectrons, and (4) Maintaining a non-
Maxwellian (non-thermal) hot electron population. Present theoret ical under
standing w i l l be surveyed, and an experimental test program w i l l be defined. 

RESTART CAPABILITY 

Because the response time of the electrostatic direct converter is extremely 
fast, fusion power flowing from the core plasma can be used to bootstrap 
startup on a time scale limited primarily by the available input power. 
Because the original SOAR design aimed at single-shot, burst-mode power, 
moderate modification would be required for multiple-shot operation. Radia
tors would replace the present mode of adiabatically absorbing waste heat in 
the shield, and the magnets would be designed for continuous rather than blow-
through cooling. Both of these raise the total mass of a system for a given 
power level, but the added flexibility appears to favor such a trade. 

FUELING 

The D/He-3 plasma in SOAR w i l l be a host i le environment for mater ials, and 
fuel ing pel le t ve loc i t ies must be very h igh, >10 km/s, even for shallow 
penetrat ion. Furthermore, helium remains l i qu id at modest pressures, so that 
" ice" pe l l e t s , as used for D/T fusion reactors, w i l l not work. Concepts for 
fabr icat ing He-3 pel le ts using th in p las t ic or low-Z metal shells w i l l be 
presented. An al ternate fuel ing mode, using plasma toroids created by plasma 
guns w i l l also be assessed (Perkins et a l . 1987). 
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HIGH VOLTAGE DIRECT CONVERTER DESIGN 

The first-phase SOAR reference design is based on a mode in which high energy 
fusion products are efficiently converted to electrical energy through the 
use of an electrostatic direct converter operating at high voltage, 13 MV 
(Santarius 1987). A more conventional mode, utilizing a direct converter 
with maximum voltage of about 1.4 MV would also work, albeit at somewhat lower 
efficiency. Very little information exists on high voltage breakdown in the 
very high voltage regime of the reference design, and the trade between the 
two modes will be assessed. A further question regards power conditioning, 
since the requirements for end-use voltages are presently ill-defined. 

IMPACT OF LOW RADIOACTIVITY 

Despite the low neutron flux generated by SOAR, some operational radioactivity 
will be present. The radiation fields in the vicinity of the reactor will 
be mapped as a function of time in order to assess their impact on nearby 
objects. The question of the effect of operational radioactivity on mainte
nance of the device will also be addressed, 

CONCLUSIONS 

The SOAR concept applies to a variety of missions at diverse power and 
operating time levels—including housekeeping, alert-mode, and burst-mode 
power. Essentially the same device, in different operating modes, could be 
used for those missions. SOAR will require a substantial development program, 
but the critical issues have been identified and an experimental approach to 
solving them in a relevant time frame seems feasible. 
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INTRODUCTION TO THE CNES-CEA STUDY PROGRAM 

A cooperative program about nuclear space power systems was initiated in 1983 
by both the Centre National d'Etudes Spatiales (ONES) and the Commissariat a 
I'Energie Atomique (CEA) agencies of the French government, with a view to as
sessing the feasibility, the lead time, and the cost for the development of 
nuclear space power systems relevant to the power range of 20 to 400 kWe. A 
first study phase, which was completed in mid-1986, has been devoted to preli
minary feasibility and cost studies of a reference 200-kWe turboelectric power 
system, known as ERATO (Carre et al. 1987), that will be compatible with the 
ARIANE V launcher. As reported at previous Albuquerque symposia, the basic 
design options of this system are a fast neutron spectrum lithium cooled reactor 
(Carre et al. 1986), a redundant conversion system composed of four Brayton 
loops (Tilliette 1985), and a heat rejection system using mercury/steel heat 
pipes (Alleau and Lecoq 1986)'. 

This effort is being pursued in the form of a 3-year study phase whose objec
tives include the extension of the conceptual studies towards low power systems 
(20 kWe), which aremost likely to meet the power needs of the first European 
space missions. 

This paper will present the design studies dedicated to three concepts of 20-kWe 
turboelectric power systems, purposely selected to cover a wide range of tech
nologies applicable to low power systems. The system performances will be ana
lyzed as a function of reactor temperature and of the relevant technology. 

REVIEW OF THE TECHNICAL OPTIONS CONSIDERED FOR THE 2U-kWe POWER SYSTEMS 

The major design features of the considered 20-kWe power systems, are derived 
from those of the 200-kWe ERATO system. In particular, no other conversion sys
tem than the Brayton gas turbine is considered: the use of a single Brayton 
converter is assumed for all designs. However, the reduction of the power level 
from 200 to 20 kWe releases the heat source from the demand for a very high 
operating temperature, which extends the range of applicable technologies to 
techniques that are more conventional and require a limited development effort. 

In order to widely cover the range of possible technologies for the 20-kWe space 
power systems, and to assess the impact of the reactor concept (liquid metal 
versus gas cooled) and of the relevant operating temperature upon the system 
performance, the following systems were selected for comparison. The first 
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system uses a sodium cooled fast spectrum reactor, with UO2 fuel and 316 stain
less steel structure operating at (970 K) at most; in spite of the a priori 
unfavorable total mass that could be expected from the need for a large radiator 
area (65 m^), this system was considered for the significant advantage of bene
fiting from the technologies developed for the terrestrial fast breeder reactors 
- even though unusual lifetime (7 years) and temperature conditions call for a 
qualification effort in relevant operating conditions that should not be under
estimated. 

The second system uses a gas cooled epithermal particle bed reactor, to drive a 
direct cycle conversion system, with a turbine inlet temperature of (1120 K) ; 
this system is intended to make full use of the heat resisting materials and of 
the techniques that have been developed for the high temperature gas cooled 
reactors. As for the sodium cooled system, the additional effort to qualify the 
structural material (Hastelloy X for instance) in relevant temperature and stress 
conditions for a 7-year application should not be underestimated. Fast neutron 
irradiation effects are expected to be limited for a 20-kWe application. 
Concentric tubing techniques are used to keep the temperature of the pressure 
supporting walls at about (870 K). In comparison with the sodium cooled primary 
system, assigned to a maximum operating temperature of (970 K) (unless refrac
tory alloys are used in place of stainless steel), the higher reactor tempera
ture afforded by the direct cycle conversion offers and improved extrapolation 
potential to higher power levels (100 versus 50 kWe), within the limits imposed 
by the launch capability of Ariane V. 

The third system involves the same technologies as those of the reference 200-kWe 
power system : UN fuel, lithium coolant, and molybdenum-rhenium alloy as struc
tural material. However, lower operating temperatures may be considered than the 
(1470 K) necessary for the 200-kWe system. The mass advantage and the extrapo
lation potential expected from this very high temperature system are to be 
weighed against the long term development of the lithium and refractory metal 
technologies. 

CONCEPTUAL DESIGN OF THE CANDIDATE SYSTEMS 

In addition to conceptual studies, a major effort has been invested in 1987 in 
the component modelling activity and in the derivation of design correlations 
with the aimed operating performances, with a view to developing a computa
tional tool based on a fairly detailed modelling of the entire system, and 
capable of determining the design point leading to the minimum total system 
mass. Near optimum operating conditions have been determined for each candi
date systems, by a first version of this computer code (Table 1). The thermal 
efficiency of the near optimum cycles, lies in a narrow range between 23.3 and 
26.0%, thus leading to a comparable thermal power requirement for all candidate 
systems (110 kWt). 

All reactor types have been sized for a built-in reactivity of 6% at beginning 
of life, and for a subcriticality margin of 5% in case of immersion. The liquid 
metal cooled reactors (illustrated in Figure 1) contain respectively 780 U02 
fuel pins (8.5 mm in diameter) in the sodium version, and 780 UN fuel pins 
(9.0 mm in diameter) in the lithium version. The coolant flow rate and the num
ber of primary loops are determined in function of the expected performances of 
the electromagnetic pumps, so as to realize the optimum trade-off between the 
primary system (pumps and heat exchanger) and that of the conversion system 
which depends on the power recycled in the electromagnetic pumping. 
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Design studies of gas cooled reactors have been restricted in a first step to 
epithermal reactors, as the use of by ride moderators (ZrH and LiH) was not 
believed to be advisable for the aimed lifetime and reactor temperature condi
tions. However, purposely adapted coolant ducting schemes for an appropriate 
thermal conditioning of such moderators may deserve further investigations. 

The design of the considered epithermal reactor was dominated by the search for 
a compact critical core assembly with a coolant routing scheme designed so as 
to keep the relative pressure drop below 3% in the reactor, which is necessary 
to prevent an excessive degradation of the conversion cycle efficiency. These 
concerns led to a compact particle bed reactor cooled by perforated drains in
serted in the bed as illustrated in Figure 2. The low specific power of the 
reactor and the low fast fluence integrated over the lifetime are assumed to 
allow the use of fuel particles with large UC2 kernels (1 mm in diameter) and 
two thin coating layers (50 nm PyC and 50 pm SiC), which leads to a particularly 
favorable uranium filling factor in the bed (3.6 g/cm3). The large porosity of 
this reactor concept makes 18 safety rods necessary to meet the aimed subcri
ticality margin in case of immersion. 

The shadow shield is designed so as to restrict the fast neutrons and gamma 
doses to 10l3 n/cm2 (E > 1 MeV) and 0.5 MRad at a distance of 20 m from the reac
tor. A half cone angle of 15° is assumed, and the shielding materials (LiH and 
B4C) are arranged within the shield so as to meet the dose criteria with the 
minimum shielding mass, and with an operating temperature compatible with the 
technological limits of the materials. The design of the gas cooled reactor with 
the central part of the shield inside the pressure vessel, leads to use B4C in 
place of LiH in this zone, which results in a larger shielding mass (+ 150 kg) 
for this reactor concept. An armored gas cooled radiator has been assumed for a 
first comparison of the candidate systems; the potential advantage of heat pipe 
radiators is intended to be investigated. 

The various subsystem design studies resulted in the total system mass summaries 
of Table 2. 

RESULTS, ANALYSIS, AND CONCLUSIONS 

The total mass of the three 20-kWe candidate systems amounts to 2324, 2174 and 
1864 kg for respective turbine inlet temperatures of 943 K, 1132 K and 1351 K, 
thus leading to a mass difference of 460 kg only, between the systems operating 
at both extreme temperatures(sodium at 970 K and lithium at 1420 K). This can 
be explained by the fact that both conversion and heat rejection systems, which 
are the only subsystems primarily affected by the operating temperatures, only 
represent a limited fraction of the total mass of 20-kWe power systems: from 
25 to 40%, depending on the reactor temperature (1420 or 970 K). The list of 
the major mass items that are only weakly dependent on the operating temperature 
includes the reactor and shielding, whose designs are respectively dominated by 
criticality and dose attenuation constraints, and also a number of subsystems 
such as the power conditioning unit, the structures, the instrumentation, and 
the auxiliary radiator, that are quasi independent of the system design options. 

In spite of radical differences in the heat source technology between the direct 
conversion and the liquid metal cooled systems, the system total mass decreases 
about proportionally to the turbine inlet temperature; this results primarily 
from the compensation for the increased mass of the gas cooled particle bed 
reactor, with the mass saving afforded by the direct conversion, and also by 
the reduced energy needs for start-up in absence of metallic coolant to be tha
wed beforehand. 
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The comparative study of candidate 20-kWe power systems is to be completed by 
the further analysis of some specific safety aspects, by the evaluation of 
their respective growth potential, and by the assessment of their relative 
development cost. This work is an integral part of a broader effort directed 
towards providing the technical and economical bases, for deciding the tech
nical options and the development strategy of nuclear space power systems in 
France. 
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TABLE 1 - Near Optimum Operating Conditions for the 
considered 20 kWe Turboelectric Power System. 
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no 
950 » 

75 

101.4 

718 

943 

943 

0.878 

336 

0.43 

2.02 
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0.894 

113.5 

U.857 
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0.76 

DIRECT CYCLE 

(110) 
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385 

0.37 
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LITHIUM/MO-RE 

108 

1380 " 

125 

92.4 

951 

1351 

1351 

0.875 

419 

0.20 

2.34 

0.828 

0.914 

76.0 

0.784 

1042 / 714 

623/951 

70.2 

714 

411 
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TABLE 2 - Mass Summaries (kg) for the Considered 
20 kWe Turboelectric Power Systems. 
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Particle Bed Reactor 
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FIGURE 1 - Schematic Diagram of the 
Considered Sodium Cooled 
Reactor. 

FIGURE 2 - Schematic Diagram of the 
Considered Gas Cooled Particle 
Bed reactor. 
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INTRODUCTION 

A review of the proposed concepts for multimegawatt (MMW) power levels in 
Strategic Defense Initiative applications has been completed. A trade study 
format was used to evaluate currently proposed MMW ALERT mode concepts to 
deteinnine which of these concepts could best meet the program requirements 
for steady-state and burst multimegawatt power levels in Category II. The 
MMW program's evaluation criteria were applied to each concept to determine 
its relative ranking within each criteria category. These criteria included 
the system's characteristics related to its safety, reliability, mass, volume/ 
area, technical risk, costs, environmental exposure, and growth potential. 
Technical feasibility issues associated with the successful development of 
each concept were also identified. An overall system concept ranking was 
developed for the four concepts that appeared to best meet the Category II 
MMW program requirements. The trade study results are shown in Table 1. The 
in-core thermionic and potassium Rankine power system concepts received the 
highest relative rankings from this study. AMTEC and CBC technologies were 
ranked as distant second and third candidates, respectively. Rocketdyne has 

TABLE 1. MMW System Concept Ranking (Category II). 

System 
Ranking Criteria 

Safety 
Reliability 
Mass 
Volume/area 
Technical risk 
Cost development 
Cost deployment 
Environment exposure 
Growth potential 

Summation 

Normalized ranking 

Concept outstanding 
feasibility issues 

General Atomics 
In-Core 
Thermionic 

1 
1 
2 
2 
1 
1 
2 
1 
3 

1.56 ± 0.73 

1 

Electrical 
insulator 
performance 
lifetime 

Westinghouse/ 
Garrett 

NDR or LMR 
CBC 

1 
3 
2 
4 
2 
2 
2 
1 
4 

2.33 ± 1.12 

3 

Heat rejec
tion loop/ 
radiator 
design and 
performance 

ORNL/Rockwell 
LMR 

K-Rankine 

1 
3 
1 
1 
2 
3 
1 
1 
1 

1.56 ± 0.88 

1 

Cermet fuel, 
two-phase 
fluid man
agement 

Westinghouse/Ford 
LMR 
AMTEC 

1 
2 
1 
3 
4 
4 
1 
1 
2 

2.11 i 1.27 

2 

Porous elec
trode lifetime 
and two-phase 
fluid management 
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selected the potassium Rankine power system concept for additional study based 
upon its superior growth potential over the in-core thermionic MMW concept. 

SYSTEM DESCRIPTION 

The Rocketdyne potassium Rankine system design was based upon the results from 
a previous study (Moriarty, Determan, and Von Arx 1987). The system employs 
a lithium-cooled fast reactor and primary system to transport the cycle heat 
to the potassium working fluid. The system temperature level is set by the 
materials limit of the turbine. Refractory alloy-constructed turbine rotors 
and blades have demonstrated excellent performance out to 5000 h. The use of 
these materials allows turbine inlet temperatures up to approximately 1450 K. 
This results in a required reactor outlet temperature in the range of 1500 to 
1550 K. The reactor is fueled with hexagonal cermet fuel blocks of UN fuel 
in a matrix of a tungsten-rhenium alloy. The fuel block contains a number of 
cooling holes, and both the cooling holes and the fuel block are coated with 
the same W-Re alloy. The cermet fuel was selected based on its improved tran
sient and safety features relative to pin-type fuel. Axial reflectors are em
ployed in the fuel assemblies, and reactivity control is provided by an 
external BeO radial reflector that changes the core neutron leakage through 
the movement of a number of control drums. A central control rod provides a 
second independent reactor shutdown system. 

The neutron shield is composed of beryllium carbide containing 5 vol % of 
boron carbide, which has excellent physical and chemical properties in the 
presence of a high-radiation field and high temperature. The gamma shield is 
a tungsten alloy (CMW 3950)' located between the neutron shield and the reactor 
assembly. Passive cooling of the shield is possible with these high tempera
ture shielding materials. 

The lithium primary coolant system consists of the piping, a pump, a lithium-
to-potassium boiler, and a lithium-to-potassium vapor reheater. The reheater 
operates in parallel with the superheater. The boiler and reheater employ 
twisted ribbons to assure good heat transfer in the zero-g environment. The 
reactor vessel is constructed of Astar-811C, and the remainder of the primary 
system is constructed of T-111 material. Once-through boiler performance has 
been demonstrated, and the adequacy of T-111 for this application has been 
demonstrated out to 10,000 h. The primary pump is an electromagnetic induction 
pump. This pump is heavier than a canned rotor pump but offers higher relia
bility. A turbopump was also considered for the primary pump, but problems 
with startup and sealing were assessed to be too difficult. Further study is 
required to verify the current design selection. 

The heart of the power conversion system is the turboaltemator. This consists 
of a multistage turbine coupled to a sealed alternator. The alternator is a 
homopolar induction unit and employs an AI2O3 bore seal to protect the 
stator from potassium vapor. The turboaltemator employs potassium-lubricated 
journal and thrust bearings. The turbine rotor disks and blades are T-111, 
the high temperature stationary portion of the turbine is T-111, and the low 
temperature stationary portion is Nb-l%Zr. To avoid erosion problems, the 
maximum moisture content in the turbine is maintained below about 9%. This 
is accomplished by a combination of superheat and vapor reheat. Both pure 
reheat and pure moisture removal cycles were studied, but a reheat cycle was 
selected based upon its superior capability to control cycle moisture levels. 
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The shear flow condenser employs a tapered flow passage to provide sufficient 
velocity along the entire length of the condenser to assure movement of the 
droplets to the vapor-liquid interface. The heat is removed from the condenser 
by a large number of independent heat pipes. The evaporator sections of the 
heat pipes are integrated with the condenser to form a direct heat rejection 
path. The condensing portion of the heat pipes are bonded to fins to provide 
for final cycle heat rejection. A sufficient number of redundant heat pipes 
are provided to assure adequate radiator reliability with a moderate armor 
weight penalty. Other condenser/radiator combinations are also under study. 
The condenser and radiator will be fabricated from Nb-l%Zr material. 

The liquid from the condenser flows back to the boiler feed pump. Assurance 
of good vapor-liquid interface control over the two-phase flow regime is pro
vided by the rotary fluid management device (RFMD). The RFMD design is pro
vided by Sundstrand (1987) who has demonstrated its performance with other 
working fluids in a migrogravity environment. This device also acts to collect 
the working fluid on shutdown and in providing fluid management during system 
startup and transients. 

The nuclear potassium cycle is currently being studied for the MMW applica
tion. In this Category II application, a large burst power in the tens of 
megawatts is required for hundreds of seconds. An energy storage system 
would be employed in conjunction with a 5- to 10-MWe nuclear power plant to 
provide the burst power. The current reference approach for the energy storage 
system is sodium-sulfur batteries. However, other concepts are also being 
considered. The 5- to 10-MWe power system developed for this application 
could also find use in other space applications, such as space-based radar 
and electrical propulsion. 

In developing the final configuration for extended-life missions, one must 
consider component redundancy and maintenance operations employing removal 
and replacement of active components. Also important is maintaining a negli
gible momentum effect on the spacecraft. For this reason, counterrotating 
turboaltemators can be used in pairs. The most likely configuration for the 
total system will consist of one primary loop with several independent power 
conversion systems, each having a turboaltemator pair. One redundant power 
conversion system will be provided to assure high system reliability. 

TECHNOLOGY STATUS 

Significant materials and component technology exists for the potassium 
Rankine power system as a result of the earlier SNAP-50 program. Significant 
materials, boiler turbine, pump, and other data exist. The technology base 
has been reported in many references, one of the most thorough summaries being 
English (1982). The technology base will need to be extended to the current 
reference design basis. The key remaining item will be the development of the 
reactor fuel technology. Both a reactor and PCS demonstration test will be 
required before joining the two in a complete system test. Because of the 
refractory metal system construction, such testing will have to be carried 
out in a vacuum chamber. The overall potassium-cycle nuclear space power 
system development requirements and proposed development plan are now being 
developed. 

497 



Acknowledgments 

This research was conducted under ORNL Contract IIX-02207V and internal 
Rocketdyne funding support. 

References 

English, R. (1982) Power Generation from Nuclear Reactors in Aerospace Ap
plications. NASA TH 83342, NASA Lewis Research Center, Cleveland, OH. 

Moriarty, M. P., W. R. Determan, and A. V. Von Arx (1987) Potassium Rankine 
Multi-Megawatt Power Conversion Concept Evaluation Study Final Report. RI/ 
RD87-248, Rockwell Intemational/Rocketdyne Division, Canoga Park, CA. 

Sundstrand (1987) Two-Phase Fluid Management for Multimegawatt Potassium 
Rankine Cycle. Proposal No. S8608, Vol. 1 - Technical/Management. 

498 

\ 



LOW CROSS-SECTION Mo-Nb THERMOCOUPLES FOR NUCLEAR APPLICATION: 
THE STATE-OF-THE-ART 

S. Curtis Wilkins 
Idaho National Engineering Laboratory 

EG&G Idaho, Inc. 
P.O. Box 1625 

Idaho Falls, ID 83415 
(208) 526-2127 

INTRODUCTION 

Prominent among the instrumentation needs for space based nuclear power 
systems is that for stable, reliable high-temperature measurements. Thermo
couples, by virtue of their passive nature and simplicity of operation, 
appear to offer the best chance of providing such long-term measurements. 

The standard thermocouple types currently available fall short of meeting 
all the necessary criteria for space reactor application, however. Although 
the tungsten-rhenium alloy types provide ample temperature range, they are 
subject to severe decalibration effects due to nuclear transmutation. 
Nickel-based alloys are generally regarded as sufficiently insensitive to 
nuclear effects, but lack the required temperature range. And intermediate 
types, such as platinum-rhodium or platinum-molybdenum alloys, combine a 
marginal temperature range with moderate transmutation effects. 

A molybdenum-niobium thermocouple, combining high-temperature capability 
with low neutron capture cross sections, and hence negligible transmutation 
effects, has attracted intermittent attention for over two decades as a 
candidate for nuclear applications. The following is a brief review of the 
problems arising from the transmutation of W-Re thermocouples and of the 
status of Mo-Nb thermocouple development, including current efforts at the 
Idaho National Engineering Laboratory (INEL). 

TUNGSTEN-RHENIUM THERMOCOUPLE DECALIBRATION 

A sizable body of literature exists on the effects of nuclear transmutation 
of W-Re alloy thermocouples, much of which has been summarized by Walter 
(1974) and by Vitanza and Stien (1986). Tungsten, with an average thermal 
neutron capture cross section of 18 barns, transmutes to rhenium { o = 86 
barns), which itself transmutes to osmium. The result is a time-varying 
thermocouple composition, combined with spacially-varying composition in the 
region of the flux gradient. This is in turn superimposed on the temper
ature gradient where the thermocouple signal is generated. Typical decal i-
brations fall within the range of -10 to -25 percent for thermal neutron 
fluences of 2 x 10^^ neutrons/cm^ and fast fluences of the same order. 
Unfortunately, the reported data for comparable fluences vary widely, and 
attempts to make temperature corrections from a correlation of these data 
are complicated, perhaps hopelessly, by differences in temperature gradients 
and in neutron flux profiles and spectra (most of which were not well known) 
from one experiment to another. Thus, it has proven difficult at best to 
apply these results with any confidence to another, new experiment. 
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PURE Mo VERSUS Nb THERMOCOUPLES 

Molybdenum and niobium, with melting points of 2873 K and 2741 K and thermal 
neutron capture cross sections of 2.5 and 1.1 barns, respectively, have been 
studied as a thermocouple combination by Fanciullo (1964), Pletenetskii 
(1967), Zysk and Robertson (1971), and Schley and Metauer (1982), among 
others. Figure 1 shows the temperature-electromotive force (emf) findings 
of various studies, including one conducted at the INEL. Although showing 
obvious promise as a high-temperature thermocouple combination, lot-to-lot 
differences in the thermoelectric characteristics, sensitivity to contami
nation, the effect of wire size on calibration and drift, and low temper
ature sensitivity above about 1800 K have tempered enthusiasm for its actual 
use in nuclear applications. 

Nevertheless, during an in-pile test at Grenoble comparing the performance 
of W-Re alloy, Pt-Rh alloy, Pt-Mo alloy and Mo-Nb thermocouples (Schley and 
Metauer 1982), the Mo-Nb instruments showed the smallest decalibration (and 
that was perhaps attributable to effects independent of irradation), and 
operated the longest before failing. Encouraged by these results, the 
French group undertook a systematic study of Mo-Nb alloys as thermocouple 
materials, based on the empirical observations of Crussard (1948). They 
looked for alloys with greater thermoelectric output and temperature sensi
tivity, while expecting that the alloys would show less sensitivity to 
contamination and drift than the pure metals. 

MOLYBDENUM-NIOBIUM ALLOY THERMOCOUPLES 

Based on the results of their careful, systematic investigation, Schley 
and Metauer (1982) selected Mo-5%Nb versus Nb-10%Mo as the optimum thermo
electric combination. The choice was a compromise centered on the combi
nation's high-temperature emf, its temperature sensitivity above 1800 K, 
and the anticipated fabricability of the alloys. The temperature-emf 
relationship of this thermocouple is shown in Figure 2, as are those of 
W-5%Re/W-26%Re and MorNb for comparison. 

Fabrication of smal1-diameter wires of these promising alloys has proved to 
be more difficult than expected. Hot-drawing and -rolling of arc- and 
electron beam-melted billets have not been successful with the Mo-5%Nb 
alloy, but have been moderately successful with Nb-10%Mo (Glock et al. 
1978). Unfortunately, lagging interest in this thermocouple in France has 
resulted in discontinuance of work on its development. Plans to use alter
nate techniques for wire fabrication were thus not carried out. 

We have attempted to take up development of these alloys at the INEL for 
potential application to space reactor temperature measurement. Powder 
metallurgy methods have met with only limited success to date, attaining 
wire diameters of about 2 mm in the initial attempts.' Direct application of 
molybdenum manufacturing methods has not proved to be adequate, and elimi
nation of oxidation during all stages of fabrication appears to be a key 
factor in successful billet reduction. Significant progress has been noted 
with successive iterations, however, and continued progress is anticipated. 
The immediate goal of this work is to produce wires small enough (0.1 to 
0.5 mm in diameter) to be of use in standard-sized sheathed thermocouples. 

500 



1300 1800 
T(K) 

2300 2800 
7-100S3 

JO 

30 

25 

20 

15 

10 

5 

n 

1 1 1 
W-5''/oRe/W-26%Re-. 

- Mo-5%Nb/Nb-10%Mo-^ 

— / 

— ff X 

— / / 

— /I/ 

^ \ \ 1 

/ 
/ -

_ ^ -

"^Mo/Nb 

— 

— 

1 
300 800 1300 1800 

T(K) 
2300 2800 

7-10052 

FIGURE 1. Temperature-Emf Curves 
for Mo-Nb Thermocouples 
in Various Investigations: 
(1) Pletenetskii (1967), 
(2) Fanciullo (1964), and 
(3) INEL. 

FIGURE 2. Comparison of Temperature-
Emf Curves for Pure Mo 
versus Pure Nb, Mo-Nb 
Alloy, and W-Re Alloy 
Thermocouples. 

CONCLUSIONS 

Current thermocouple 
are capable of making 
under conditions of h 
nuclear power systems 
ficant transmutation 
thermocouples lack th 
for such applications 
ally insensitive to t 
contamination and lac 

technology is inadequate to provide instruments that 
accurate, reliable long-term temperature measurements 
igh neutron irradiation, such as may exist in space 
. Standard high-temperature W-Re alloys suffer signi-
and thermoelectric decalibration, and other standard 
e necessary temperature range and radiation immunity 

Thermocouples composed of pure Mo and Nb are virtu-
ransmutation effects, but are limited by drift and 
k the desired temperature sensitivity above 1800 K. 

Highly promising alloys of Mo and Nb, originally developed in France, offer 
significant improvements over the pure-metal combination, but did not reach 
the application stage before development was discontinued. Work at the INEL 
has attempted to produce smal1-diameter wires of these alloys for use in 
standard thermocouple configurations. While that goal has not yet been 
attained, there has been progress toward it; once achieved, full metrolo-
gical characterization of the Mo-5%Nb/Nb-10%Mo thermocouple will be under
taken and its application in nuclear systems explored. 
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INTRODUCTION 

Refractory sheathed thermocouples are required for irradiation testing of 
candidate space power materials in the Fast Flux Test Facility at Hanford, WA. 
Testing will be conducted in a Materials Open Test Assembly (M0TA)(1) at 
temperatures of 1290K-1500K. Test duration will be one year (300 effective 
full power days) with an estimated peak fast neutron fluence of 2.3 to 6.7 
n/cm2. 

Although a number of standard thermocouple systems encompass the required 
temperature range, performance of these systems during sustained irradiation 
testing is generally poor due to radiation induced decalibration and other 
factors. 

A total of 16 thermocouples are required to monitor and control temperatures in 
eight special refractory MOTA canisters. 

TEST PROGRAM 

Literature research was conducted to establish a matrix of candidate materials 
for the thermocouples. Table 1 lists the materials selected for evaluation. 

TABLE 1. Candidate Thermocouple Materials. 

Thermoelement Wires Insulator Materials Sheath Materials 

Chromel/Alumel 
Pt-.l%Mo/Pt-5%Mo 
Niobium/Molybdenum 
W-5%Re/W-26%Re 

AI2O3 
HFO2 
BeO 

Rhenium 
Mo-48%Re 

A series of tests were assembled 
temperatures of up to 2200K. 

and conducted in vacuum furnaces at 

• Bare wire voltage stability experiments, 
• Sheath and insulator compatibility tests, 
• Compensating lead cable impurity measurements, 
• Sheath embrittlement experiments, 
• Sheath and thermoelement wire compatibility tests, and 
• Prototype thermocouple assembly tests. 

Test evaluations were based on electrical performance, metallographic 
examinations, and qualitative scanning electron microscope analysis. 
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RESULTS 

The experiments revealed that trace contaminants pr imari ly from the ceramic 
insu la tors and the compensating lead cables caused degradat ion of a l l 
thermocouple systems. Included among the worst offenders were chlorine and 
s u l f u r (from the cables) and s i l i c a (from the BeO i n s u l a t o r s ) . The 
platinum-molybdenum and chromel-alumel thermoelement wires were the most 
effected by these contaminants. 

Add i t iona l ly , the niobium in the Nb-Mo system was found to be incompatible with 
ei ther candidate sheath mater ia l . Rhenium reacted with and embri t t led the 
niobium wire. 

When i so l a ted from the nonmetallic contaminants, a l l of the thermocouples 
except the Nb-Mo system provided stable operation during the tes ts . 

CONCLUSIONS 

Each of the high temperature MOTA can is ters was designed to accept two 
thermocouples. To provide the highest degree of r e l i a b i l i t y , two d i f fe rent 
thermocouple types were selected for use in each canister. These thermocouple 
systems are described in Table 2. 

TABLE 2. Space Power Thermocouple Selections. 

TC-1 TC-2 

Thermoelements Chromel-Alumel W-5%Re/W-26%Re 
Sheath Mo-48%Re Mo-48%Re 
Insulators AI2O3 AI2O3 
Compensating Cable Chromel-Alumel Type 405/425 

The above systems were selected to complement each other. The chromel-alumel 
thermocouples may not survive the 300-day duration at the highest temperatures. 
The tungsten-rhenium thermocouples are expected to operate over the ent i re 
temperature range but w i l l probably decalibrate in time due to r a d i a t i o n 
induced ef fec ts . I t is ant ic ipated that a decal ibrat ion curve can be generated 
for each W-Re thermocouple from i t s companion chromel-alumel thermocouple. 
Should the chromel-alumel thermocouple subsequently f a i l , the W-Re thermocouple 
can then be used for accurate temperature monitoring and cont ro l . 

Figure 1 depicts the thermocouple conf igurat ion. A ceramic-to-metal seal is 
used to isolate the 12-m-long upper cable from the refractory probe. A one 
meter long intermediate cable extends the probe length such that the seal is 
removed from reactor core region. This section of cable is vacuum outgassed 
and backf i l led with helium during assembly. 

STATUS 

The thermocouples were f a b r i c a t e d and i n s t a l l e d in the MOTA canisters. 
I r rad ia t ion test ing is scheduled to begin in November 1987. 
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FIGURE 1. Space Power Refractory 
Thermocouple Assembly 
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ANGULAR POSITION MEASUREMENTS 
AT HIGH TEMPERATURES AND 
HIGH RADIATION ENVIRONMENTS 

Robert S. Lundin 
The Superior Electric Co. 

383 Middle Street 
Bristol, CT 06010 
(203) 582 - 9561 

INTRODUCTION 

The measurement and reporting of absolute angular shaft position 
is ordinarily accomplished by Sin/Cos resolvers, or by "gray 
code" encoders, the latter of which are usually optical devices. 
At temperatures up to 400 degrees Kelvin both are mature tech
nologies. While optical encoders are indeed one option in the 
position measuring task, this paper will concern itself only with 
the electromagnetic Sin/Cos resolver. In such, special materials 
may extend the useful temperature to 500 degrees Kelvin, but 
beyond this, the inability to reliably insulate the windings from 
the iron core renders the traditional resolver impractical to 
fabricate. 

The resolution of the Sin/Cos resolver is dependent on the 
resolution of the electronic decoding circuit used to process the 
resolver's sine and cosine signals. The acciiracy of the the 
reported position however, is primarily dependent on the purity 
of the sine and cosine signals, derived from the electromagnetic 
device, and the accuracy of the angle (90 electrical degrees) 
between sine and cosine signals. These factors do not pose any 
great problems in achieving accuracies in the order of several 
arc minutes at temperatures up to 400 deg. K. (commonly rated 
temperature), but operation at temperatures as" high as 725 deg. 
K. present ntcuiy accuracy problems. These problems are due 
primarily to error in the angle (90 electrical degrees) between 
the sine and cosine signals, and to harmonic distortion in these 
signals, as presented to the R/D (resolver to digital) converter. 
The Superior Electric Co. has, over the past several years, 
developed proprietary circuitry which corrects for both of these 
errors. The error sources, and the means of correction are 
discussed in detail, and illustrations are given showing the 
dramatic reduction in harmonics achieved by the use of these 
proprietary techniques. 

PURPOSE OF WORK DESCRIBED IN THE PAPER 

This paper describes a new and novel Sin/Cos resolver concept, 
together with associated circuitry incorporating the signal error 
correction techniques referred to above. The reduction to 
practice is compared with predicted results for both single-cycle 
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and multi-cycle resolvers, and the changes in construction format 
necessary for extending the temperature range above 500 degrees 
Kelvin is discussed. 

The construction and the principles of operation of the extended 
temperature version circumvent the difficulties inherent in the 
conventional Sin/Cos resolver at such temperatures. The con
struction format of the extended temperature version is different 
from any commercially available resolver. This difference is due 
to the inability (in a conventional resolver construction) to 
insulate the windings from the iron core (a construction detail 
of vital importance), together with the special needs attendant 
to maintaining dimensional integrity at such temperatures. 
Equally important to the sucessfull operation at temperatures 
above 500 degrees Kelvin is the novel concept developed for the 
correction of signal errors described above. These features, all 
incorporated in the design of the extended temperature version of 
the resolver described, enables it to be considered for use in 
the hostile environment of space power systems such as the SPIOO 
or the Multi-Megawatt Space Power System. Consistant with such 
use is the economy of mass for the function performed. 

For applications where greater resolution (say up to 19 bits) is 
required, the multi-cycle technology developed permits accuracies 
in the order of 60 arc seconds. Performance data on such resolv
ers is presented, along with the simpler format for 12 bit 
resolution. 

AN OVERVIEW OF THE TECHNOLOGY 

The traditional Sin/Cos resolver requires a carrier excitation 
which may range in frequency up to about 5 kHz. The same carrier 
excitation is used in the resolver described. There is therefore 
a "one for one" compatibility with the traditional resolver as to 
the input excitation requirements. The output signal of the 
traditional resolver is a carrier, amplitude modulated by a 
three-phase amplitude modulation. Before this can be used by the 
R/D converter, the three phase amplitude modulated carrier must 
be converted to a two-phase amplitude modulated carrier, so that 
the modulation envelope of the two signals to the R/D converter 
are sine and cosine functions (of equal peak amplitude) of the 
position angle. This is accomplished by a "Scott-T" transforma
tion. The resolver developed by The Superior Electric Co. 
described in this paper differs from the traditional resolver in 
its output, by delivering directly a two-phase amplitude modu
lated carrier (without the need for "Scott T" transformation, the 
envelope of the two signals to the R/D converter being sine and 
cosine functions (of equal amplitude) of the position angle. 

Because the traditional resolver has windings on both the rotor 
and the stator, it is necessary to provide a means for bringing 
the electrical signal from a stationary environment to the 
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rotating rotor. This is done in the traditional resolver either 
by brushes or by a rotating transformer. The resolver described, 
however, has no windings on the rotor, and therefore requires no 
brushes, nor rotating transformer. 

CONCLUSIONS 

Use of a stator geometry which permits bobbin (ceramic) wound 
coils, and by elimination of the windings on the rotor, the 
resolver herein described may be constructed of materials 
suitable for 725 deg. K. and higher operation. The use of 
harmonic cancellation techniques along with the means developed 
for correction of the angular error between the sine and cosine 
signals permit accurate position angle reporting even at tempera
tures of 725 deg. K. 
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Lester C. Oakes and Robert L. Shepard 
Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37831 
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INTRODUCTION 

For many years the Oak Ridge National Laboratory has conducted a research and 
development program in temperature measurement technology. This program has 
included work on thermocouples, ultrasonic detectors, noise thermometry, 
materials research, and quality assurance methodology aimed at improved 
reliability of temperature sensors. One specific objective of the program has 
been to develop techniques for making measurements in the rigorous 
environments of high radiation and high temperatures. The method that offers 
promise of operating reliably under these conditions is Johnson Noise Power 
Thermometry (W. Borkowski and T. V. Blalock, 1974). This paper will discuss 
progress in the development of a practical instrument utilizing this method 
(R. L. Shepard et al., 1974a). 

PRINCIPLE OF OPERATION 

The principle of operation results from the theoretical work of Nyquist (1928) 
and the experimental work of J. B. Johnson (1928). Thermal agitation of 
conduction electrons in resistive elements above absolute zero gives rise to a 
noise current and voltage. The mean squared noise voltage developed across an 
open circuited resistor, R, operating at temperature, T, has a magnitude given 
by Equation (1), Nyquist's formula: 

4hfR ^̂ ^ 
" ehf/kT.i 

where h is Planck's constant, f is the frequency, and K is Boltzmann's 
constant. At the frequency of interest and for temperatures much above 300 K, 
hf « KT, therefore. Equation (1) may be rewritten as 

2 

en = 4kTRAf (2) 

for the noise voltage in a bandwidth Af. 

Similarly, the noise current flowing through a short circuit across the 
resistor is given by 

— ^ 4kT 
in = ^ Af . (3) 

It follows that the noise power is given by 

Pn - in en = kT Af (4) 
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From Equation (4) it can be seen that the noise power does not depend upon the 
absolute value of the resistor and hence is immune to decalibration caused by 
radiation-induced transmutation effects on the resistor. Johnson (1928) 
showed that the signal is independent of the resistive material. 

IMPLEMENTATION 

A method of implementing the technique is shown in Figure 1. A single 
resistor is commutated along with the signal-conditioning and processing 
electronics to produce an EQ proportional to Tg. Since open circuit voltages 
and short circuit currents are typically a few tenths of a microvolt and few 
nanoamperes, respectively, a low-noise, high-gain amplifier with a well-
defined bandwidth is required. Output is measured with a digital voltmeter. 

EXPERIMENTAL RESULTS 

A fundamental accuracy test was conducted early in the experimental work using 
a specially constructed element incorporating a platinum resistance 
thermometer. Results of this experiment are shown in Figure 2. 

Several in-pile experiments were conducted in the ORNL High Flux Isotope 
Reactor (HFIR) to demonstrate the feasibility of measuring moderately high 
temperatures (1200 to 1500°C) for periods of 3000 to 6000 h in a high neutron 
flux (1.5 X 10̂ 5 nV thermal and 5 x 10^* nV fast) (R. L. Shepard et al., 
1974b). Five other experiments on W-Re and Pt-Mo thermocouples and two on 
ultrasonic thermometers were conducted in the same environments. As expected, 
only the Johnson noise thermometers showed no change in calibration during 
these irradiations. 

One of the in-pile experiments, a single 18-0 rhenium wire resistor in a 
2.5-mm-O.D. Mo-48% sheath was assembled as shown in Figure 3. It was 
irradiated for 5385 h at 1200 to 1500°C, with a total neutron fluence of 
2.8 X 10^2 nVt (thermal) and 8 x lO^^ nVt (fast). The sensor changed 
resistance by 15% due to transmutation of 80% of the rhenium resistor material 
to osmium. Figure 4 is a plot of the drift in calibration and the drift 
experienced with W-Re and ultrasonic sensors in similar experiments. 

LIMITATIONS TO THIS METHOD 

Uncertainties arise from electronic gain drifts, pickup noise, system 
nonlinearities, and the statistical randomness of the sensor signal. The sum 
of the decalibration effect of these uncertainties can be held to acceptable 
levels. 

CONCLUSIONS 

The JNPT has some unique properties: an absolute thermometer, not effected by 
accumulated radiation effects; any resistive material can be used as the 
active sensor; and the potential of covering a wide range of temperatures 
including very high temperature levels. However, some additional development 
is necessary to realize the full potential of this device for application in 
high-temperature nuclear service. We believe the technique can fully meet the 
requirements set forth by the Jet Propulsion Laboratory in 1971 for a 
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temperature measurement system with 12-year unattended operation in a 10^* 
n/cm^/s fast neutron flux with a ±10*C accuracy (R. Caputo, 1971). 
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INTRODUCTION 

Development of a multimegawatt (MMW) space nuclear power system requires 
i den t i f i ca t i on and resolution of several technical f e a s i b i l i t y issues 
before select ing one or more promising system concepts. Demonstration of 
reactor fuel fabr icat ion technology is required for cermet-fueled reactor 
concepts. MMW reactor fuel development ac t i v i t y at Pacif ic Northwest 
Laboratory (PNL) is focused on producing a molybdenum-matrix uranium-
n i t r i de (UN) fueled cermet. This cermet is to have a high matrix density 
(>95%) for high strength and high thermal conductance coupled with a high 
par t i c le (UN) porosity (~25%) for retention of released f iss ion gas at 
high burnup. Fabrication process development involves the use of porous 
TiN microspheres as surrogate fuel material u n t i l porous UN microspheres 
become avai lab le. Process development has been conducted in the areas of 
microsphere synthesis, par t i c le seal ing/coat ing, and high-energy-rate 
forming (HERF) and vacuum hot press consolidation techniques. This paper 
summarizes the status of these a c t i v i t i e s . 

PROCESS DEVELOPMENT AND RESULTS 

Microsphere Synthesis 

To conduct cermet fabr icat ion process development in the absence of su i t 
able UN microspheres, TiN was selected as a surrogate mater ia l . Porous 
TiN microspheres can be synthesized by the freeze-drying process, and TiN, 
unl ike UN, is a re la t i ve ly stable compound that can be handled in a i r . 
TiN microspheres approximately 30% to 50% dense and in the 75- to 200-^m-
diameter range were produced by freeze drying a mixture of Ti02 and 
graphite, converting th i s mixture to the carbide under a vacuum, and sub
sequently converting the carbide to TiN in a nitrogen-hydrogen gas mix
tu re . The s impl i f ied fabr icat ion process flow chart. Figure 1 , shows the 
microsphere synthesis steps as part of the overall cermet fabr icat ion 
process. 

Seal Coating 

To ensure a matrix ligament on the outer surface of the f i na l cermet 
product, i t is necessary to coat the fuel par t ic les before they are 
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consolidated. In add i t ion , to prevent porosity plugging and/or chemical 
reactions between the fuel pa r t i c le and the process gas during the chemi
cal vapor deposition (CVD) coating step, a seal coat of molybdenum is 
desirable. 

Enhanced thermionical ly supported discharge (ETSD) high-rate sputter ing 
was selected as the par t i c le sealing process because of i t s high deposi
t ion rate capab i l i t y . A coating of-molybdenum greater than 10 \im thick 
can be deposited uniformly on 20 cm of microspheres in less than 8 hours 
and a contro l led bias voltage can be applied to the microspheres during 
deposition to enhance sealing act ion. 

Minor modifications were made to an ex is t ing ETSD sputter deposition sys
tem for applying the hermetic molybdenum coat to the porous TiN micro
spheres. A special 15.2-cm-diameter x 1-cm-deep molybdenum holding pan 
was prepared to contain the microspheres. The pan rotates and vibrates 
when excited by an adjustable external mechanical d r i ver . This motion 
causes random mixing and ensures coating uniformity and sealing of porous 
surfaces of the microspheres during sput ter ing. A 15.2-cm-diameter planar 
molybdenum sputtering target is positioned 4.8 cm above the holding pan. 
The inside of the chamber is precoated with a th in f i l m of molybdenum to 
prevent contamination of the microspheres during coat ing. After precoat-
i ng , the chamber is opened, the microspheres are placed in the molybdenum 
pan, and the system is immediately evacuated and put on ultra-high-vacuum 
pumping. The chamberjs then pumped overnight and t yp i ca l l y obtains a 
pressure of 1.5 x 10"^ Pa (1 x 10"' Torr) before sputter coating. The 
ETSD sputter ing system is operated for 6.5 h at a molybdenum target 
removal rate of 0.45 nm/min to obtain average deposition rates of 0.025 
nm/min on the microspheres. The molybdenum pan is e l e c t r i c a l l y isolated 
to permit biasing the microspheres at -50 V with respect to the grounded 
anode during deposit ion. The supported discharge is started and gradually 
increased over a 30-min period to i t s operating level to permit the TiN 
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microspheres and the internal surfaces of the sputter ing chamber to outgas 
as temperatures increase. (Krypton is used as the sputtering gas because 
i t produces a higher sputter ing range than argon.) Target voltage is 
increased to 1000 V over a 5-min per iod. A target ion current density of 
7 mA/cm is maintained for the remainder of the coating run. Typical ly , 
35 g of molybdenum are removed from the sputtering ta rget , 50% of which is 
deposited onto the microspheres; the remainder is collected on reusable 
shields in the chamber. The temperature of the microspheres during coat
ing is estimated at ~520K. The ra t io of coated weight to s tar t ing TiN 
weight is t yp i ca l l y 2.5. 

CVD Coating 

CVD coating development has been performed at Bat te l le Columbus Labora
tor ies (BCL). The TiN part ic les used to date are a surrogate for UN par
t i c l e s , which are being developed at Los Alamos National Laboratory 
(LANL). Special consideration was given to factors that later might 
adversely af fect the in teg r i t y of UN par t ic les at conditions normally used 
for molybdenum deposit ion. A l imi ted number of thermodynamic free energy 
calculat ions were performed t o evaluate the ef fect of hydrogen reduction 
of molybdenum halides and molybdenum carbonyl at various conditions in the 
presence of UN. Reasonable conditions were predicted for depositing moly
bdenum on UN from molybdenum hexafluoride (MoFg) without s ign i f i can t l y 
etching the UN substrate. Considerable success has been achieved with 
MoFg. 

Experiments to develop conditions for the deposition of molybdenum on sur
rogate porous fuel par t ic les were carr ied out in a f luidized-bed reactor 
system. Deposition pressure was not found to affect coating deposition 
s i gn i f i can t l y , although the effect on f l u i d i za t i on dynamics was pro
nounced. Higher gas flows were found to be necessary to maintain an ade
quate level of f l u i d i za t i on at near-atmospheric pressure than were 
required at pressures lower than about 67 kPa. The TiN part ic les are 
f lu id ized for cleaning in H2, circa 1070K before the temperature is 
reduced to 870K and a small amount (1 to 2 vol.%) of MoFg is introduced. 
A coating rate of approximately 10 \xm/h is achieved under these condi
t i ons . The CVD-Mo coating tends to f i l l any voids or cracks in the sput
tered molybdenum seal coat and otherwise to smooth the par t ic le surface. 
Figure 2 i l l u s t r a t e s sputter-seal-coated TiN par t ic les with a CVD over-
layer. I f the sputtered seal coat is omitted, molybdenum is deposited in 
the porous structure of the TiN. This i n f i l t r a t i o n may be s t ruc tura l ly 
beneficial i f su f f i c ien t porosity remains to retain f i ss ion gases. 

HERF Consolidation 

Molybdenum-coated TiN surrogate fuels are consolidated by HERFing in a 
mild steel form having a tubular cavity in to which the coated TiN p a r t i 
cles are loaded. The loaded form is preheated in an evacuated stainless 
steel can, generally to the upper working temperature l im i t of the s ta in 
less steel (about 1470K), and HERFed to consolidate the coated fuel in to a 
dense, tubular shape. The consolidated, tubular fuel is then separated 
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FIGURE 2. TiN Microspheres Coated with Both Sputtered 
and CVD Molybdenum Layers. 

from the mild steel by machining followed by etching away the last remain
ing steel in hot HCl. Most of the as-HERFed strength is obtained from 
mechanical in te r lock ing ; subsequent heat treatment, c irca 1770K, is 
required to obtain d i f fus ion bonding as well as to thermally s tab i l i ze the 
fuel structure for the temperatures to be experienced in reactor. 

Solid fuel tubes having 65 vol.% molybdenum matrix and 35 vol.% TiN have 
been prepared using 30% to 50% dense TiN par t ic les that had been coated 
d i rec t l y with molybdenum by CVD; as noted e a r l i e r , these d i rec t l y CVD-
coated TiN par t ic les are i n f i l t r a t e d with molybdenum. There is approxi
mately 10% residual porosity in the s t ructure, which appears to be divided 
equally between the molybdenum matrix and the TiN pa r t i c les . Figure 3 
i l l u s t r a tes the coated par t i c le inter face af ter HERF consolidation and 
before s tab i l i za t i on heat treatment. Figure 4 shows a HERF-consolidated 
tube wall cross section before s tab i l i za t i on heat treatment. This cermet 
structure was subsequently heat treated for one hour at 1770K to s tab i l i ze 
and d i f fus ion bond the fuel s t ruc ture . As a resu l t , only s l igh t dens i f i -
cation of the cermet occurred, the molybdenum matrix rec rys ta l l i zed , and 
the residual porosity in the matrix coalesced; no s ign i f i can t Mo-TiN reac
t i on was detected. 
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FIGURE 4. Cross Section of HERF-Consolidated Tube Wall 
Before Stabi l izat ion Heat Treatment. 
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Fuel tubes have been HERFed using TiN par t ic les that were sputter sealed 
before CVD coating. These TiN par t ic les are not i n f i l t r a t e d with molyb
denum; therefore, a higher f rac t ion of the porosity is retained in the 
TiN. These cermets are current ly under evaluat ion; i t appears that the 
retained par t i c le porosity ranges from 15% to 30%, depending on the o r i g i 
nal TiN par t i c le density. 

I t has been found that heavy ceramic coatings (alumina or z i rconia) on the 
mild steel form are required to prevent cracking of the fuel tube due to 
d i f f e r e n t i a l thermal contraction stresses. Compaction has been done in 
mild steel too l ing at temperatures as low as 1270K, but with a high i n c i 
dence of fuel cracking. Attempts to use graphite forms to minimize the 
ef fect of thermal stresses have been pa r t i a l l y successful, chief ly because 
of the highly e las t i c behavior of graphite (as opposed to the p las t ic 
behavior of mild steel) during HERFing, which tends to tear apart the con
sol idated tube. Geometry modifications are being attempted in an e f f o r t 
to make use of the advantages of graphite--smooth surface retent ion, m in i 
mization of acid dissolut ion of s t e e l , and a better thermal expansion 
match with the consolidated fuel tube. 

Hot Press Consolidation 

Molybdenum-coated TiN surrogate fuels have also been consolidated by 
vacuum hot pressing. Two tubular specimens of CVD Mo-coated TiN have been 
consolidated by hot pressing. The f i r s t was pressed at 2070K and 34 MPa. 
The second specimen contained 80% CVD Mo-coated microspheres and 20% 
molybdenum powder at pressing conditions of 1970K and 34 MPa. Both 
specimens appear to have acceptable matrix densi t ies, uneven deformation 
of the fuel par t ic les due to die wall f r i c t i o n , and a very d i s t i nc t reac
t ion zone of molybdenum carbide where molybdenum is in contact with the 
graphite t oo l i ng . The molybdenum carbide reaction zone has been reduced 
to a near negl ig ib le thickness by adding a tantalum f o i l barr ier between 
the molybdenum matrix powder and the graphite too l ing wall before 
consol idat ion. 

SUMMARY AND CONCLUSIONS 

Development of a fabr ica t ion process for molybdenum-base TiN-surrogate 
fuel cermets has progressed far enough to indicate that f ab r i cab i l i t y is 
technica l ly feas ib le . Further a c t i v i t i e s w i l l demonstrate f a b r i c a b i l i t y 
using depleted UN microspheres to ref ine and establ ish process variables 
fo r that system. Establishment of a fabr icat ion process for UN is a natu
ral progression from the work reported above. 
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INTRODUCTION 

The future need for an advanced nuclear rocket propulsion system has been 
identified by the Air Force Systems Command. Nuclear rocket propulsion 
would be useful for orbital transfer and maneuvering missions. The nuclear 
rocket would not be operated until after being launched into orbit with a 
chemical rocket. 

Much of the basic research and technology development necessary for a 
nuclear rocket was completed in the ROVER/NERVA programs from 1955 to 1973 
(Koenig 1986). A series of 20 reactor and engine tests demonstrated power 
levels from 44 to 4100 MW, peak hydrogen exit temperatures up to 2450 K for 
109 minutes, and 28 heatup cycles to 2280 K. All of the nuclear testing, 
except for one reactor, consisted of full-scale mock-ups of nuclear rocket 
engines. The full-scale reactors were not tested inside a containment 
structure and the contaminated hydrogen was burned directly in the 
atmosphere. The final NERVA nuclear testing was performed in a smaller 
scale reactor called the Nuclear Furnace which had only 49 fuel elements 
(as opposed to 402 to 4068 in the other reactors). The hydrogen effluent 
was cooled and most of the fission products removed before being flared to 
the atmosphere (Kirk 1973). 

Electrical testing of individual fuel elements to temperatures of 2700 K 
was also used to aid the development program. While not capable of 
accurately simulating fission heating and associated radiation problems, 
valuable parametric fuel studies were performed. 

The current preliminary operating goal for a nuclear rocket engine is to 
provide 45,000 to 67,000 N of thrust at 2700 K to 3000 K (or as high as 
possible to maximize the specific impulse) and be capable of approximately 
160 low to high temperature cycles of 2 to 20 minutes each and a total 
operating lifetime of 10 hours. No nuclear fuel has ever been subjected to 
such severe operating conditions, but both the NERVA derivative (Pierce 
1984 and Holman 1987) and the particle bed reactor (PBR) (Horn 1986 and 
Powell 1987) fuel designs have been proposed as being potentially capable 
of meeting these goals. 
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Although the NERVA fuel design was improved and electrically tested through 
1973, additional development and testing will be required to operate for 
the large number of high temperature cycles proposed. Relatively little 
development and only electrically heated testing has been completed for the 
PBR concept. The first nuclear small-scale testing of PBR design fuel to 
2000 K is expected to be completed this fiscal year (McDaniel 1987). The 
extent of development and testing that will be required for flight-
qualifying the PBR concept is relatively unknown. Substantial testing to 
establish maximum operating temperature and failure consequences will be 
necessary, regardless of the fuel design(s) chosen. 

Clearly, the type of full-scale nuclear rocket testing conducted in the 
1960s without reactor containment or an effective hydrogen cleanup system 
will not be acceptable for testing in the 1990s. The total cost to develop 
and qualify improved fuel elements that are assembled into full-scale 
engines in a facility with an effective hydrogen cleanup system and 
containment structure would be enormous. The cost of a full-scale engine 
facility alone is estimated to be at least $180 million (exclusive of the 
engine cost). This paper discusses a test plan comprised of electrical and 
small-scale nuclear testing to develop fuel for an advanced nuclear rocket 
in a timely and cost-effective manner. A fuel design that successfully 
completed the electrical and small-scale nuclear testing could then be 
confidently used in a full-scale rocket engine. An engine would be 
initially qualified at reduced power on earth prior to confirmatory 
qualification in space. 

DISCUSSION 

As a part of this study, a panel of nuclear fuel experts considered the 
potential failure modes of the two fuel concepts. Most of the potential 
failure modes foreseen for NERVA-derivative fuel are related to failure of 
the ZrC coating on the outer surfaces of the graphite fuel elements at high 
temperatures. The fuel failure modes are primarily of concern for 
operation above 2450 K, since an extensive fuel development and testing 
program up to 2450 K was completed during the NERVA program. The potential 
fuel failure modes foreseen for PBR fuel were mainly related to failure of 
the frit material and the C and ZrC coating of the fuel particles. 

Development and verification of any fuel design to meet the operating goals 
will require extensive non-nuclear and nuclear testing. The testing would 
probably be done in four stages: 

1. Transient electrically heated testing with flowing hydrogen gas 
for preliminary fuel evaluation and development; 

2. Separate effects nuclear development testing to determine 
radiation and fission product effects.; 

3. Small-scale nuclear testing with flowing hydrogen gas for advanced 
fuel evaluation, maximum temperature capabilities and failure 
testing of a small cluster of fuel elements; and 

4. Integral engine test for demonstrating final flight readiness. 
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Electrically heated testing has definite advantages in performing 
parametric fuel design studies with a minimum of safety, cost, and schedule 
restraints. Transient electrically heated testing would be most useful for 
studying high temperature hydrogen corrosion of the NERVA fuel matrix 
coating and the PBR fuel particle coating material. The SEMISCALE 
facility, located at the Idaho National Engineering Laboratory (INEL) would 
be a choice candidate for performing all types of electrically heated 
testing. Modifications to the facility for hydrogen supply and disposal 
systems and additional electrical capacity for PBR tests are estimated to 
cost roughly $5 million. 

Separate effects nuclear development testing would be used primarily for 
studying relatively low temperature radiation and fission product damage of 
PBR fuel particles and frit material, NERVA fuel matrix coatings, and 
fission product release rates. The Advanced Test Reactor (ATR), which is 
in operation at INEL, could be readily used for separate effects testing of 
samples irradiated in stagnant flow capsules. The estimated cost for 
designing and fabrication of a non-instrumented capsule is about $200 K and 
about $600 K for an instrumented capsule. 

Single fuel element nuclear development testing could also be performed in 
the ATR if a hydrogen recirculation loop were added. Test results could be 
obtained with near typical operating conditions to study possible high 
temperature radiation and fission product damage, hydrogen corrosion, flow 
problems, and material lifetime as a function of temperature and burnup. 
Limited fuel failure testing would be possible with a remotely-operated 
mechanism to move a fuel element in and out of the ATR core region. 
Complete fuel element qualification testing, however, would not be possible 
in ATR because of fuel element power limitations and interference with 
existing high priority U.S. Navy nuclear testing programs. Preliminary 
reactor physics calculations indicate that near-typical high temperature 
operating conditions could be attained for NERVA fuel elements in an ATR 
hydrogen loop, but PBR fuel elements would have to be tested at a low 
hydrogen flow rate in order to attain high temperatures. The cost for 
installing a hydrogen gas loop in the ATR is estimated to be on the order 
of $6 million. 

Small-scale nuclear testing could be performed with a cluster of fuel 
elements in a small reactor (similar to the Nuclear Furnace) or as a small 
cluster of fuel elements in a hydrogen gas loop in a specially designed 
driver core reactor. A cluster of 6 NERVA fuel elements and a support 
element would be tested to determine possible fuel element interaction 
problems, material loss rate, maximum temperature operating limits, flow 
stability behavior, and failure consequences. A small core made of PBR 
fuel elements would be tested in a similar manner to characterize operating 
limits. A reactor containment building and a hydrogen cleanup system will 
almost certainly be required to satisfy environmental and safety 
standards. A hydrogen recirculation system, rather than atmospheric 
flaring, would be desirable to minimize the possibility of radioactive gas 
releases. Operating specifications have been generated for both a test 
loop-driver core facility and for a whole-core small reactor test 
facility. 
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The LOFT facility at INEL could be readily modified for performing 
small-scale nuclear rocket qualification testing. The existing large 
containment structure, the 50 MW capacity secondary coolant system, the 
data system and other support systems, and the hot cell examination 
facility are still operational. The cost estimate for making the necessary 
modifications to the LOFT facility is roughly $55 million, not including 
the reactor. 

The ATR testing would characterize the operational behavior and the failure 
modes of individual fuel elements. The operating lifetime, possible 
interaction problems of a cluster of fuel elements, and failure 
consequences would be evaluated during the LOFT tests. The fuel and 
auxiliary systems would be fully qualified, thus eliminating the need to 
test the full engine system to failure. 

Integral engine testing would require a reactor containment structure and 
a hydrogen effluent cleanup system. Limited engine testing could be 
performed in the LOFT facility for considerably less than the $180 million 
estimated for a full power facility if full reactor power (-300 MW) was 
not mandatory. The existing containment structure would provide safety for 
accident conditions and a relatively low cost hydrogen effluent cleanup 
system would be adequate for low power operation. An exhaust analysis 
system would automatically shut down the reactor and isolate the primary 
coolant system in the.unlikely occurrence of fuel failure. High 
temperature operation could be achieved by operating at -50 MW with about 
15 percent of full hydrogen flow. Lower temperature operation at 100 
percent flow and 50 MW would also be performed to investigate full flow 
behavior. Confirmatory engine qualification would be accomplished in space 
during an orbital transfer mission prior to actual use with a payload. 

SUMMARY 

The key to a successful nuclear rocket program will be developing and 
qualifying fuel elements in relatively low-cost, small-scale test 
facilities that can meet environmental and safety criteria. We have 
outlined an approach for meeting this objective with existing facilities 
and viable cost. Only after the selected fuel concept has been thoroughly 
proven should engine flight qualification be attempted. It is recommended 
that the initial engine flight qualifications be performed at low power and 
low flow prior to confirmatory qualification in space. 
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INTRODUCTION 

Uranium nitride is currently under consideration for application as a space reactor fuel. In general, UN exhibits 
good thermal and irradiation behavior and is compatible with most reactor coolants and materials. However, the 
physical properties and irradiation behavior of UN are not yet well defined. This paper describes the 
development of empirical correlations for the thermal conductivity, electrical resistivity, fuel swelling, and 
fission gas release of UN. 

A consistent and well-validated set of correlations for the relevant properties of UN is necessary in order to 
accurately characterize fuel performance. These ccxrelations should be valid over the entire temperature range of 
interest for space reactors, including startup and transient overpower scenarios. In addition, they should be 
validated against all the available experimental data. Although several UN property reviews have been conducted 
(Dell and Allbutt 1963, Speidel and Keller 1963, and Bauer 1972), further work is warranted because they do not 
completely fulHll the requirements outlined above. 

Empirical correlations for fuel swelling and fission gas release in UN are extremely useful as a scoping analysis 
tool. The expressions given in this p£̂ )er were developed fixMn a large irradiation performance data base (Brozak 
et al. 1988) covering a very wide range of fuel element designs. Both UN and (UJhi)N specimen data were 
employed. Other fuel design variations included; fuel geometry (solid or annular), cladding material, cladding 
liner, fuel density, fuel element dimensions, and fuel chemistry. Additionally, a wide variety of irradiation 
conditions (power, bumup, temperature, and so on) were incorporated. This range of conditions was utilized in 
an attempt to gain correlation stability and predictive capability over a broad spectrum of fuel element designs 
and operational conditions. This differs from previous modeling efforts where expressions were based only on 
data representing a specific fuel design and a limited range of irradiation conditions. This was primarily the case 
for the development of correlations aimed at SP-1(X) irradiation test analysis (Baars 1987 and El-Genk et al. 
1987). 

CORRELATION DRVELOPMRNT 

A least squares Ht method integrated with data scaling, ncHinalization, and weighting techniques was selected to 
produce the correlations. The least squares fit method tends to minimize the maximum error associated with 
correlation predictions. Data scaling and normalization are simply data manipulation techniques that insure 
numerical accuracy and stability in the fit coefficient solution. Normally, for experimental data, the weights 
would be related to the expoimental error associated with a given data set, but this error is not well characterized 
for irradiation data. Data weighting was used, howeva, to provide emphasis on selected data sets; specimens 
corresponding to high fission gas release or fuel swelling were given larger weights than specimens exhibiting 
low values. This was done to achieve the maximum possible accuracy under severe irradiation conditions. Data 
weighting was not used in the development of the thermal conductivity and electrical resistivity property 
correlations. Nonlinear correlation forms were selected based on their inherent stability. Polynomial forms 
were investigated and found to yield small gains in the fit deviation but exhibit instabilities outside the main 
range of data used to produce the correlation. 
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ThPrmal Conductivity 

Two correlations exist for Uie Uiermal conductivity of UN (Washington 1973 and El-Genk et al. 1987). 
However, a new expression was required for two reasons. First, these correlations do not incorporate all of the 
available experimental data, and secondly, tiiey do not address the importance of the porosity correction factor. 
Several empirical and analytical porosity correction factors were investigated. An expression developed based on 
a 3-dimensional heat transfer analysis (Peddicord et al. 1978) was found to yield tiie best agreement with 
experimental data: 

kp = kiooexp(-2.14P) (1) 

where kp is the conductivity for material of porosity P, kioo is *e conductivity for fuUy dense material, and P 
is tiie porosity of the material expressed as a fraction of the theoretical density. The data used in forming tiie 
correlation for thermal conductivity consists of 119 points from eight separate studies at four laboratories and 
includes the following: Kikuchi et al. (1972), Moore et al. (1970). KoUie and Moore (1964), Endebrock et al. 
(1964) Fulkerson et al. (1970), Hayes and DeCrescente (1965), Speidel and Keller (1963), and Keller (1961). 
Using the porosity correction factor and this experimental database, a correlation was developed for UN over the 
temperature range 298 K 5T< 1923 K. This correlation is shown below: 

kioo = 1.864(TO-361) (2) 

where k is die thermal conductivity (W/mK) and T is the fuel temperature (K). Figure I shows Uiis correlauon 
wiUi the database from which it was derived as weU as die previous correlation of El-Genk et al. (1987). As can 
be seen boUi correlations agree reasonably well with die data. The absolute standard deviation of the present 
correlation is ±1.2 W/mK witii respect to tiie database as compared to ±1.6 W/mK for Uie correlauon of 
El-Genk et al. (1987). Additionally, the present correlation is more conservative at high temperatures, values 
about 7% smaller at 2000 K are predicted. As can be seen in Figure 1, tiiere exists a fair degree of scatter in the 
data. This scatter was examined in relation to the fuel production routes and reported impunty concentrations, 
however no clear conclusions could be drawn. 
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Florfrical Resistivity 

No open literature correlations for electrical resistivity were identified. Experimental data from Keller (1961), 
Kollie and Moore (1964), Fulkerson et al. (1970), Moore et al. (1970), Endebrock et al. (1964), Speidel and 
Keller (1963), and Hayes and DeCrescente (1965) representing 70 data points was employed to form a 
correlation. As shown in Figure 2, tiie data falls into two distinct bands when corrected for porosity using tiie 
reciprocal form of Equation (1). Alternative porosity correction expressions yielded similar results. The higher 
band is comprised of data from studies conducted at Battelle Memorial Institute (BMI), the remainder of the data 
falls into tiie lower band and is from Oak Ridge National Laboratory (ORNL) and Pratt & Whitney (P&W). 
The BMI experiments were among die first studies conducted on UN properties and surface oxidation, specimen 
microcracking and electrode connection difficulties were reported. For tiiese reasons, as weU as the fact that the 
lower band of agreement is made up of four independent studies from two sq)arate laboratories, it is die opmion 
of diis investigation tiiat electrical resistances not solely due to tiie bulk UN material were present in tiie BMI 
experiments, and, tiierefore, tiie lower band of experimental data is more representative of tiie electrical 
resistivity of UN. It is also possible that impurities or deviations from stoichiometry or diermoelectric power 
contributions influenced die test results. 

The lower band of experimental data, consisting of 40 data points, was used to develop die following electrical 
resistivity correlation valid for 298 K STS 1600 K: 

p = 71.491(T0-125) (3) 

where p is tiie electrical resistivity (pfl-cm) and T is the fuel temperature (K). Figure 2 shows diis correlauon 
along witii all experimental data. There is good agreement between the correlation and tiie lower band of data; 
die standard deviation of die correlation relative to diis data is ±2.4 nii-cm. 
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Fuel Swelling and Fission Gas Release 

The data base used in this work contained littie information on microstructural fuel variables such as 
stoichiometry, grain size, or impurity concentrations. Thus, although these variables impact fuel swelling and 
fission gas release, they could not be used as correlation parameters. The expression produced for fuel swelling 
incorporates area average fuel temperature, bumup, smear density, and fuel density. The g ^ widtii at full power 
was investigated as a fit parameter, but rejected based on data distribution and trend analysis. The fission gas 
release exp-ession includes area average fuel temperature, bumup, and fuel density as correlation parameters. The 
temperature values reported in the literature were obtained using a wide variety of computational and 
experimental techniques. However, these values must be derived in a consistent manna* to insure correlation 
accuracy and allow comparison of results from different irradiations. Thus, the area average fuel temperatures 
were evaluated using a simplified beginning-of-life (BOL) code developed as part of this project (Brozak et al. 
1988). The other parameters were taken diiecdy from die data base. 

The fuel swelling correlation is 

AV/V = 3.654x10-7 (TI-138) (B0.6615) (SD-l-^S) (FD2-816) (4) 

whoe AV/V = Volumetric fuel swelling (%), 
T = Area average fuel temperature at die peak axial location and BOL (K), 
B = Bumup (at%), 
SD = Smeardensity(%of theoretical density), and 
FD = Fuel density (% of dieoretical density). 

This expression was produced using the following weighting scheme: data sets corresponding to experimental 
fuel swelling values below 5.5 vol.% assigned a weight of 1, between 5.5 and 14 vol.% a weight of 3, and 
above 14 vol.% a weight of 14. The data employed to form the conelation included fuel temperatures of 300 to 
1800 K, bumups of 0 to 18 at.%, smear densities of 67 to 95 %TD, fuel densities of 80 to 98 %TD, and fuel 
swelling values up to 23.5 vol.%. The absolute standard deviation of the correlation predictions relative to the 
data base is 2.44%. The correlation predictions are compared to the experimental data in Figure 1 and the 
agreement is relatively good over die entire range of swelling values. This expression was compared to the 
Ross correlation (El-Genk et al. 1987) for fuel swelling and found to exhibit better agreement witii the 
experimental data base. The Ross correlation was constructed using a much smaller data base and does not 
incorporate smear density as a parameter. These two factors partially explain the difference in correlation 
predictions. 

The fission gas release correlation is 

FGR = 6.271x10-5 (T3.068) (B0.4531) (FD-2-454) (5) 

where FGR is the fission gas release in percent and the other terms were previously defined. This expression 
was produced using the following weighting scheme; data sets corresponding to experimental fission gas release 
values below 0.06% assigned a weight of 1, between 0.06 and 5% a weight of 200, and above 5% a weight of 
60(X). The data employed to form die correlation included fuel temperatures of 850 to 19(X) K, bumups of 0 to 
18 at.%, fuel densities of 80 to 98 %TD, and release values up to 47%. The absolute standard deviation of the 
correlation predictions relative to the data base is 6.46%. The correlation predictions are compared to the 
experimental data in Figure 2. As can be seen in the figure, considerable error exists at very low releases 
(<0.1%), this is a direct result of the very low weight assigned to data in this region. The overall agreement 
between the predicted and experimental values is not as good as for the fuel swelling correlation. This 
expression was compared to the Baars correlation (Baars 1987) for fission gas release and found to exhibit 
significantiy better agreement widi the experimental data base. The Baars correlation was constmcted using a 
much smaller data base and was specifically tailored to application widiin the NTTRID code. 
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CONCLUSIONS 

Correlations developed for thermal conductivity, electrical resistivity, fuel swelling and fission gas release of UN 
were presented. Nonlinear correlation forms were selected on the basis of correlation stability outside the range 
of available data. The correlations were in very good agreement with the data and, in general, appear to be an 
improvement over existing correlations. Work is continuing towards the development of a complete set of UN 
property correlations. The data base used to develop die irradiation behavior correlations will be expanded so 
that improved irradiation behavior correlations can be produced. Additionally, alternative correlation expressions 
for fuel swelling and fission gas release are being investigated. 
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INTRODUCTION 

It is proposed that SNAP-type reactors be used for space applications to pro
vide power in the 50 to 250 kWt range over an operational lifetime of 10 
years. Three concepts are being considered: (1) an organic Rankine cycle sys
tem operating in the 672 to 727 K (750 to 850°F) range, (2) a closed Brayton 
cycle system operating in the 810 to 920 K (1000 to 1200°F) range, and (3) a 
Stirling cycle system operating in the 866 to 920 K (1100 to 1200°F) range. 

The U-ZrHjj fuel used in a SNAP reactor was tested during the 1960s in both 
in-pile experiments and operational SNAP reactors by Atomics International, 
now Rocketdyne Division of Rockwell International Corporation (Lillie et al. 
1973). The results of these tests and subsequent analysis provide an extensive 
database of infotroation for designing a core and defining an operating regime 
that will meet the requirements of these applications. Table 1 gives a compar
ison of design and operating parameters for the SNAP reactors that have been 
tested and the proposed SNAP-DYN reactors. 

TABLE 1. SNAP Reactor Summary. 

Parameter 

Reactor 
• Power (kWt) 

• Tenperature (°F) 
• Outlet 
• Inlet 

• Operating time (h) 

Fuel 
• Nuiter of elenents 
• Dianeter x length (in.) 
• Average linear power 
density (kut/ft) 

• Peak fuel temperature 

(°F) 
• Peak Burnup (metal atom %) 

SER 

SO 

1200 
1000 
6035 

61 
1.0 X 14 
1.0 

1295 

S2DR 

SO 

1200 
10O0 
4800 

37 
1.25 X 10 
2.1 

1300 

0.021 

10FS-3 

40 

1010 
890 

10,005 

37 
1.25 X 10 
1.01 

1080 

0.03 

10FS-4 

40 

1035 
915 
1000 

37 
1.25 X 10 
1.01 

1550 

0.003 

S8ER 

600 

1300 
1100 
8760 

211 
0.56 X 14 

2.44 

1525 

0.25 

S80R 

600 

1300 
1100 

1000 

1150 
880 

7023 

211 
0.56 X 16.8 
2.03 

1525 

0.23 

3.4 

1525 

Proposed 

ORC 

60 

850 
750 

90,000 

85 
1.0 X 17.1 

0.53 

860 

0.25 

CBC 

58 

1200 
1000 

90,000 

85 
1.0 X 17.1 

0.53 

1260 

0.25 

Stirling 

SO 

1200 
1100 

90,000 

85 
1.0 X U.l 

0.53 

1250 

0.23 

FUEL ELEMENT DESCRIPTION 

The fuel elements that were used in the various SNAP test programs consisted 
of a one-piece cylindrical fuel rod, loaded into a hermetically sealed clad
ding tube. The U-ZrH^ fuel rod was a uniform dispersion of a-uranium (10 wt % 
and fully enriched) in a massively hydrided (to an Njj of 6 to 6.5xl022 atoms 
H2/CC fuel) zirconium structure. The cladding used in all of the tests, except 
one, was thin-walled (0.254 to 0.381 mm thick) Hastelloy-N tubing, closed at 
each end by tungsten inert gas or electron beam welded end caps. The entire 
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internal surface area of the cladding was coated with a thin (0.051 to 0.076 
mm thick) ceramic that serves as a barrier to inhibit the loss of hydrogen 
from the element during reactor operation. 

The fuel elements tested ranged in diameter from 1.42 to 3.18 cm in diameter 
and from 25.40 to 42.67 cm in length. The proposed element will be 2.54 cm 
in diameter and 43.43 cm in length so that there is no significant difference 
in geometry. 

FUEL ELEMENT PERFORMANCE 

Two criteria are important in evaluating fuel element performance: 

1. Core reactivity loss, due to hydrogen leakage from the fuel 
elements, shall be within design specifications. 

2. Integrity of the fuel element cladding shall be maintained 
throughout its design operating lifetime. 

Containment of the hydrogen within the fuel element was provided by the thin 
ceramic coating on the inside surfaces of the cladding. Thermal aging-cycling 
tests and thermal-mechanical loading tests, including cyclic loads, have 
shown that the barrier is remarkably tough and durable and exhibits no appar
ent ill effects as a result of exposure to irradiation. The hydrogen permea
tion rate through the cladding can be considered constant over the operational 
lifetime for the fluxes and fluences considered. 

A calculated hydrogen loss of about 7.2% for 10 years of operation is obtained 
using the experimentally determined penneation values for the ceramic and for 
the Hastelloy-N along with a predicted fractional defect area (0.15% of the 
total surface area) and the operating parameters of the SNAP-DYN reactors. 
This will reduce the H/Zr value from 1.63 at the start of operation to 1.51 at 
the end of 10 years. The accompanying reactivity loss can be compensated for 
by the reflector control elements and the inclusion of burnable poisons. 

The principal cause of cladding failure is the strain placed on the cladding 
by fuel rod swelling. Gro%/th in U-ZrHjj fuel rods has been observed to consist 
of a rapid early life growth, resulting from vacancy-condensation type phenom
enon, followed by a imich slower long-term growth associated with solid fission 
product accumulation in the fuel matrix. The early life growth is dependent 
on the bumup rate (or flux) and the fuel temperature, with higher bumup 
rates resulting in smaller growth. The long-term growth is dependent only on 
total bumup (or fluence). This is expressed in the following Roberts correla
tion of data in the 920 to 1090 K (1200 to 15000F) range: 

4v/v = 5.5 exp /-(2.3b exp [10.75(1860/T-l)] + 21.5(1860/1-1))\ + 3b 

where: 

Av/v = volumetric growth (%) 
b = bumup (metal atom %) 
b = bumup rate (bumup/10,000 h) 
T = absolute fuel temp (°R) at time early growth is complete. 
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The early growth tenn in Lhis correlation is insignificant for temperatures 
below 920 K (1200°F), even at low bumup rates, so that fuel growth is 
dependent only on bumup (,Av/v - 3b) . The above correlation assumes that the 
ZrHjj is not allowed to enter the yS-phase, where significantly greater swelling 
can occur. The SNAP-DYN reactors will be designed to operate only in the 
j-phase. 

The calculated fuel growth for the proposed SNAP-DYN reactors, for the maximum 
expected fuel temperature of 950 K (1250°F), is found to be about 1.55% 
(0.8% early growth, 0.75% long-terra growth) based on a bumup of 0.25 metal 
atom % at the end of 10 years. If all of the growth is in the radial direction 
(worst case), the resulting radial growth will be 0.01 cm (0.004 in.). A 
radial gap of 0.15 to 0.02 cm (0.006 to 0.008 in.) between the fuel rod and 
the cladding along with operation of the d-phase should ensure that fuel 
swelling will not violate the integrity of the cladding. 

CONCLUSIONS 

Proven technology exists for the design and fabrication of U-ZrH^ fuel ele
ments for use in the 50 to 250 kWt reactors proposed for space power applica
tions. Hydrogen loss through the cladding is low and can be compensated for 
by providing reasonable excess reactivity at start of life along with the 
inclusion of buniable poisons. 

Cladding integrity will be maintained since the growth rate of the fuel rods 
will not be excessive at the anticipated fuel temperatures and with the ZrHj^ 
maintained in the j-phase. 
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INTRODUCTION 

High metal atom ratio, high thermal conductivity, low density, and high melting point are properties 
that qualify both nitride and carbide fuels to meet the high temperature and the high power density 
requirements of compact space nuclear reactors. UN fuel was chosen over carbide fuel for the SP-100 
reactor because of the available irradiation data base from the SNAP-50 program, as well as its low 
swelling. The UC fuel was excluded from consideration in the SP-100 program because of its incom-
patability with refractory cladding materials and the conclusion that it undergoes a breakaway swelling 
at temperatures higher than 1400 K. 

Although this conclusion was based on a qualitative comparison of the swelling data of UN and UC 
fuels at 1 atom% burnup (Cox et al. 1985), a recent investigation of the swelling behavior of (U,Pu)C 
fuel samples, covering maximum fuel temperatures up to 2000 K and fuel burnup in the range from 0.4 
to 5.5 atom%, has shown that no breakaway swelling of mixed carbide fuel occurred at or above 
1400 K (Zimmermann 1982). Nonetheless, the swelling correlation based on Zimmermann's mixed 
carbide fuel data is being used to predict the swelling behavior of the UN fuel in the SP-100 reactor 
(Baars 1987). The lack of a reliable swelling correlation, until recently (El-Genk et al. 1987 and Ross 
1987) for the UN fuel, and the similar physical and thermal properties of the nitride and carbide fuels, 
justified using Zimmermann's mixed carbide correlation to predict the UN fuel swelling. However, this 
hypothesis of similar swelling behavior of carbide and nitride fuels has not been adequately demon
strated. 

OBJECTIVES 
The objectives of this research were to: (1) compare the mixed carbide fuel swelling data of Zimmer
mann (1982) with that from the Los Alamos K-7 and K-9 test series to investigate whether a 
breakaway fuel swelling occurs at or above 1400 K, and (2) assess the applicability of Zimmermann's 
correlation for predicting the mixed carbide fuel swelling at higher fuel burnup values, up to 
16 atom%. Additionally, this research compared the predictions of a recently developed swelling cor
relation for UN fuel (El-Genk et al. 1987 and Ross 1987) with those obtained using Zimmermann's 
correlation to validate the hypothesis of similar swelling behavior of carbide and nitride fuels. 

The K-7 and K-9 series, which were conducted as part of the carbide fuel development program at 
Los Alamos National Laboratory, incorporated helium-bonded, (U,Pu)C fuel pins clad in 20% cold-
worked Type 316 stainless steel. In these two series, the fuel pins had two different as-fabricated fuel 
densities (80 and 87% TD) and two different gap sizes (0.13 and 0.25 mm for K-7 and 0.15 and 
0.28 mm for K-9) . More details on the design and the irradiation parameters of the K-7 and the K-9 
tests series can be found elsewhere (Louie 1987). 

RESULTS AND DISCUSSION 
The mixed carbide fuel swelling data of Zimmermann are compared with the data from the Los 
Alamos K-7 and K-9 test series in Figure 1. In the K-7 and K-9 series, the calculated maximum fuel 
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temperature varied from 1199 to 1245 K, and the fuel pins had achieved burnup values between 3.7 
and 16.38 atom%. The volumetric fuel swelling for the K-7 and K-9 series pins was determined based 
on diametral fuel swelling measurements; the post-irradiation examination of these series fuel pins 
indicated anisotropic swelling behavior. In Zimmerman's irradiation tests, the measured maximum 
fuel temperature ranged from 553 to 2023 K, the fuel burnup ranged from 0.4 to 5.5 atom percent, 
and the volumetric fuel swelling was determined from density measurements by immersion in carbon 
tetrachloride. As Figure 1 indicates, while the volumetric swelling of mixed carbide is a strong function 
of both the fuel's maximum temperature and burnup, no breakaway swelling occurred at or above 
1400 K, except in the pins exhibiting runaway cladding swelling. As shown in Figures 1 and 2, six of 
the K-9 series pins (K9-14, 15, 20, 21, 24, and 25) experienced runaway cladding swelling, even 
though the maximum fuel temperatures in these pins were much less than 1400 K. Figure 2 presents 
the measured cladding swelling in the K-7 and K-9 series pins (Louie 1987). A comparison of Figures 
1 and 2 clearly shows the effect of runaway cladding swelling on the fuel swelling of the K-9 series 
pins. As Figure 2 demonstrates, although the pins in the K-7 and K-9 series were operated almost at 
the same temperatures, runaway cladding swelling in the K-9 series pins occurred only at fuel burnup 
higher than 3.7 atom%. This runaway cladding swelling encouraged fuel pellet relocation and cracking 
resulting in a higher apparent fuel swelling. 

Zimmerman's correlation for mixed carbide volumetric swelling is in the form: 

AV/V = 0.8B + C,( l -e~^*^) , (1) 

where C, = 10 + 24/(l-e^^^^°"^^^^^), and (2a) 

Cs = 0.06 + 8.025x10^e"^-^^''^^^ '^ . (2b) 

The UN fuel swelling correlation suggested by El-Genk et al. (1987) in terms of the maximum fuel 
temperature is of the following form: 

AV/V = 1.16x10"^ T^-^^ Bu-^^ p°-^ (3) 

In eqautions (1) through (3), B is the fuel burnup in atom percent, T is the maximum fuel temperature 
in kelvin and p is the as fabricated fuel density in percent of theoretical. The results in Figure 1 dem
onstrate the validity of Zimmermann's correlation for predicting mixed carbide fuel swelling at low 
fuel temperatures (<1200 K) and high fuel burnup values up to 16 atom%. As shown in this figure, the 
predictions of Zimmermann's correlation are in excellent agreement with the swelling data from the 
Los Alamos K-7 and K-9 series pins where runaway cladding swelling did not occur. Figure 3 com
pares the predictions of a recently developed swelling correlation for UN fuel (El-Genk et al. 1987 and 
Ross 1987) with those of Zimmermann's correlation for mixed carbide fuel up to 2100 K. The results 
in Figure 3 indicate that while the UN fuel swelling at maximum fuel temperatures below 1600 K is 
slightly higher than that for (U,Pu)C, however, at 1600 K the predicted swelling of both fuel types is 
almost identical. At higher temperatures below 2000 K the predicted swelling of mixed carbide fuel is 
higher than that for UN fuel. 

Because Zimmermann's correlation was developed as an empirical fit of the data taken at maximum 
fuel temperatures up to 2000 K, this correlation is not valid at higher temperatures. As shown in 
Figure 3, the predicted fuel swelling using Zimmermann's correlation approaches an asymptotic value 
of approximately 34% at a maximum fuel temperature of 2000 K. Therefore, the difference in Figure 3 
between the predicted swelling of UN and mixed carbide fuels at/or above 2000 K should not be con-
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sidered indicative of an actual difference in the swelling behavior between the two fuel types, but 
rather as caused by extrapolating the swelling correlations beyond the range of their respective data. 

CONCLUSIONS 

The current analyses demonstrated that both UN and (U,Pu)C fuels have similar swelling behavior at 
temperatures of up to 1600 K. However, at maximum fuel temperatures higher than 1600 K but below 
2000 K, the mixed carbide fuel swelling is higher that for UN. The comparison of the mixed carbide 
fuel swelling data of Zimmermann (1982) with that of the Los Alamos K-7 and K-9 series demon
strates the applicability of Zimmermann's correlation for mixed carbide fuel for predicting fuel swel
ling at higher burnup values up to 16 atom% and at temperatures below 2000 K. The results suggest 
that mixed carbide fuel and UN fuel have similar swelling behavior up to 1600 K. Examination of the 
carbide data base of LANL and Zimmerman showed no evidence of breakaway swelling above 
1400 K. 
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INTRODUCTION 

SNAP-DYN (SNAP reactors with dynamic power converters) is a near-term space 
nuclear power system designed for the 10- to 50-kWe power range. These systems 
are characterized by their high efficiency, electrical power production using 
conventional materials at low operating temperatures. The SNAP-DYN program at 
Rockwell has as its goal the delivery of flight-prototypic power systems with
in 5 to 6 years from start of the program. All components within these systems 
are based on demonstrated hardware technology to meet this goal. System per
formance levels of 6.6 to 13.2 We/kg (3 to 6 We/lbm) over the 10 to 50 kWe 
range are available with SNAP-DYN. The small physical size of the power system 
combined with its low temperature, deployable space radiator structure results 
in a compact payload configuration. 

BACKGROUND 

SNAP-DYN systems are designed to use the demonstrated power conversion tech
nologies of the Organic Rankine Cycle (ORC), the Closed-Brayton Cycle (CBC), 
and the Free-Piston Stirling Engine (FPSE) to achieve high overall system 
power conversion efficiencies of 16 to 20%. The ORC, CBC, and FPSE technol
ogies have been demonstrated in previous ground engineering tests at various 
power levels (1.3 to 25 kWe) as reported by Bland (1985), English (1982), and 
Brown (1987). These tests have shown that each has the inherent capability 
of more than 60,000 h operation. This capability is achieved in all three 
designs using a hermetically sealed system, working fluid lubricated bearings, 
and one or two moving parts. All three power conversion technologies are 
being investigated by the National Aeronautics and Space Administration-Lewis 
Research Center (NASA-LeRC) and Rockwell's Rocketdyne Division for their 
potential use in the Solar Dynamic (SD) power system option for the Space 
Station Electrical Power System. The renewed interest in the Dynamic Isotope 
Power System (DIPS) and its ORC and CBC power conversion options for future 
military missions also would contribute to the necessary hardware development 
programs in the areas of power system reliability and survivability. 

Coincident with these efforts has been NASA's development program for large, 
deployed space radiator structures for the Space Station's thermal management 
system. The heat rejection subsystems for the SD power systems also require 
the use of large, deployed space radiator structures. These development 
efforts have resulted in radiator panel designs with low specific mass and 
relatively high thermal efficiencies operating in the 294- to 422-K tempera
ture range as reported by Fleming (1986). 

The previous space reactor development program as reviewed by Bost (1987) for 
the SNAP-2, -8, and -lOA systems resulted in a series of zirconium hydride 
(ZrH) moderated reactors with 922 K coolant outlet temperature capability. 
Six SNAP reactors were tested for more than 40,000 h in ground demonstration 

553 



tests carried out at Rockwell facilities. A SNAP-lOA flight system (FS-4) was 
successfully launched in April 1965 and operated in a 700-nautical-mile orbit. 
Other hardware developed during this program includes electromagnetic (EM) 
pumps (212,000 h), liquid metal expansion compensators (>100,000 h), reactor 
control actuators (264,000 h), bearings (235,000 h), and radiation shields 
(>19,000 h). The SNAP-lOA and -2 reactor ground tests successfully demon
strated the long-life capabilities of this space reactor technology. SNAP-DYN 
systems have a firm technology data base. 

These well-developed technologies can be combined into a SNAP-DYN power sys
tem concept to provide a low temperature, state-of-the-art alternative power 
source to meet the future near-term requirements for space power systems in 
the 10- to 50-kWe power range. 

SYSTEM DESCRIPTION 

The SNAP-DYN concept, using an ORC Power Conversion Assembly (PCA), is shown 
in Figure 1 in its deployed configuration with a user payload interface. The 
major components in the power conversion system are located in a relatively 
small triangular-shaped package at the end of two extension booms. 

VAPORIZER 
/ORC PCU 

RESERVOm RADIATOR PANELS 
PAYLOAD 

13.7 M DEPLOYED POSITION 

SUPPORT STRUCTURE 
NaK VOLUME 
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SHADOW 
SHIELD " 

/^HEAT REJECTION HEATPIPE RADIATOR TORQUE BOX 

/ 
REACTOR 

j P i l 
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NaK EM PUMP 
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ELECTRONIC COOLING RADIATOR 

FIGURE 1. SNAP-DYN ORC Power System. 

This package consists of: 

• A SNAP derivative reactor cooled with a liquid metal eutectic (NaK) 

• A SNAP-type shadow shield 

• Thermoelectric-powered electromagnetic (TEM) pumps 

• Liquid metal volume accumulator unit 

• A dual-tubed ORC vaporizer unit 
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• A dual-unit ORC PCA 

• Dual heat rejection loop ancillary component packages 

• Flat panel radiator sections for the waste heat rejection of the TEM 
pumps and the parasitic load radiators for the ORC PCA units 

• A deployable flat panel primary radiator. 

RECUPERATOR 

The largest single component in the system is the deployable radiator using 
heat pipe panels or redundant pumped liquid loop radiator panels for PCA 
cycle waste heat rejection. At the base of the main radiator structure and 
the extension booms is the Power Processing and Control (PP&C) assembly with 
its cylindrically shaped radiator. This module provides the power system-
payload interface for the spacecraft. The 
extension booms provide physical protection 
for the redundant electrical buses used to 
feed the power back into the PP&C assembly-
payload bay area. With the radiator panels 
folded back into the PP&C assembly in the 
stowed position, the entire pow6r system 
length can be reduced to 2.8 m for a lO-kWe 
system or 4 m for a 30-kWe system. Small 
CBC-based SNAP-DYN configurations can also 
be accommodated within this same design 
as indicated in Figure 2. 

COOLER 

FC75 
PUMP 

HEATER 

NaK EM PUMP CBC PCU 

FIGURE 2 . SNAP-DYN CBC Power 
System Configuration. 

SUMMARY 

The SNAP-DYN power system has been reviewed to characterize the system size, 
mass, and efficiency in the 10- to 50-kWe power range. All of the major com
ponent technologies for this system concept, including deployment, have been 
developed or they are under development for the Space Station. DIPS technology 
is directly applicable to the concept in the areas of power system reliability 
and survivability. The SNAP-DYN concept is a truly state-of-the-art system for 
use in future military and civilian space power programs. 

Acknowledgments 

This work was conducted as an internally funded program of the Rocketdyne 
Division of Rockwell International Corporation. 

Bland, T. J., Ciaccio, M. P. 
Design of Organic Rankine 

References 

, and P, D. Lacy (1985) Recent Advances in the 
Cycle Power Conversion for Space Power Systems. 

Sundstrand Advanced Technology Group, Rockford, Illinois. 

Bost, D. S. (1987) "Multikilowatt Space Power System Using ZrH-Moderated 
Reactor and Organic Rankine Power Conversion," No. 879174, 22nd lECGC, 
August 1987. 

Brown, A. T. (1987) Space Power Demonstrator Engine Phase I Final Report. 
MTI87TR36, Mechanical Technology Incorporated, Latham, New York. 

555 



English, R. E. (1982) Power Generation from Nuclear Reactors in Aerospace Ap
plications. NASA TM 83342, Lewis Research Center, Cleveland, OH, November 
1982. 

Fleming, M. L. (1986) Final Report Solar Dynamic Heat Transport and Radiator 
Trade Studies. 3-14000/6R-48, LTV Missiles and Electronic Group, LTV Aero
space and Defense Company, 21 November 1986. 

556 



SMALL PARTICLE BED REACTORS: SENSITIVITY TO BRAYTON CYCLE PARAMETERS 

John R. Coiner and Barry J. Short 
The Babcock & Wilcox Company 

P.O. Box 10935 
Lynchburg, VA 24506-0935 

(804) 385-2000 

INTRODUCTION AND PURPOSE 

Particle bed reactors (PBRs) have been proposed for closed Brayton cycle 
(CBC) space power systems in the tens of kWe power range (Rich et al., 1987) 
The use of this type of reactor appears attractive based on system mass 
calculations for these power levels. However, because the reactor can be a 
significant portion of the mass of the total power system, a study was 
performed to evaluate the sensitivity of the PBR mass to variations in key 
design parameters of the CBC. The results of this study allow the 
optimization analysis of a CBC system to properly integrate and evaluate how 
changes in system parameters affect the PBR. 

BACKGROUND AND APPROACH 

The PBR fuel element consists of particle fuel contained within porous rigid 
cylinders called frits (Figure 1). The coolant, a mixture of helium (He) 
and xenon (Xe), flows radially through the outer frit, the particle bed, and 
the inner frit and then exits the core axially. For these low power level 
applications, either 7 or 19 fuel elements are arranged on a triangular 
pitch surrounded by a metal hydride moderator to form the core (Figure 2). 

The preliminary design of a PBR for a specific application requires 
balancing thermal-hydraulic and neutronic design considerations to produce a 
compact, low mass design. One of the first design considerations is the 
size of the hot frit inside radius. Thermal-hydraulic requirements dictate 
a large radius to provide an acceptable core pressure drop, while neutronics 
considerations prefer a small radius to minimize the neutron leakage. The 
radius chosen is usually dictated by the allowable core pressure drop, the 
allowable minimum particle bed thickness, the fuel particle design, and the 
mass flow rate. Once this inside radius has been determined, the reactor 
size and mass have effectively been set. 

Optimizing the design of a CBC involves selecting a number of system 
parameters, within materials or other constraints, to meet the optimization 
goal - usually the lowest system mass. Many cases are calculated by varying 
system parameters, such as turbine inlet temperature and pressure, system 
pressure loss, compressor inlet temperature and pressure, recuperator 
effectiveness, and coolant gas mixture proportions. As these parameters 
change so does the reactor hot frit radius, and therefore the mass of the 
PBR. 
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To allow system optimization, an algorithm for estimating the change in hot 
frit inside radius as a function of several key system parameters was 
developed. Another algorithm is used to establish reactor mass as a 
function of the hot frit radius. The reactor designer prepares a 
preliminary PBR design based on preliminary system parameters. The CBC 
system designer can then use the preliminary reactor design and the reactor 
sizing algorithms in the optimization study. 

RESULTS 

The algorithm developed for the change in hot frit inside radius is 

1/2 p 1/2 1/4 , 1/4 , . , 1/4 
y, - _l_ _0 _l_ _0 0̂  

1" % Pi 'o "l 1-^1 ' ^'^ 

where: 
r is hot frit inside radius 
G is mass flow rate, kg/s 
P is pressure, MPa 
T is reactor outlet temperature, k 
f is ratio of P(,̂ +/P,-n for the reactor 
M is molecular weight 
0 is subscript denotes values used in preliminary design, and 
1 is subscript denotes values used in optimization. 

Caution should be used in interpreting the above equation because some 
parameters are functions of other parameters and various assumptions. For 
example, any change in the mole fractions of He and Xe, causing a change in 
molecular weight, would also cause a change in the mass flow rate, m, due to 
the change in the gas mixture specific heat. 

An understanding of the interrelationship of CBC parameter selection of PBR 
size can be obtained by examining the aforementioned expression. For 
example, an increase in the reactor operator pressure causes a decrease in 
the hot frit radius and, therefore, the PBR size and mass. This includes a 
desire for a system pressure as high as is practical for the rotating 
components. 

Another important relationship is the effect of the gas mixture molecular 
weight on the PBR size. Turbine design prefers a high molecular weight to 
improve efficiency. First glance at the algorithm would seem to indicate 
that an increase in molecular weight would also benefit the PBR size, but 
this is not true because an increase in M requires a corresponding increase 
in the mass flow rate, m, to account for the decrease in specific heat. 
Therefore, a doubling of the molecular weight requires a doubling of the 
required mass flow rate for the same temperature increase across the 
reactor. This leads to an approximate 20% increase in the hot channel 
radius. 
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CONCLUSIONS 

Relatively simple particle bed reactor algorithms have been developed for 
optimizing low power CBC systems. These algorithms allow the system 
designer to understand the relationship among key system parameters as well 
as the sensitivity of the PER size and mass (a major system component) to 
variations in these parameters. Thus, system optimization can be achieved. 
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THE CLOSED BRAYTON CYCLE: AN ENERGY CONVERSION 
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INTRODUCTION 

The predicted power requirements for a large number of next-generation mili
tary communications and surveillance missions fall in the range of 5 to 30 
kWe. Typically, the power spectrum includes nominal power followed by peaking 
power. The "on demand" power spectrum must be met for 10 years. 

The closed Brayton cycle (CBC) shows great promise as an energy conversion 
system that can meet space power needs in the 1990s. The CBC is ideally 
suited for integration with the Brookhaven National Laboratory (BNL) particle 
bed reactor (PBR) (Rich et al. 1987). The CBC, operating with a single-phase 
gas working fluid, and the PBR, a gas-cooled reactor, provide the simplest of 
systems with a shared working fluid and no intermediate heat exchanger. The 
single-phase gas working fluid is not affected by zero gravity, freezing or 
high temperatures, launch vehicle accelerations, or flight maneuver loads. 
Space environmental testing can, therefore, be accomplished entirely on earth. 

Scaleability of all system components and flexibility of the design assure 
PBR-CBC system optimization to meet the mission design drivers. Flexibility of 
operation assures meeting the requirements of several missions for nominal and 
peaking power. 

The PBR-CBC system can meet near-term military space mission requirements with 
peak cycle temperatures of 1500°F to UOO^F (1089 K to 1200 K) or below. 
Superalloy metals, proven by millions of hours of service in gas turbines, are 
available today to meet the 10-year mission requirement. The future growth 
potential of the system assures that the PBR-CBC can meet the needs for the 
early 1990s and beyond. 

The simplicity of the PBR-CBC system, with its shared working fluid and no 
need for an intermediate heat exchanger, leads to a very competitive system 
mass using current materials. The growth potential of the superalloy metals 
will provide an even lower system weight. 
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DISCUSSION 

Figure 1 presents a flow diagram for the PBR-CBC system. Figure 2 illustrates 
the thermodynamic cycle. The recuperator is the key cycle modifier for 
achieving high cycle efficiency, as well as a major contributor to the flex
ibility of design. As shown in the referenced figures, energy from a PBR 
directly heats the high-pressure gaseous working fluid to the maximum cycle 
temperature. The high-pressure gas expands through a turbine to drive an 
integral electrical alternator and the compressor. The turbine discharge gas 
is cooled, first in the recuperator heat exchanger and then the radiator, 
before being introduced into the compressor. The low-pressure gas is com
pressed to the highest cycle pressure and then heated at essentially constant 
pressure in the recuperator before being directed to the heater, thus com
pleting the closed loop. 

FIGURE 1. Closed Brayton Cycle Flow Diagram. 

FIGURE 2. CBC Thermodynamic Cycle. 

The PBR-CBC technology is supported by 45 years of heat exchanger experience. 
35 years of turbomachinery experience, and 25 years of space power experience 
at Garrett. 

Design 'flexibility is evidenced by the fact that the design driver may be 
maximum cycle efficiency, minimum system mass and volume, minimum heat rejec
tion, system size and infrared (IR) signature, cost, reliability, or a desir
able combination of these. The major independent cycle parameters selected 
during the optimization are 

• Compressor and turbine inlet temperature, 

• Recuperator effectiveness (Er), 

• Compressor pressure ratio (CPR), 

• Pressure loss parameter (8), 

• Engine shaft speed (N), 

• Compressor-specific speed (Ng\ 
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• Choice of working fluids, and 

• Molecular weight of working fluid. 

In the optimization process, these major independent parameters must be 
examined against the impact they have on the design drivers listed above. 

Flexibility of operation is afforded by: 

• Excellent off-design performance, 

• The use of the single-phase working fluid that does not temperature-
limit the cycle and is not affected by zero gravity, 

• The ability to change the power level for a given design by changing 
the gas inventory, turbine operating speed, or turbine inlet temper
ature (TIT) independent of each other. 

Figure 3 summarizes system masses for units rated from 5 to 100 kWe. The 
system weights include a typical reactor shield. The radiator mass does not 
include hardening against threats. 
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CONCLUSIONS 

The PBR-CBC system provides a 5- to 30-kWe class nuclear power system for 

surveillance and communications missions during the 1990s and will scale to 

100 kWe and beyond for other space missions: 

. • The PBR-CBC is technically feasible and within the existing state of 
the art (SOTA); 

• The PBR-CBC system is flexible, scaleable, and offers development 
economy; 

• The ability to operate over a wide power range promotes commonality 
between missions with similar but not identical power spectrums; 

• The PBR-CBC system mass is very competitive with rival nuclear 
dynamic and nuclear static power conversion and systems; 

• The PBR-CBC provides growth potential for the future with even lower 
specific masses. 
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THE EFFECT OF OPERATING TEMPERATURE AND TURBINE BLADE 
COOLING ON BRAYTON CYCLE SPACE POWER SYSTEMS 
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INTRODUCTION 

Sandia National LeQjoratories' Advanced Power Systems Division 
performs system analysis to evaluate multimegawatt space power 
systems and to help determine which areas of technical 
development should receive emphasis. This paper presents results 
from a part of our system evaluation work that deals with 
multimegawatt, Brayton cycle, space power systems. 

The Brayton systems considered in this study are nonrecuperated, 
steady state, closed systems and consist of a helium cooled 
reactor, a turbine, a space radiator, a compressor, an 
alternator, and a power conditioning unit. In general, 
increasing turbine inlet temperature increases Brayton cycle 
efficiency, increases radiator temperature, and decreases system 
mass, but it also decreases the strength of materials used in the 
turbine. If a material's temperature limit is exceeded, the 
material must be cooled or replaced by a material that tolerates 
higher temperatures. If the material is cooled, the use of 
coolant will reduce the efficiency of the power cycle and may 
actually negate the increase in efficiency normally gained by 
using higher turbine inlet temperatures. 

A turbine model formulated by Hudson (1988) has allowed us to 
explore the trade-off between using increasing turbine inlet 
temperatures and the need for greater turbine blade coolant flow 
rates. This paper will quantify how turbine inlet temperature 
and turbine blade cooling effect the mass of a Brayton space 
power system using a nickel superalloy turbine. It also examines 
the effect that turbine inlet temperature has on system mass when 
uncooled molybdentim refractory metal and uncooled carbon turbines 
are used. 

SYSTEM PERFORMANCE AND WEIGHT MODELS 

Blade cooling is accomplished by taking fluid as it leaves the 
compressor and injecting it into the turbine's cooling system. 
The effect that this coolant has on system efficiency depends on 
the required mass flow rate of coolant. The use of blade cooling 
increases the flow rate of fluid through the compressor and, 
thus, increases the power required to run the compressor. Since 
compressor power is supplied by the turbine, the system's net 
power and efficiency are reduced. The extra fluid must also be 
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cooled by the radiator, causing radiator area to increase, 
effect of blade coolemt on system efficiency is given 
quantitatively by Equation (1): 

Efficiency = l-(Fc/Ft+l)x(Tto-Tci)/(Tti-Tco)• 

The 

(1) 

F^ is the blade coolant flow rate. F^ is the fluid flow rate 
entering the turbine, T̂ j is the turbine inlet temperature, 
T^P is the turbine outlet temperature, Tj,̂  is the compressor 
inlet temperature, and 1^^ is compressor outlet temperature. 
These temperatures are found using standard Brayton cycle 
thermodynamics that take into account turbine and compressor 
efficiency and pressure losses in the reactor. A detailed 
description of the system model is found in Edenburn (1988). The 
required flow rate of blade coolant will be calculated later when 
the turbine model is discussed. Now we will describe the models 
used for the power system's components. 

The reactor used in this study was a gas cooled particle bed 
reactor, but could have been any other gas cooled reactor without 
changing our results. The algorithms used to determine its mass 
are given by Marshall (1986). 

Our turbine model was formulated by Hudson (1988). The turbine's 
maximum speed is found by requiring that disk and blade stress in 
the turbine's last stage do not exceed the material's 7 year, 1 % 
creep strength. The values of specific creep strength for the 
three materials used in this study are shown in Figure 1. 
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The turbine's speed may also be set at a value below its maximum 
if, for example, its speed is to match a generator's speed. 
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After speed is set, stages are sized individually by requiring 
that mass and energy be conserved and that disk strength not 
exceed the material's maximum value. Since working fluid 
temperatures are lower and material strengths are higher in the 
later stages of the turbine, disk diameters and blade lengths 
will increase toward the later stages. Usually, only the first 
few stages of a turbine require cooling because fluid temperature 
decreases as it passes through the turbine. In our model, we 
specify a desired blade temperature, and, if it is below the 
working fluid's temperature, blade cooling is required. El-Wakil 
(1984) defines a cooling effectiveness. Equation (2), and a 
dimensionless parameter B, Equation (3): 

Effectiveness = (Tg - Tj,) / (Tg - T̂ ,) (2) 

B = (Fj, Cp) / (h A). (3) 

T_ is the working fluid's temperature entering the stage, Tĵ  
is the desired blade temperature, T^ is the coolant's 
temperature as it enters the turbine, C- is the fluid's 
specific heat, h is the heat transfer coefficient between the 
working fluid and the blade, and A is the total blade (stator 
plus rotor) area in the stage. El-Wakil shows data relating 
effectiveness to parameter B, and, for combined convective and 
film cooling, an approximation to this relationship is given by 
Equation (4): 

E;ffectiveness = 0.5xB°*^. (4) 

We used 3000 J/m^sK for h and 5188 J/kgK for C_ for helium. 
We also assumed that blades are one-third as wide (axial 
dimension) as they are long and that blade spacing is one-third 
of blade length. The total blade area in a stage is given by 
Etjuation (5): 

A = 8 X pi X disk radius x blade length. (5) 

These equations were used to specify the coolant flow rate for 
each stage where Tĵ  is less than Tg. No coolant is necessary 
where Tvj is greater than T„. Flows for each stage were 
summed to get the total. 

The compressor is a significant part of system mass, but we do 
not have a good model for it yet. We assume that it weighs three 
times as much as the turbine, and has an efficiency of 85%. 

Radiator area is found using the algorithms specified in Edenburn 
(1988). The algorithms were derived by solving the nonlinear 
differential equations, which describe the process of working 
fluid transferring heat in a heat exchanger to the heat pipe 
evaporator section and the heat pipes radiating to space. As the 
working fluid passes through the heat exchanger, its temperature 
decreases as does the heat pipe radiator's temperature. We 
assumed that radiator mass is 12 kg/m^ for temperatures above 
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1000 K, 8 Yq/jcr between 650 and 1000 K, and 5 Viq/Tsr below 650 
K. We also added a factor of 1.5 to account for the heat 
exchanger's mass and a factor of 1.25 to account for meteoroid 
losses. Radiator emittance was assumed to be 0.88. 

Alternator and power conditioning unit masses were assumed to be 
0.1 and 0.2 kg/kW, respectively. We think that our alternator 
mass may be too high by a factor of two, and we do not have good 
enough definition on power conditioning design yet to pick a firm 
specific mass. However, both specific masses are the same for 
all of the systems considered and will not influence the relative 
results. 

RESULTS AND CONCLUSIONS 

Figure 2 shows Brayton system mass for a 10 MW^ system that 
operates for 1 year. Three types of turbines are used: 
superalloy, a molybdenxim refractory metal (TZM), and carbon 
composite. The superalloy turbine uses blade cooling with blade 
temperatures specified to be 1000 K, 1100 K, 1200 K, and 1300 K. 
Higher temperatures are beyond the capabilities of this 
superalloy. Examining any one of these four curves shows that 
system mass decreases to a minimum and then increases as turbine 
inlet temperature increases. This is because, as turbine inlet 
temperature increases above the prescribed blade temperature, the 
increasing blade coolant flow rate reduces cycle efficiency 
faster than turbine inlet temperature increases efficiency. 
Thus, for any given blade temperature, there is an optimum 
turbine inlet temperature, and higher temperatures are 
counterproductive. 
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As blade temperature increases, the optimum system mass 
decreases, because the effect of reducing blade coolant flow 
rate is more important than the turbine's increasing mass caused 
by its material becoming weaker. Of course, this trend only 
continues until the blade temperature exceeds the material's 
temperature limit. Superalloy blade temperatures of 1200 K and 
above may not be practical, however, because these turbines need 
many (more than 20) stages. A large number of stages are 
required because the high temperature weakens the turbine's 
material, reduces its allowed blade speed, and therefore reduces 
the power that can be extracted by a single stage. Nickel 
superalloy turbines should be operated with turbine inlet 
temperatures around 1200 K and blade temperatures that require 
little cooling. Other alloys with higher temperature 
capabilities should be operated at higher temperatures. 

The TZM turbine does not use blade cooling and offers a mass 
advantage for turbine inlet temperatures above 1200 K, but at 
these temperatures it also requires an excessive number of 
stages. The carbon turbine offers an advantage at all 
temperatures because of its low mass and high temperature 
capabilities. At 2000 K, its system mass is one-third that of 
the superalloy turbine system. While the carbon turbine offers 
a tremendous potential benefit for these closed systems, we must 
keep in mind that superalloy turbines are a proven technology 
and that carbon turbines are in the early stages of development. 

To help understand the differences among the three types of 
turbines. Table 1 compares parameters and component masses among 
a superalloy turbine system at 1200 K, a TZM turbine system at 
1500 K, and a carbon turbine system at 2000 K. The most 
dramatic mass differences are for the radiators. Higher turbine 
inlet temperatures benefit radiator mass in two ways: radiator 
temperature is higher, and rejected heat is lower because of the 
higher efficiency. 

The superalloy turbine system mass shown in Table 1 is somewhat 
greater than in previous studies, (Marshall 1987). There are 
two reasons for the mass increase. The first is that previous 
studies used a turbine inlet temperature of 1500 K with no 
penalty for blade cooling. The lower turbine inlet temperature 
indicated in the present study and the efficiency lost due to 
blade cooling make the radiator larger than in the past. The 
second reason is that we have doubled radiator mass to more 
accurately account for meteoroid shielding. 

In conclusion. The use of blade cooling for superalloy turbines 
does not allow turbine inlet temperatures much beyond the normal 
material temperature limit, because blade cooling reduces cycle 
efficiency. The use of carbon turbines promises to 
substantially reduce the mass of state state systems, but carbon 
turbines will require substantial development effort. 
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TABLE 1. Masa Breakdowns for Three Brayton Space Power Systens, 

Superalloy TZM Carbon 
1200 K Turbine 1500 K Turbine 2000 K Turbine 
1100 K Blades 1500 K Blades 2000 K Blades 

Cycle Efficiency (%) 

Turbine Outlet Temperature (K) 

Kadiator Area (Sg. M.) 

Tuiisine Stages 

Reactor Mass (kg) 

Shield Mass (kg) 

Main Radiator Mass (kg) 

Turbine Mass (kg) 

Compressor Mass (kg) 

Generator Mass (kg) 

Power Conditioning Mass 

Gen t PC Mass (kg) 

Miscellaneous Mass (kg) 

Total Mass (kg) 

(leg) 

21.8 

814. 

7450. 

24 

6.1 

4.9 

76.8 

2.1 

6.3 

1.1 

2.0 

2.3 

10.2 

111.7 

27.0 

979. 

3350. 

59 

5.0 

4.2 

37.8 

5.3 

16.0 

1.1 

2.0 

2.3 

7.4 

81.0 

35.0 

1107. 

1300. 

16 

3.9 

3.0 

17.0 

0.2 

0.5 

1.1 

2.0 

2.3 

3.0 

33.4 
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A COMBINED RANKINE/BRAYTON PULSE POWER CYCLE 

Edmund P. Coomes, Benjamin M. Johnson, and Herbert J. Bomelburg 
Pacific Northwest Laboratory 
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Richland, WA 99352 

(509) 375-2006 

INTRODUCTION 

If hydrogen coolant is available during the burst mode operation of a weapons 
platform of a Space Defense Initiative (SDI) system, its use as the working 
fluid in an open cycle power system is generally considered to be the method 
of choice to provide the power requirements for the weapons system. The concep
tual cycle described here allows the use of this source of hydrogen in conjunc
tion with a liquid metal Rankine (LMR) cycle. With this approach, the advan
tages that accrue to the use of the Rotating Multimegawatt Boiling Liquid Metal 
Reactor (RMBLR) (Johnson and Coomes 1987) as a very low mass, steady state, 
and pulsed mode reactor concept are achieved without the need of a high capacity 
heat rejection system, stored energy system, or a separate pulsed mode reactor. 

The pulse power requirement assumed in this description is 500 MWe. The amount 
of available hydrogen was stipulated to be 70 kg/s at 300 K and 2.02 MPa. 
Because the concept involves a unique turbine design for which no experience 
exists, the description assumes total use of the available hydrogen and estab
lishes a required turbine mechanical efficiency to produce the stipulated pulse 
power requirement of 500 MWe. The steady state requirement is set at 10 MWe. 

PROCESS DESCRIPTION 

Briefly, in the cycle as depicted in Figure 1, the cold hydrogen is mixed 
70Kg/s at 300K, 2.02 MPa „ 

Reactor 

1300 MWt 

480 MUe 

920K 

-Q) 
FIGURE 1. Schematic of Hybrid Pulse-Power Cycle. 
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with the hot, high quality potassium vapor coming out of the reactor, both 
streams being at essentially the same pressure (2.02 MPa). A major part of 
the potassium (K) vapor from the reactor is condensed in the direct contact 
condenser, and the rest is carried along with the hot hydrogen stream to the 
hybrid turbine shown in Figure 2. The condensed potassium is then pumped 
back directly to the reactor. In the turbine, the binary mixture of hydrogen 
and the remaining potassium vapor would be expanded and cooled in the high 

FIGURE 2. Hybrid Turbine for Hybrid Pulse Power Cycle. 

pressure stages, and the potassium would be essentially totally condensed and 
extracted. The hydrogen (H2) would then be expanded further through the lower 
stages, exiting at a temperature below 400 K. The operating parameters for 
this cycle are shown in Figure 3. 
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FIGURE 3. Operational Parameters for Hybrid Pulse-Power Cycle. 
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DIRECT CONTACT CONDENSER 

The mixer/condenser/separator is a large direct contact heat exchanger between 
the hot potassium vapor and the cold hydrogen gas, and functions as a large 
cyclone as shown in Figure 4. The heavier K-vapor is injected at the center 
and the hydrogen is injected tangentially at the periphery. The condensing 

H, + K-vapor to Turbine 2b 

K-liquid 
layer 

K-liquid 

H, manifold 

.open space 
Hj Inlet-Manifold 

K-liquid layer 

H- injection points 

K-liquid 

H- + K-vapor 

to Turbine 2a 

FIGURE 4. Mix/Condenser/Separator for Hybrid Pulse-Power Cycle. 

potassium will spiral outward and the lighter H2 gas will spiral inward. It 
is assumed that the resulting H2/K-vapor mixture will leave in nearly thermal 
equilibrium with the outgoing condensate. For the conditions shown in Figure 
2, this temperature is about 1144 K, which means that a mixture that is 87% H2 
(by volume) will enter the turbine. However, this gas mixture is 75% potassium 
by mass. This type of direct contact heat exchanger bears a close resemblance 
in principle of operation to one recently demonstrated by Bruckner et al. 
(1986). 

HYBRID TURBINE 

The volume and mass fraction of potassium vapor noted above means that even 
when all the K-vapor has been condensed in the upper stages of the turbine, 
the volumetric flow has decreased by only 13% due to such condensation. It 
is, therefore, expected that the design of the turbine will not differ much 
from that of more conventional turbines capable of handling 13% moisture. 
The lower stages, after the extraction of the liquid potassium, would handle 
just the hydrogen; assuming an expansion ratio of about 10:1 for the turbine, 
the H2 gas would exit at about 400 K and .06 MPa. The turbines would be of 
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the Ljungstrom type because of their demonstrated capability of handling high 
moisture without significant blade erosion. The K-vapor component of the 
working fluid would be condensed in the counter-rotating nozzles of the high 
pressure section, while the H2 vapor would be taken to axial turbines that 
will function as standard gas turbines (Brayton cycle) operating on H2. With 
the mixed H2 and K-vapor streams entering the hybrid turbine under the 
conditions depicted in Figure 1, the power potentially available under the 
stipulated adiabatic expansion would be 516 MW for the H2 and 430 MW for the 
potassium, for a total of 946 MW. For very large turbines, efficiencies in 
excess of 80% are anticipated. For a hybrid turbine such as described here, 
it is not possible to project a realistic total efficiency because none has 
been built. For the total output as depicted in Figure 1, 490 MWe, a 52% 
mechanical efficiency would be required. 

CONCLUSIONS 

Mixed fluid Ljungstrom turbines using hydrogen and potassium vapor appear to 
be feasible. There appears to be a considerable degree of freedom in the 
design of the turbine. Optimization studies would probably result in different 
state points being selected to obtain minimum size and mass of the components. 
Studies have shown, however, that the apparent design sizes of the turbine 
components (blades, and so on) are well within acceptable limits. The resultant 
component weights are probably markedly lower than those for a simple Brayton 
system because of the use of the compact liquid metal cooled reactor as the 
source of heat and a direct contact heat exchanger. 
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FATIGUE FAILURE OF REGENERATOR SCREENS IN A HIGH 
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INTRODUCTION 

The Stirling Space Power Demonstrator Engine (SPDE) Is currently undergoing 
testing at Mechanical Technology Inc. (MTI) as part of the SP-100 Advanced 
Technology Program being conducted by NASA Lewis Research Center. The SPDE is 
a Stirling engine with a two cylinder, opposed-piston/alternator configuration 
designed to achieve a 25-kW electrical power output. 

After several hours of initial operation of the SPDE at the design operating 
pressure of 15 MPa and frequency of 105 Hz, the engine was shut down and 
disassembled. Upon removal of the regenerator screens, considerable cracking 
of the screens was noted and there were loose particles and small pieces of 
screen found both on the mating heater tube sheet and between the regenerator 
screens. 

FAILURE OF THE SPDE REGENERATORS 

A cutaway of the SPDE is shown in Figure 1. A detailed description of the 
engine and its operation is given by Dochat (1984). The SPDE regenerator 
consists of layers of woven Type 304 stainless steel screen. The matrix Is 
made up of a stack of 350 annular shaped, 200 mesh screens with a wire 
thickness of 41 ]im. The screens are pressed into the annular space at the 
base of the heater shown In Figure 2. The screens fill a regenerator length 
of about 2,54 cm. 

"-POWER PISTON AND ALTERNATOR PLUNGER 
1.-85-5665 

Hgura 1 . Cutaway of Engine stiowlng Location of Ragmantor. 
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Raws 2- Otsassenftteti Engme sftovwia Annular Space at tee Bass of the HsaJer where tegsnerator Saeens »« 
Located. 

The SPDE was operated at approximately 7.5 MPa (at about 70 Hz) for a total of 
75.4 h. Engine operating pressure was then Increased to the design point of 
150 MPa/105 Hz and testing was continued for another 4.5 h. Upon disassembly 
of the engine, a considerable quantity of debris was found In the regenera
tors. These debris were found to be magnetic. It was speculated originally 
that the debris might be pure nickel—from a coating on the piston, or pieces 
of the magnets in the plunger assembly. 

METALLURGICAL ANALYSIS 

A scanning electron microscope (SEM) was used to examine the screens. An 
as-received piece of screen was examined throughout the analysis to serve as a 
reference. Figure 3a shows the as-received screen to have flattened wires at 
crossovers due to the manufacturing process of the screens. Figure 3b shows 
a typical regenerator screen that had been run in the engine. It can be 
seen that there is severe damage to the wires, including fractures at cross
overs, uniform cratering, pieces of wire missing, and wire debris filling 
screen openings. 

DISCUSSION 

Debris found in the engine was identified as pieces of the regenerator 
screens. The magnetic behavior of the debris is explained by the presence of 
a body-centered-cubic (bcc) phase Identified by x-ray diffraction. The bcc 
phase was also found in the as-received screens. It has been shown by 
Manjolne (1986) that the bcc phase may be present after plastic deformation 
by tensile or fatigue loading in Type 304 stainless steel. Factors that are 
believed to have contributed to the fatigue failures of the screen at 
crossovers Include: reduction of wire thickness, stress concentration, and 
highly worked microstructure. It was later learned that the reduction In 
wire thickness had occurred because the screen fabricator had subjected each 
screen to a light cold-roll process. These dimensional changes were not 
detected prior to use of the screen, allowing the screens to move freely 
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within the regenerator cavity. The loose screen problem was corrected by 
sintering the matrix into one unit to constrain individual wire movement. 
Subsequent SPDE regenerators have operated flawlessly. 

(A) As-received, Deformatkm at Crossovers. 

(B) Top Screen, Severe Damage, F^res at Wirt Crossovers, SmaH Chips and a Large Particle. 

Figure 3. Scanning Electron Micrographs of Regenerator Screens before and after testing. 
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CONCLUSIONS 

Fatigue failure of the initial SPDE regenerator occurred because the screen 
matrix had been too loosely packed in the regenerator cavity, allowing the 
screens to move freely in the cavity. Failures occurred at the wire 
crossovers where there was: a reduction of wire diameter caused by a light 
cold-roll process of the screen prior to installation, stress concentration, 
and a highly worked m1crostructure~all of which provided a site for crack 
Initiation and subsequent fatigue failure. The problem was corrected by 
sintering the wire matrix to prevent individual wire movement. All subsequent 
regenerators have operated flawlessly and the SPDE has achieved full power 
output. 
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INTRODUCTION 

In order to fulfill the high electric power needs for some of the 
Strategic Defense Initiative (SDI) missions, an energy conversion system 
is needed that will transform the thermal energy produced from a certain 
power source into mechanical work and, consequently, electricity. The 
range and duration of power levels addressed in this study are in the 
order of hundreds of megawatts for thousands of seconds. It is assumed 
that the thermal power source is a gas cooled Pellet Bed Reactor with 
highly enriched UC fuel dispersed in a graphite matrix that is in the form 
of a spherical pellet (Buden et al. 1987 and El-Genk et al. 1987). 

Although there are several energy conversion system options, the 
minimum mass specification placed upon the overall power system 
requires the use of a detailed optimization study before making any 
recommendations on the specific energy conversion system 
configurations to be used for a multimegawatt space nuclear power 
source. 

OBJECTIVES 

This paper presents the results of an optimization study that was 
performed in order to determine the energvf conversion system with the 
smallest possible required "burst mode" racliator area, assuming that the 
radiator constitutes the most massive energy conversion system 
component. Therefore, it is postulated that an optimization resulting in a 
minimum unarmored radiator area will yield the lightest energy 
conversion system. The only system variable that was kept constant 
during this optimization study of the energy conversion system is the 
total electric power output of the plant, which was set at 165 MWe. The 
various energy conversion system configurations analyzed in this study 
are as follows: (1) Liquid Metal Rankine Cycle, (2) Closed loop Brayton 
Cycle, and (3) Open loop Brayton Cycle. 
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RESULTS 

The mass comparisons of the power system configurations analyzed for 
the purposes of this study are shown in Table 1. The specific energy 
conversion system recommended for use along with the Pellet Bed 
Reactor Concept was the result of a comparative analysis of the closed 

TABLE 1. Plant Component Mass Comparisons (Metfic Tonnes). 

^>s,„^^ c y n F.S 

COMPONENT M A S S E S \ ^ 

REACTOR VESSEL 

COMPRESSOR 

IIEATEXaiANGER 

TURBINES 

LIQUID METAL PUMP 

RADIATORS 
(BURST & ALERT) 

LIQUID HYDROGEN 
(LILTANK & 
REFRIGERATION UNIT) 

SHIFin 

TOTAL MASS 

SPECIFIC POWER (Wg/ g) 

BURST/AI.FRT 
CLOSED 

RANKINB' 

( H j / K ) 

4 

2 

11 

5 

0.2 

18 

-

4 

44 

3.8 

BURST/AIJiRT 
CLOSED 

RANKINE* 

( H e / K ) 

4 

4 

12 

7 

0.2 

26 

-

4 

57 

2.9 

BURST/AIFRT 
OJOSHD 

RANKINE" 

(H^) 

4 

13 

-

15 

-

17 

-

4 

53 

3.1 

BURST/AIFRT 
CLOSED 

BRAYTON* 

(Hj) 

4 

13 

-

15 

— 

39 

-

4 

75 

2.2 

BURST OPEN 
BRAYTON''•'=/ 

ALERT CLOSED 
RANKINE 

(Hj) 

6 

0.3 

1 

6 

0.01 

5 

22 

4 

44 

ID 

BURST OPEN 
BRAYTON *•'=/ 

ALRRT CLOSED 
RANKINE 

( H 2 / K ) 

4.5 

0.3 

1 

6 

0.01 

5 

29 

4 

50 

3.3 

a TURBINE INLET TEMPERATURE = 1800 K. 
b TURBINE INLET TEMPERATURE - 2278 K. 
c 2000 SECONDS OF OPERATION. 

loop Brayton cycle (with hydrogen or helium) and the liquid metal 
Rankine cycle (with lithium or potassium) (Buden et al. 1987). As Figure 
1 indicates, the comparison revealed that if the radiator and the reactor 
vessel mass is the objective of optimization, then the combined liquid 
metal Rankine cycle (potassium working fluid)/gas cooled primary 
(hydrogen) system is the superior choice. 

In addition, a parametric analysis of the liquid metal Rankine cycle was 
performed by varying the high pressure turbine inlet temperature and 
pressure, and the coolant type, while optimizing the cycle efficiency and 
the radiator surface area via the high pressure turbine extraction 
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pressure and the cycle rejection pressure (or equivalently the cycle 
rejection temperature), respectively, as displayed in Figures 2 and 3. The 
parametric analysis of the Rankine cycle revealed that if the radiator 
mass is to be optimized, a potassium cycle is superior to a lithium cycle, 
because of the higher potassium vapor pressure compared to that of 
lithium (see Figure 4). Also, if minimum mass of the overall power 
system is the main design goal, a hydrogen/potassium system is superior 
to a helium/potassium system because of the high specific heat capacity 
of hydrogen, as compared to the specific heat capacity of helium, 
resulting in higher plant efficiency for the former, which in turn results 
in a system with lower mass (see Table 1). 

CONCLUSIONS 

An energy conversion system optimization study followed by an overall 
power system parametric analysis was performed in response to the 
multimegawatt power needs of some of the SDI missions during both 
alert and burst modes of operation. The study of the energy conversion 
system revealed that for the power ranges under consideration, the 
potassium Rankine cycle system is superior to the closed loop Brayton 
cycle system, but competitive with the open loop Brayton cycle system. 

In addition, it has been verified through extensive computer simulations 
that the combined burst/alert mode radiator is indeed the most massive 
component of the energy conversion system and, in fact, of the overall 
power system (see Table 1). 
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INTRODUCTION 

The operational control requirements imposed on the multimegawatt power 
systems currently being studied for Strategic Defense Initiative applications 
are very severe. In particular, rapid increases in power level are called for 
on demand from the housekeeping to the alert and from the alert to the burst 
modes. Of the several strategies conceived to deal with this, nuclear 
reactors with suitable control systems have proved to be a popular choice. In 
this paper we describe the design and testing of the Automatic Reactor Control 
System (ARCS) for the Upgrade Transient Reactor Test Facility (TU). The ARCS 
was designed to meet functional requirements that have close similarities to 
the multimegawatt reactor requirements. The significant features of the ARCS 
should be applicable to the KMW reactors. 

Like the current Transient Reactor Test Facility, the upgraded TREAT reactor 
will be used to test the behavior of reactor fuel bundles under prototypic 
accident conditions. The general transient power shape that the control 
system has to produce (Figure 1) consists of a constant period startup from 
low power to an intermediate power level, followed by a constant period power 
level increase til a high power level. The reactor is fueled with a dilute 
dispersion of ^^U in graphite (C/U atom ratios range from about 1000 to 
10,000) and is air-cooled. During the transient, the reactor behaves nearly 
adiabatically and the control system is asked to produce thermal power 
(neutron fluence) to meet the reactor objectives. For MMW reactors, the goal 
is electric power and the rapid power increase has to occur at the payload. 
The ramping up of thermal/mechanical systems could present significant 
challenges that are not addressed in the TU experience. However, the reactor 
power ramping situation is similar and is the focus of this paper. A constant 
period power increase is an adequate model for MMW applications (in fact the 
power ramp rate will be governed by fuel stress limits or secondary system 
ramp-up limits). The effects of differences in kinetics parameters and the 
requirement of some steady-state operation for the MMW reactor are well within 
the capabilities of the ARCS. 

Peak Power 

Constant /l 
Period \ / l 

Preheat / ' 
t ^ 1 

/ ' ConstanB ' 
/ > Period 1 1 

/ ' 1 'I I I I I ! 

r̂  

1 

t 

IV ' 

CLIP 

^ 
V 

FIGURE 1. Typical TREAT Transient Power Time History. 
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REACTOR KINETICS MODEL 

The conventional point reactor kinetics equations are usually written: 

dN/dt = (6k - e) N/a + z x.C. (la) 

dC./dt = 6̂ N - x.C. for i = 1 to 6 (lb) 

where the terms have their conventional definitions. 

The above equations can be transformed by defining the following 
substitutions: 

p = 5k/B, X. = x.aC./B^, a. = e^/6 (2a) 

*"̂  ^net = •̂ rod "" ̂ feedback •" ̂ delay ^^^^ 

resulting in the compact set: 

dN/dt = B p^g^ N/a (3a) 

dX./dt = X. (N-X.) for i = 1 to 6 (3b) 

For an exponential power change it is convenient to write 

d(ln N)/dt = e p^g^/a (4a) 

and for a constant period change 

d(ln N)/dt = 1/T = a = B p^g^/a (4b) 

where T is the period and o is the reciprocal period. If an exponential 
increase in reactor power is commanded, then 

Pnet = "̂  "'/̂  (5^ 

For TU, the shortest period specified was 0.1 s or a = 10. Substituting the 
TU kinetics parameters 

''net " ^'^^ ^ ^ ° ' ^ ^ 10/0.00713 = 0.597 $. (6) 

A p . = 0.597 $, introduced at time equal to zero, would place TREAT on a 
0 . 1 ^ equilibrium period as compared to 1.56 $ as specified by the in-hour 
formula for a 0.1 s equilibrium period. The difference, $0,963 of reactivity, 
has to be added in time to compensate for the net of feedback reactivity and 
delayed neutron effects. 

CONTROL ALGORITHM 

Based upon the above formulation, a control algorithm was defined for TU by 
starting with the expression 

" = s ("rod ^ "feedback "*" '̂ delaŷ /'̂  ^̂ ^ 

and substituting linearized expressions 
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^od = ^ \ ' '̂ feedback = "̂ f̂* "̂"̂  ^delay = d̂ (̂ ^ 

resulting in 

o. = 6 (K^X^ + K̂ E + p^)/l (9) 

An identical expression can be written for a demand inverse period 

a = 6 (K^X^ + K^E + p ^ ) / l (10) 

where a, X , E, and p. are demand variables, and X^ and E refer to rod 
position and total reactor energy respectively. Combining the above two 
equations and solving for the rod position demand signal gives 

V = ̂  + '̂ (« -<»)/(6 K^) + K^ (E - E)/Kr "̂  ̂ ^d "^d^/^ ' ^̂ ^̂  

The control rod position X^ is obtained by direct measurement. If multiple 
rods are used, then an average position is computed from individual 
measurements. The term K^ converts control rod position to reactivity. The 
above equation has been simplified to show linear conversion. The actual 
algorithm utilizes a non-linear relationship of control rod position to 
reactivity. 

The energy term, E, is calculated from the linear reactor power measurements 
by using trapezoidal integration: 

k̂ = h-l -̂  (\ ^ \-l) ^/2 . (12) 
A 

The demand energy, E, is obtained from the solution of an analytical equation 
for exponential power increase with a specified period. The energy 
coefficient, K̂ :, is computed by using piece-wise slopes of the nonlinear 
reactivity versus energy function. 

The reactivity contribution of the delayed neutrons is estimated by using the 
following equations: 

Variable Description Defining Equation 

X^ ith delayed neutron group dX./dt = x. (N-X^) 

X^ estimated ith delayed dX./dt = x. (N-X.) 
neutron group 

sN reactor power error 

ii. asymptotic estimate of 
/I 

X. - X . 

Ap . estimate of delay group 
reactivity effect ($) 
for i = 1 to 6 Ap^ = a. [X./N - (X. - p.)/N] 

By assuming that reactor power and demand power are constant over a sampling 

5N 

^• 

dvi^ 

'̂ d 

= N -
A 

/d t = 

\ 
= 'd 

N 

- ^ • 

X.(N 

- ^d 
, A 

-

A 

»,) 
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interval, the above differential equations can be analytically integrated and 
algebraic state transition equations can be used to obtain updated estimates 
for reactivity at each sampling interval. The discrete time equations for the 
delayed neutron reactivity algorithm are as follows: 

Variable Designing Equation 

*ei = ^^P (-^^) 

r . = 1 - d) . 
ei *ei 

îk = *ei y - \ •" ̂ei ' \ 

^k = *ei ̂ k-1 ̂  hA 

' \ - \ - \ 

^̂ dk = *it^k/\ - <̂ îk - ̂ ik)/\l 

Description 

ith estimator state transition 
factor 

ith estimator forcing function 
multiplier 

ith group asymptotic estimator 

ith estimated reference delay group 

power error 

estimate of delay group reactivity 
($) 

k integer denoting sample time 

T sampling interval 

The term a is obtained by direct measurement of the inverse period (it is to 
be noted that the output of a period meter is not period but inverse 
period). The term S is obtained from the output of an Alpha Generator which 
provides for smooth transition from a constant period power increase or 
decrease to a constant power level. The desired constant power setpoint is 
defined by N ^ and the constant inverse period value is determined by a . 
Based on sensTtivity analysis the parameter f has been set to 0.4. For power 
levels below 0.6 N^p, the reactor power rises exponentially according to a . 
As the power approaches N^ , the inverse demand period, a., is decreased 
linearly until it reaches zero (infinite period) at N. . The control rods are 
automatically moved to compensate for the effects of delayed neutrons. The 
Alpha Generator functions can be visualized by examining Figure 2. 

O j 

1 \ 
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(i-nN^^ 

I-4 
1 

\ . / " * " \ p 

\i -̂  
- "s 

FIGURE 2. Alpha Generator. 
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IMPLEMENTATION OF CONTROL METHOD 

The TU ARCS uses standard neutron flux sensors and electronic signal 
conditioners. The outputs from the signal conditioners provide the input 
signals to the ARCS controller which delivers a position command signal to the 
hydraulic control rod drive mechanism. The ensuing movement of the rods 
determines the reactivity input to the reactor. Figure 3 shows a schematic 
view of the ARCS. The control algorithm developed earlier is executed with a 
digital microprocessor which in turn controls the overall performance of the 
system. 

^ 
ALPHA 

GENEKATOR 

o 

DELAYED 
NEUTRON 
ESTIMATOR 

£-^ O ^ MT5 
CONTROLER 

ROD 
AVERAGE 

FIGURE 3. Master Control Algorithm. 

RESULTS OF SIMULATION RUNS 

The performance of the above control algorithm has been satisfactorily 
verified by simulation. One typical transient simulated, the L8 event, calls 
for a power increase from 50 W on a constant 0.1 sec period to a preheat power 
shelf of 240 MW; a constant power at 240 MW until a preheat energy of 1221 MJ 
has been obtained; followed by a 2nd power increase on a constant 0.1 sec 
period maintained until a rod-stop criteria is achieved; followed by a rod-
hold with a consequent power roll-over to a peak power (about 10,000 MW) at a 
prescribed energy level of 2500 MJ; the event ends at 8 sec with insertion of 
all rods at the maximum prescribed energy. Table 1 lists the simulation 
results for an L8 experiment. Simulation of the L8 event and other events 
show that the main control algorithm is capable of maintaining the transient 
prescription to well within 1% of its specified value. 
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TABLE 1. Simulation Results for L-8 Experiment. 

Segment 

Start Transient 
Start Pre-Heat 
End Pre-Heat 
Start Burst 
Rod Stop 
Peak Power 
Start Clip 
End Experiment 

SU^WARY 

Time 

0.0 
1.670 
6.589 
6.840 
6.941 
7.022 
7.042 
8.000 

Rod Pos 
(in) 

0.0 
10.04 
18.38 
31.50 
35.17 
35.04 
35.06 
0.0 

Period 

Ml 
00 

100.1 

0.0 

-20.0 

Power 
(MW) 

5x10-5 
235.8 
239.0 
2303.6 
6285.0 
9360.0 
9147.5 
106.3 

Energy 
(MJ) 

0.0 
48.1 

1221.5 
1424.8 
1833.3 
2499.7 
2685.5 
3414.8 

Various programmatic considerations have delayed the upgrading of the TREAT 
reactor and the performance of the control system has not yet been 
experimentally verified. The current schedule calls for the upgrading 
activities to occur late in calendar year 1987. Detailed simulation results, 
coupled with earlier validation of individual components of the control 
strategy in TREAT, verify the performance of the algorithms. The control 
system operates within the safety envelope provided by a unique protection 
system designed to ensure reactor safety under conditions of spurious 
reactivity additions. The approach should be directly applicable to MMW 
systems, with appropriate accounting of temperature rate limitations of key 
components and of the inertia of the secondary system components. 
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INTRODUCTION 

The rapid adjustment of reactor neutronic power has recently been achieved by 
developing control laws that determine the actuator mechanism velocity neces
sary to produce a specified reactor period. Designated as the 'MIT-SNL 
Period-Generated Minimum Time Control Laws', these relations are closed-form 
expressions of general applicability. In particular, if there is no limita
tion on the available rate of change of reactivity, these laws can be used to 
achieve virtually any desired power profile including time optimal ones. The 
innovative aspect of these laws is that the rate of change of reactivity 
rather than the reactivity itself is used as the control signal. For exam
ple, relative to a time-optimal response, these laws function by altering the 
rate of change of reactivity so that the Instantaneous period is stepped from 
infinity to its minimum allowed value, held at that value until the desired 
power level is attained, and then stepped back to infinity. The response is 
time-optimal because the power adjusment is continuously made at the maximum 
allowed rate. 

The MIT-SNL minimum time control laws are derived from the dynamic period 
equations (Bernard et al. 1988) and may be written In either of two forms. 
The first formulation, which is termed 'standard', is 

P(t) = (B'-P(t))(̂ (t) - X (t)p(t) - (X (t)/X (t))(6-p(t)) + 
e e e 

(1) 
£*(i(t) + Jl*((a)(t))^ + X (t)a)(t) - (X (t)/X (t))a)(t)) 

e e e 

The second formulation, which is termed 'alternate', is 

P(t) = (0-p(t))a)(t) - X'(t)p(t) - i:e",(X -X'(t)) + 
e l i e 

(2) 
£*(I)(t) + ll*((w(t))^ + X'(t)(D(t)) 

e 
where the standard and alternate effective, multi-group decay parameters are 
defined respectively as: 

x^(t) = i:x^c^(t)/2:c^(t) (3) 
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and 

X^(t) s Ex2c^(t)/EX^C^(t) (4) 

These quantities are time-dependent because the relative distribution of the 
delayed neutron precursor groups changes as power is either raised or lower
ed. Other symbols are defined as: 

S is the effective delayed neutron fraction, 

p(t) is the net reactivity, 

2. is the prompt neutron lifetime, 

a)(t) is the inverse of the specified reactor period, 

co(t) is the rate of change of the inverse of the specified reactor 
period, 

p(t) is the rate of change of reactivity necessary to either achieve or 
maintain the specified period, 

X (t) is the rate of change of the standard effective, multi-group decay 
parameter, 

X is the decay constant of the ith precursor group, 

C,(t) is the concentration of the ith precursor group, and 

6. is the effective yield of the ith precursor group. 

These control laws provide the rate of change of reactivity necessary to 
either achieve or maintain the specified reactor period. Transients are Ini
tiated using a very high rate of change of reactivity. As a result, the 
prompt neutron population readjusts rapidly and causes power to rise at the 
specified rate. Delayed effects then begin to build in and it becomes pos
sible to gradually reduce the required rate of change of reactivity. This 
process is illustrated by Figures 1 and 2 which show a simulated power in
crease of six orders of magnitude that was achieved without overshoot in 4.15 
seconds. The specified period was 0.30 seconds. Note that the rate of 
change of reactivity, which is the control signal, changed dlscontinuously at 
both the outset and termination of the transient. This behavior is typical 
of the "bang-bang" response associated with time-optimal control. 

Details of both the derivation of the MIT-SNL minimum time control laws and 
their initial experimental evaluation have been previously reported (Bernard 
et al. 1987 and 1987a). Also, the results of simulation studies in which 
various aspects of these laws were extensively investigated have been presen
ted (Bernard 1987b). The objectives of this paper are (1) to describe the 
experimental program that has been undertaken to evaluate these "period-
generated" control laws on actual reactors, (2) to report the results obtain
ed from this experimental effort, and (3) to discuss the significance of 
these experiments. 
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FIGURE 1. Power Increase Using FIGURE 2. Behavior of Control Signal 
Minimum Time Control Law. and Delayed Terms. 

EXPERIMENTAL PROGRAM 

The experimental evaluation of the MIT-SNL minimum time control laws is being 
conducted at both the MIT Research Reactor (MITR-II) that is operated by the 
Massachusetts Institute of Technology and at the Annular Core Research Reac
tor (ACRR) that is operated by the Sandia National Laboratories. The MITR-II 
is a 5-MWt, light-water cooled and moderated, heavy-water reflected, tank-
type reactor that uses plate-type uranium aluminide fuel. Its minimum allow
ed periods are 50 seconds steady and 30 seconds dynamic. The ACRR is a modi-
fled TRIGA that uses BeO-U02 fuel elements. It can be operated in either a 
steady-state or a pulsed mode. 

The objective of the experimental program is to demonstrate that the MIT-SNL 
minimum time control laws can be used effectively for the rapid maneuvering 
of a reactor's neutronic power. The ultimate test will be to use these laws 
to place the ACRR on a constant period of 0.30 seconds, raise the power by 
five or six orders of magnitude, and then level the power without overshoot. 
The preparatory work that was performed for the conduct of these experiments 
is discussed in the paper. This includes: 

• Modification of the "period-generated" control laws to represent expli
citly the reactivity feedback associated with thermal-hydraulic effects. 

• Implementation of the control laws so that measurements of the reactor 
power and period could be used for feedback purposes. 

• Determination of methods for the accurate on-line calculation of the 
effective, multi-group decay parameters (X (t) and X'(t)). 

Measurement and modeling of the parameters that describe both the MITR 
and ACRR reactors. 

Selection of hardware for use in Implementing the signals specified by 
the control laws. 
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Identification of the appropriate safety interlocks including methods 
for verifying that the specified signal has been Implemented. 

The experimental program is being conducted in steps with each test first 
being performed on the MITR and then repeated under more rigorous conditions 
on the ACRR. 

EXPERIMENTAL RESULTS 

Figure 3 shows the results of a series of closed-loop control experiments 
that were performed on the ACRR on 28 October 1987 using the alternate MIT-
SNL period-generated minimum time control law. For the cases shown, the 
power was increased from 5 kW to 500 kW with specified periods of 10.0, 3.0, 
and 1.0 seconds respectively. Data are shown using both linear and logarith
mic plots. The transients were completed in 46.1, 13.8, and 4.7 seconds 
which are the intervals expected for power Increases of two orders of magni
tude on the aforementioned periods. Hence the control law was in fact main
taining the period constant at the stipulated value. Further evidence to 
this effect is shown by the straight slopes of the log3rithmlc data. 

Figure 4 shows the reactivity associated with the control mechanism during 
the evaluation in which power was raised on a specified period of one 
second. Also shown is the theoretically-expected power profile. Note that 
the transient was initiated by applying a large rate of change of reactivi
ty. A changing prompt neutron population, which is a function of the rate of 
change of reactivity, was therefore being used to drive the power change. 
Once the delayed neutron precursor populations began to readjust, the re
quired rate of change of reactivity was lessened. Also note that upon at
taining the specified power level of 500 kW, the rate of change of reactivity 
was made negative. This forced decrease in the prompt neutron population 
exactly balanced the continuing rise in the delayed neutron population. As a 
result, the power level which is proportional to the net neutron population 
remained constant. 

SIGNIFICANCE OF THE EXPERIMENTS 

These experiments are significant because they have demonstrated that it is 
possible to manipulate a reactor's neutronic power in a controlled manner on 
periods that are as short as one second. Moreover, validity of the MIT-SNL 
period-generated minimum time control laws has been established. Also, the 
concept of controlling neutronic power using the rate of change of reactivi
ty, rather than the reactivity, has been shown to be both practical and 
advantageous. Other benefits have also accrued. First, these tests are 
being conducted in the presence of actual signal and instrument noise. 
Methods developed for improving signal-to-noise ratios are therefore known to 
be realistic. Second, valuable experience has been gained both on the selec
tion of hardware and on the design of the interface between the digital com
puter and the reactor's mechanical actuators. Third, the models of the reac
tor's dynamics and the feasibility of the feedback concepts have been veri
fied. Fourth, and perhaps most important, confidence has been gained in the 
approach. Once an on-line experiment is completed, there can be no question 
as to the efficacy of the technique. It is expected that the MIT-SNL period-
generated control laws will be used in the operation of one of the reactor-
powered spacecraft now being developed by the United States. 
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INTRODUCTION 

Although muitimegawatt (MMW) space nuclear power systems are still at 
initial concept feasibility study stages, they are characterized by very 
fast rise times which correspond to delivering the demanded power 
output within very short time intervals after a load change request has 
been made. Therefore, challenging control engineering problems are being 
raised in view of the fact that the nuclear power system should always 
remain within safe operational contraints while satisfying the high 
performance design specifications. 

One of the practical consequences of the time-optimal control theory has 
been the development of the so-called Linear Quadratic Gaussian/Loop 
Transfer Recovery (LQG/LTR) control system design methodology (Athans 
1988), which has been sucessfully applied for the feedback control of 
several physical systems (Martin and Athans 1986, and Athans et al. 
1986). Althouqh this approach gives the "best" possible transient system 
response while following commands and rejecting disturbances, it does 
not explicitly address some crucial problems such as safety related 
system variable constraints, actuator saturations, and general 
nondeterministic system disturbances. An attempt is made to resolve the 
above-mentioned issues, at least for some simple cases that relate to 
space nuclear power systems, using the unknown-but-bounded (ubb) 
disturbance model along with the Set-Theoretic control system design 
method (Schweppe 1973 and Usoro et al. 1982). 

OBJECTIVES 

In this paper the Set-Theoretic control system design method along with 
the gain-scheduling technique is applied for the automatic control of an 
MMW-type space nuclear power system, after a sucessful application of 
the same control strategvr for the core temperature control of a 
Pressurized Water Reactor (PWR) type nuclear power plant (Parlos et al. 
1987). 

Because there is an uncertainty associated with the pulsing profile of an 
MMW nuclear power system, the demanded load is modeled as an external 
system disturbance which in turn is modeled as an unknown-but-bounded 
process (Schweppe 1973). The objective of the Set-Theoretic method is 
to design a feedback control system that can deliver the maximum 
possible demanded load without violating certain prespecified system 
variable constraints, such as temperature and pressure limits, while 
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using only the available control at the available rate (insertion of 
reactivity using only a finite control rod speed). The explicit treatment 
of the state, control and control rate constraints by the Set-Theoretic 
control algorithm guarantees satisfaction of these constraints by the 
final design. 

RESULTS 

The closed-loop system configuration proposed for the automatic control 
of an MMW type space nuclear power system is shown in Figure 1. The 
systematic control system design method used in this study consists of 
two major steps: (1) Design of several independent linear control 
systems at preselected operating load levels using the Set-Theoretic 
control system synthesis method (Usoro et al. 1982 and Parlos et al. 
1987), and (2) Implementation of these linear control systems into a 
alobal nonlinear control system using the gain scheduling technique 
(Kapassouris 1984 and Parlos et al. 1987). 
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CONTROL RATE 
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DYNAMICS 7 z: 

LOAD DEMAND 

NON-UNEAR 
SYSTB4 
DYNAMICS 

^ OONSIR 
r ^ OUTPUT 

^ L ^ SENSORS 

FIGURE 1. Cl0S6d Loop Control Systsm. 

A transient nonlinear power system model, which was used for both the 
design and simulation stages of this studv', has been developed as an 
extension of a previously developed model (Parlos et al. 1987). The model 
simulates the simplified dynamics of the primary loop of a hydrogen 
cooled/potassium Rankine cycle system, with the steady-state system 
parameters obtained from a previous design study (Buden et al. 1987). 
The point kinetics and lumped parameter energy conservation equations 
are used for the neutronics and thermal part of the model, respectively. 
The validity of the point-kinetics core model has been proven 
satisfactory by another study, and therefore no attempt has been made 
for further verification (Cleveland 1985). 

The linear control systems were designed at ten preselected operating 
points, corresponding to power levels from 10% to 100% of full power, 
with 10% of full power Increaments (100% of full power corresponds to 
165 MWe power output). Because the Set-Theoretic synthesis method 
assumes linear system dynamics, the nonlinear system model was 
linearized around the preselected operatina points. Ten linear control 
systems, each described by a constant feedback gain matrix, were 
designed using the Set-Theoretic control synthesis algorithm. The 
output, control and control rate constraints were specified such that the 
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safety of the power system is not violated. The Set-Theoretic control 
analysis algorithm was subsequently used to obtain the maximum 
disturbance that each of the linear control systems can reject without 
violating the specified constraints. It was revealed that at the high 
power range, the control system can reject load level changes as much as 
12% of full power, whereas at the low power range the system becomes 
less stable and it can only reject load level changes of no more than 5% 
of full power. 

The independently designed linear control systems were implemented 
into a global nonlinear control system by fitting the feedback gain 
matrices into higher order polynomials. The variable that determines the 
actual gain matrix of the nonlinear control system (the scheduling 
variable) is chosen to be the instantaneous load demand, because it 
represents one of the most important system parameters. Transient 
response simulations of the closed loop nonlinear system were 
performed using the nonlinear power system model revealina that a load 
change initiating from 2% (alert mode of operation) of full power and 
terminating at 100% (burst mode of operation) of full power can be 
performed without violating the prespecified power system constraints, 
with the exception of the neutronic power which overshoots only by 2% 
of full power (see Figure-2). 
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FIGURE 2. Alert Mode to Burst Mode Power Level Change 
via the Closed Loop Nonlinear Control System. 

CONCLUSIONS 

A systematic control system design methodology, namely the 
Set-Theoretic algorithm, is used for the automatic control of an MMW 
type space nuclear power system. The main advantage in using any 
systematic control system design method is that it provides results 
which are independent of the specific dynamic system examined. In 
addition, the approach followed in this study posseses several 
advantages including the explicit treatment of state, control and control 
rate constraints which must be strictly enforced for safety purposes in 
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nuclear systems, as well as the ability to model the demanded load as a 
ubb disturbance, since it is desirable to respond sucessfully to highly 
uncertain pulse profiles. Transient response simulations showed that the 
space nuclear power system under consideration can be brought from 
alert mode power levels up to burst mode power levels in resonably short 
time periods, without violating vital constraints placed upon the system 
because of safety considerations. 
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INTRODUCTION 

The Westinghouse Hanford Company, located in Richland, Washington, has been 
designated as the designer and operator of a facility in which a prototype 
of the SP-100 space power reactor will be ground tested. The facility will 
provide a location for the safe and reliable test and operation of a 2.5 MW 
(thermal) fast flux nuclear reactor, associated primary heat transport 
equipment, and reactor instrumentation and controls, in an environment 
closely simulating space vacuum and temperature conditions. The test site 
will also provide the necessary controls and instrumentation to operate 
secondary heat removal, vacuum, and support (for example, heating, 
ventilating and air conditioning) systems, and to collect and process test 
data. This test facility was described in detail in a previous symposium 
paper (Miller 1987). 

The present schedule requires the facility to be ready for reactor testing 
in late 1991. 

DISCUSSION 

One of the important requirements imposed upon a test facility of this type 
is that it be flexible enough to accommodate changes in the number and type 
of measured and controlled parameters, and in the formats of operator 
displays, as the test program progresses. This has been, in the past, 
difficult to accomplish with fixed control panels, meters and switches. In 
many cases, completely new panels had to be designed and fabricated - a time 
consuming and expensive procedure. 

The SP-100 test site will be able to accommodate these requirements by 
utilizing modern microprocessor-based technology for facility control and 
monitoring. The basic systems are shown in Figure 1. The main control 
system consists of three color graphics operator stations. Any one of the 
three will be capable of controlling all systems, but normally one will be 
devoted to the reactor test assembly, one to balance-of-plant systems such 
as the Secondary Heat Transport System, and one for alarms. The operator 
stations will be connected via a data link (such as a coaxial cable) to 
distributed processors and input/output modules. These remote racks will be 
located strategically in the facility so as to minimize cable lengths. All 
control loops will be closed at the remote racks. Since the process 
controllers are also located at these racks, they will continue to function 
even if the data link is severed. 
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The reactor test assembly control system will be supplied as part of the 
equipment to be tested. It will be provided by General Electric Soace 
Nuclear Engineering and Technology Division and will contain features that 
are prototypic of the flight system. The operator will transmit set points 
to the test assembly via one of the remote racks, and then to the test 
assembly controller. The operator will receive monitored data via the same 
path in the other direction. The remainder of the facility systems will be 
controlled and monitored directly through the remote racks. 

The coolant in the Secondary Heat Transport System is liquid sodium. A 
separate control and monitoring system is being provided for heating the 
liquid metal piping, tanks, valves, and other components so as to maintain 
the sodium in liquid form. The reason for the separate system is 
operational expediency. 

The collection and processing of test data requires a system capable of 
high sampling rates (up to 10,000 samples/second). In addition, complex 
calculations are necessary for test analysis. A separate Test Data 
Recording and Processing System is therefore being provided, with a data 
link to an off-site location so that General Electric engineers can monitor 
reactor performance during testing. 

CONCLUSIONS 

Modern microprocessor-based control system technology is being utilized in 
this facility to provide the flexibility and human factors features required 
for safe, reliable testing of a space nuclear reactor and some of its 
supporting systems. The specifications for the control system are being 
written so as to procure a complete system which has been proven in other 
plants, therefore minimizing procurement time and development costs. The 
flexibility of such a system will make it possible to adapt quickly to 
changing test requirements during the life of the facility. 
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INTRODUCTION 

The U.S. is currently at the beginning of a new era in space. As the U.S. 
space program moves into its second 25 years, it faces significant challenges. 
Included among these challenges are the development of a permanent space 
station and the realization of an effective program for the commercialization 
of space. A vital element needed to achieve these goals is the substantial 
use of intelligent automation and robotics (Cohen and Erickson 1985). 
Exanples of potential robot applications in space include using robot 
manipulators and autonomous mobile robots for satellite retrieval and 
servicing, inspection and maintenance of equipment, detection of hazardous 
leaks, and as mobile "go-fers" to assist in crew tasks. 

An area of prime concern in the effective utilization of robots in space 
applications is the energy efficiency of the robots. The need to control the 
robots in an energy efficient manner is very inportant for a nxomber of 
reasons: 

Energy consumption in remote space applications is always a key 
concern. 

Autonomous mobile robots typically carry their own energy source, 
thus making even more crucial their energy-efficiency. 

In general, an energy efficient motion is a more controllable 
motion. This can lead to better dynamic performance, greater 
safety, and lighter, more efficient robot design. 

Energy efficient motion tends to cause less wear on the robots 
themselves. Thus, the need for robot maintenance can be reduced, 
and in space applications this is a significant advantage. 

Despite the obvious importance of controlling robots in an energy efficient 
manner, especially for space applications, relatively little research has been 
directed toward this problem. Noteworthy among the investigations reported to 
date are the studies conducted by Vukobratovic and Kircanski (1982a and 1982b) 
Shin and associates (1981, 1986), and Kim and Shin (1985). Although these 
studies have yielded useful results, they suffer from two major difficulties: 

They are based on a dynamic programming approach to optimal control. 
This approach, because of the highly nonlinear coupled nature of the 
robot dynamic model, requires a large number of calculations to 
obtain a solution and is therefore unsuitable for real time path 
planning. 
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They are very "robot specific." To date, no unified approach to 
energy optimal robot path planning has been proposed. That is, no 
method has been published that is valid for standard manipulators, 
redundant manipulators, mobile robots, and go on. 

In light of the iitportance of the problem of energy optimal robot control and 
the lack of research in this area. New Mexico State University is currently 
conducting research to provide a unified approach to this problem. While this 
investigation is still in its early stages, some very encouraging results have 
already been obtained and are reported here. 

The remainder of this research summary is organized as follows. In the 
next section of energy-optimal trajectory planning for robot manipulators will 
be discussed. This problem may be divided into two classes: 

1. Problems in v*iich only the initial and final positions (and possibly 
several intermediate or "via" positions) of the end effector are 
specified, and the manipulator is free to move along any path 
between these positions. This is the standard "pick and place" 
problem. 

2. Problems in which the Cartesian trajectory of the end effector is 
specified. This is the "Cartesian trajectory tracking" application. 
It should be observed that this problem becomes an optimal control 
problem only vdien the manipulator is redundant with respect to the 
particular application (when the manipulator possesses more degrees 
of freedom than necessary to conplete the task). Otherwise, 
defining the Cartesian trajectory completely defines the manipulator 
motion. 

Later in this summary, the problem of energy-optimal path planning for 
autonomous mobile robots will be addressed. It will be shown that this 
problem may be effectively treated using the techniques developed in the next 
section. Indeed, the methods reported in this paper are sufficiently general 
to allow a wide range of optimization problems, not limited to robot control, 
to be treated in a lanified manner. 

Finally, a few conclusions will be drawn, and directions for future research 
will be presented. 

ENERGY OPTIMAL TRAJECTORY PLANNING FOR ROBOT MANIPULATORS 

"Pick and Place" Applications 

As mentioned in the previous section, these applications involve con^ting the 
robot trajectory between initial and final end effector positions (or between 
intermediate positions) in such a way that the energy consumed by the robot 
during this motion is minimized. The authors have developed a method for 
computing this optimal trajectory in real time. This "orders of magnitude" 
improvement over other techniques was made possible by two advances: 

The objective function for mechanical energy consimption was 
significantly simplified by using characteristics of the Lagrangian 
formulation of the robot dynamic model, and 
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The resulting objective function was minimized through the use of 
the calculus of variations, subject to both equality and inequality 
constraints. 

Although space limitations prevent the presentation of detailed results, it is 
noted that the first advance allows the objective fijnction for a large class 
of manipulator motion problems to be written in the following highly 
simplified form: 

t, n T^ n 

E = [ y C.^.^dt - [ ) Ci.^dt + 2(T + V)|. - V L (1) 
JQ ifei ̂  ̂  Jt, i=l ̂  ̂  h f̂ 

subject to the following inequality constraints: 

M^«^ > 0 in [0, tĵ ] for i = 1, 2, •••, n 

v^ere 

M.^. < 0 in [t^, Tj] for i = 1, 2, •••, n 

M. = generalized actuating force at joint i 

(p. = generalized displacement of joint i 

C. = viscous damping coefficient of joint i 

n = number of joints 
T = total kinetic energy of robot 
V = total potential energy of robot 
T, = trajectory coit̂ jletion time 

t, = optimal switching time (a variable in the optimization process). 

The representation above is valid for any serial chain robot possessing n 
prismatic and/or revolute joints. The form of the objective function in 
Equation (1) allows the robot's joint space trajectory to be coitputed using 
calculus of variations with equality and inequality constraints. 

"Cartesian Trajectory Tracking" Applications 

In order for this class of applications to be an optimization problem the 
robot must be redundant with respect to the task. In that case, the 

relationship between the desired Cartesian velocity vector x and the robot 

joint space velocity vector ^ can be written 

X = Ĵ  (2) 

vdiere J is a m x n matrix with n > m. In this case it can be be shown, 
using the same approach described above in combination with pseudoinverse 
theory, that the joint space trajectory that provides the desired end effector 
motion with minimimi energy consijmption is given by 
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. —IT —1 T —!• 
<|. = C -^J^JC -̂ Ĵ ) X (3) 

where C is a diagonal invertible weighting matrix (Colbaugh 1987). This 
joint space velocity vector can be calculated in real time with even modest 
collating power through the use of the following algorithm. 

First, con^te z from 

(JC""'-j'̂ )z = i (4) 

—IT * 
by Cholesky decon̂ josition (note that JC J is symmetric). Then <t> is 
given by 

• -IT* 
* = C J z . (5) 

Note that this algorithm allows ^ to be computed without explicit matrix 

inversion (C is diagonal eund therefore C~ is diagonal with entries the 
inverses of the entries of C). 

ENERGY-OPTIMAL TRAJECTORY PLANNING FOR AUTONOMOUS VEHICLES 

Path planning for autonomous mobile robots has received considerable attention 
recently. However, the majority of research has involved the use of 
heuristically obtained "solutions" that are unsatisfactory for many 
applications for a variety of reasons. Recent research by the authors has 
revealed that energy optimal path planning for mobile robots subject to 
kinematic constraints (v^ich may be expressed as equality constraints) and 
environmental obstacles (which may be inequality constraints) may be 
accomplished using the theory developed in the preceding section. 

Although this work is still in its early stages, the following example 
illustrates the potential of this approach. Assume that the energy consumed 
by the mobile robot can be expressed as an objective function of the following 
form: 

I = 
rb 
f(x, y, y')dx , (6) 
a 

where x is the independent variable (for example, arclength of the path or 
time), y(x) is the ordinate of the path of the robot, and the prime denotes 
differentiation with respect to x. Note that the extension of Equation (6) 
to more complex objective functions that depend on higher order derivatives of 
y(x) is straightforward. Assvraie that, due to environmental obstacles, the 
robot path y(x) must satisfy the following inequality constraint: 

y(x) > ^(x) , (7) 

v^ere v//(x) defines the boiondary of the admissible region. Making the 
following change of variables: 

608 



2^ = y - ̂  (8) 

allows the problem to be treated as an unconstrained optimal control problem 
in z(x), because any choice of z(x) guarantees that y(x) > ^{x). 
Substituting Equation (8) into Equation (6) and then writing the resulting 
Euler- Lagrange equation yields 

Thus, either z = 0, which implies y(x) = i){x) so that the optimal 
trajectory is along the admissible domain boundary; or 

^ _ _d 3f_ ̂  0 (10) 
ay dx ay- " ' ^^^' 

\fhich is simply the necessary condition for minimizing the objective function 
in Equation (6) for y(x) unconstrained. Thus, the optimal trajectory is 
con^sed of portions of the unconstrained extremum of Equation (6) and 
portions of the domain boundary. The details of how these portions are 
connected may be obtained from the transversality conditions and, due to space 
limitations, will not be presented here (Petrov 1968). 

The extension to multiple obstacles, the inclusion of equality constraints to 
reflect the kinematics of the mobile robot, and more general parametrization 
of the problem (to make more convenient the representation of the robot's path 
and its environment) are all straightforward. 

CONCLUSIONS 

In this paper, a unified approach to the solution of energy-optimal trajectory 
planning problems for robots has been presented. The method is based on a 
novel reformulation of the energy objective function and on a conputationally 
efficient use of the calculus of variations with equality and inequality 
constraints. This approach, although still in the development stage, has been 
successfully applied to path planning for both nonredundant and redundant 
robot manipulators in "pick and place" and "Cartesian trajectory tracking" 
applications. Additionally, preliminary study indicates that the method is 
well-suited for mobile robot trajectory planning. 

Future research will involve the completion of the development of the method 
and then the application of the method to a wide range of real-time, 
energy-optimal control problems, with particular emphasis directed to space 
applications. 
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INTRODUCTION 

A thermionic reactor with inductively coupled elements (TRICE) concept has 
been described (Rasor, 1987). To estimate the attainable range and relative 
merit of the TRICE system performance, and to provide guidance for goals and 
constraints of the TRICE converter research, a parametric computer model of a 
thermionic reactor system with one or more modules was prepared. The method
ology is similar to that used by the NASA/DOE Independent Evaluation Group 
(lEG) for the examination and comparison of MMW systems for SDI applications. 
The correlations with the lEG work is based on their Feb. 1986 Briefing Docu
ment, and papers prepared for the 4th Nuclear Space Power Symposium (Juhasz 
and Jones, 1987, Marshall). The total systems performance is computed in 
terms of mission requirements and major design parameters. The advantages 
and disadvantages with respect to the qualitative aspects of the concepts 
(development status, materials problems, reliability, etc.) are identified. 

The computational model is derived from a system performance computer program 
Nuclear Optimization Program (NOP), developed by the Innovative Nuclear Space 
Power Institute (INSPI) under SDIO/IST sponsorship, for the evaluation of 
advanced space power supplies. The computer model for the TRICE converter 
performance and the constraints for the reactor configuration were incorpo
rated in NOP. 

NOP CODE DESCRIPTION 

The NOP code is partitioned by components: reactor, shield, heat transport, 
converter, heat rejection, structure, and power conditioning. Models have 
been developed for the performance and mass of each component, in terms of a 
few simple parameters for each subsystem. The program takes the mission 
requirements including output power, lifetime, dose rates, etc., the power 
system design, thermal hydraulics, heat rejection, and operating parameters 
and then computes the size and mass of the entire power system. 

THE CONVERTER 

The advanced thermionic converter performance is based upon the simplified 
models of Rasor, 1984. The output voltage V is determined in terms of the 
emitter and collector work functions, emitter and collector temperatures, the 
ohmic loss in the electrodes and plasma, and the averaged ionization power 
loss. Magnetic field effects on the plasma current density are taken into 
account. The output current density J is treated as a variable, and either 
the value corresponding to optimum power or efficiency is found. The net 
output power is determined by V, J, duty cycle, and lead losses. 
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THE REACTOR 

Referring to a conceptual reactor module design shown in Fig. 1, unit convert
er cell dimensions, including the fuel volume, cell spacing, coolant volume, 
and number of axial modules are fixed input parameters. A multi-group cross-
section transport calculation was performed on the CRAY X-MP at the UCSD 
Supercomputer Center. The TRANSX cross-section code and TWODANT neutron 
transport code were implemented for the TRICE reactor. A survey covering the 
fuel, emitter, coolant, and inductor (or structure) volume fractions, reflec
tor worth and height/diameter (H/D) effect. The baseline case had a core of 
20% U02 (full density 10.8 g/cc) at 93% enrichment, 30% Mo (core volume), 30% 
Na coolant, and H/D « 1.0. The reflector was fixed at 10 cm Be at 90% densi
ty. The core radius of 29.4 cm was calculated for a k effective of 1.05. 

The survey, see Fig. 2, indicated that the critical radius is primarily 
dependent upon the fuel volume fraction. Mo and Li7 had slightly negative 
reactivity, about 0.1% radius/vol.%, while Na has a slightly positive 
reactivity. W and Fe have negative worths of 0.7 and 0.3% radius/vol.% 
respectively. The Be reflector worth is quite high (about 1 cm/cm) due to 
the moderating effect and the thermal neutron spike at the core periphery. 
Other factors such as burnup and thermal hydraulics will be implemented. 

Preliminary calculations indicate that the TRICE system design is lower in 
mass than Rankine or conventional thermionic converter systems in the output 
power range of 1-25 MWe. This is achieved without the insulator requirements 
of the conventional thermionic systems, and with integral power conditioning 
in the reactor core. 

INTEGRATED FEASIBILITY TESTS 

The Scientific Feasibility and Pre-Engineering Feasibility tests are the non-
nuclear tests in the TRICE project. The Scientific Feasibility Test was 
successfully completed and demonstrated the operation of an inductively 
coupled pulsed diode converter. A platinum (111) emitter was used to obtain 
a high equivalent bare work function of about 6.5 eV. Recently, the devel
opment of an electrolytic oxygen-ion dispensing cell has demonstrated 
enhancements of a W emitter equivalent bare work function to about 6.3 eV. 
Incorporation of the electrolytic cell in the Pre-Engineering Test is under
way. Results of this test will be reported. 
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INTRODUCnON 

The alkali metal thermoelectric converter (AMTEC) is a promising technology 
under development to meet space power system requirement in the range of 
power between 10 kW to 100 MWe (Bankston 1987, Schmidt et al. 1987). The 
AMTEC is a thermally regenerative electrochemical device for the direct 
conversion of heat to electrical energy (Cole 1983, Weber 1974). Conversion 
efficiencies of xjp to 19% have been measured esqjerimentally, and stable 
surface power densities near 0.5 W/cm^ have been achieved in recent years 
(Bankston 1987, Lasecki et al. 1987) with a heat source tetrperature of 1100 
to 1200 K. The most recent advances at the Jet Propulsion Laboratory have 
even reached over 0.7 Vl/ax? (results will be published in 1988), and it is 
expected that efficiencies of 20 to 40% can be achieved with proper device 
design. These power densities and conversion efficiencies at modest 
terrperatures make AMTEC a very attractive candidate to meet low mass space 
power requirements with the attendant reliability associated with no moving 
parts. 

DISCUSSION 

One design concept developed for space applications is the stacked vapor-fed 
AMTEC module shown in Figure 1. In this concept the beta"-alumina solid 
electrolyte (BASE) tubes are stacked along a sodium vapor transport plenum 
to form a long converter module. Thermal energy is input at one end of the 

615 



device vAiere liquid sodixm is vaporized and the latent heat is distributed 
over the entire module by the vapor plenum. Axially distributed current 
collection for both the inside and outside of the BASE is used to extract 
the large current output from this device. This approach results in a 
corrpact, h i ^ power density module with a siitple heat and current transport 
system. These modules, viiich can be designed to provide electrical power 
oul^ut from 50 We to 5 kWe, are then connected in electrical series to 
provide the desired total power level and voltage. 

The vapor transport system is iised to provide the thermal energy and working 
flvLLd to the inside of the BASE. A thin porous wick is used to collect the 
condensing sodium along the entire length of BASE. This condensate is then 
used in the thermoelectric process (passing throu^ the BASE), or is wicked 
back to the evaporator. By using condensing vapor to transport the sodium 
working fluid and the thermal energy directly to the inner surface of the 
BASE, tube lengths of 5 to 10 m are theoretically possible (based on typical 
sodivmi heat pipe axial heat throu^puts of 10 KW/cm^), without the 
conplexity and losses associated vith radiation or single phase conduction 
thermal coupling. 

Electrons released as the sodivrai ions pass through the BASE must be provided 
with a low resistance path from the sodium filled inner wick to the load. 
This design accommodates the large net electrical current of an extended 
length \anit by extracting the electrons that collect in the inner wick 
through electrically conductive transition pieces positioned at intervals 
along the length of the BASE. These transition pieces are connected by 
electrical leads to the external load. Leads are eilso connected to each 
outer grid section to return the electrons to the electrode. Each lead, 
inner current collector, and outer grid section must handle only a fraction 
of the total current generated along the BASE. Current densities in these 
structures can be held to a level in viiich chmic losses are relatively small 
(conpared to the total power output) by spacing these transition pieces 
every 20 to 40 cm. This approach will allow h i ^ power modules fed by a 
single heat source. 

Sodium ions, v̂ iich reach the electrode on the outside of the BASE, recombine 
with the electrons returning from the external circuit throu^ the module 
leads and grid. The high tenperature sodium atoms vaporize in this low 
pressure region and flow to the cooler outer wick, v̂ îere they condense. The 
insulators vftiich electrically isolate the leads from the shell and outer 
wick extend inward from the cooler shell toward the hotter BASE. This will 
keep the insulators at a sufficiently h i ^ temperature such that the sodium 
vapor will not condense on the insulators and cause the leads to be 
electrically shorted to the shell. 

Sodium condensate in the outer wick will flow to the condensate collector, 
using the condensate arteries shown in Figure 1, as a low resistance flow 
path. The EM punp will then return the sodixjm in the condensate collector 
from the low pressure outer region to the h i ^ pressure evaporator. 

When incorporated into a space nuclear power system, the evaporator of this 
module would be thermally connected to a primary loop or heat pipe header. 
Modules would be connected in electrical series to form a panel with a 
desired power and voltage. The condenser shells of each module would 
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radiate the waste heat directly to the space environment. The specific mass 
of the AMTEC module in this application, assuming BASE surface power density 
of 0.7 W/cm^, will range from 3 to 5 kg/kWe, depending on the space debris 
armor requirements. 

OONCmSIONS 

The low specific mass of this stacked vapor fed AMTEC module make it an 
attractive concept for space power applications. Several key design issues 
must be resolved in future develcpnent efforts. These issues involve the 
development of a reliable insulators for the electrical leads and transition 
pieces to join the BASE tubes. These ccatponents must provide a hermetic 
seal at the h i ^ operating terrperatures of this system. The insulators must 
also provide electrical isolation for the electrical leads. Designs have 
been identified to meet these requirements but have not been tested at 
present. 
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A CAPILLARY PUMPED SHE/AMTEC SYSTEM 

Donald M. Ernst 
Thermacore, Inc. 
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INTRODUCTION 

The Sodium, Heat Engine/Alkali Metal Thermoelectric Converter (SHE/AMTEC) 
is under consideration as the power conversion component for an inte
grated multimegawatt space nuclear power system. The SHE/AMTEC is a 
static, closed loop device capable of direct conversion of heat to 
electricity at output efficiencies greater than other static conversion 
devices operating over the same temperature range of 1100 K to 1300 K on 
the hot side and 700 K to 900 K on the cold side. The SHE/AMTEC system 
has significant potential advantages for space power applications 
including a low specific mass (2 kWe/kg), operation without moving parts, 
and operation at temperatures and pressures where commonly employed 
aerospace materials can be used. 

To date, the work on these systems has been directed toward terrestrial 
application with little or no thought given to fluid (soditim) management 
problems associated with the microgravity conditions found in space 
flight. In space, gravity cannot be used to collect the sodium and 
supply it to the inlet of an electromagnetic circulation pump. However a 
passive capillary structure of proper design can be used to collect the 
sodium on the cold side as well as provide sufficient capillary pressure 
to return the sodium up the temperature gradient to the hot side of the 
converter. 

This paper proposes a SHE/AMTEC design which employs a capillary struc
ture for collecting and recirculating the sodium working fluid. The 
concept uses an evaporator to absorb the energy and deliver sodium to the 
beta"-alumina surface. The sodium that is not diffused through the 
beta"-alumina is recirculated to the evaporator in a bypass wick struc
ture. The sodium which condenses on the wick at the cold side is 
transported back to the evaporator in an artery, the driving force 
generated by the fine pore structure of the sintered powdered wick of the 
evaporator. 

The overall system design will be presented and discussed. Values for 
the wick circulation pressure drops and overall wick capillary pressure 
rise will be given for a nominal 100 We module, that includes an integral 
heat pipe radiator. For example, wick structures have been built with 
capillary radii of 1.8 x 10"^ cm. When filled with sodium at 1175K these 
wicks produce a capillary pressure of 10'^ Pa which is equivalent to the 
vapor pressure of sodium at 1175 K. With suitable development, radii of 
8 X 10'^ cm should be achievable and will provide the necessary capillary 
pressure for operation at 1300 K. 
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The low permeability which is characteristic of small pore structures is 
not considered a major problem. The wick design includes longitudinal 
arteries that provide low resistance flow paths for the liquid sodiijm. 
Thermacore has pioneered the use of artery wick structures for use with 
liquid metal working fluids and has recently demonstrated at 1300 K a 
sodium heat pipe with a sintered powder metal/artery wick structure at an 
incident heat flux of 400 W/cm^. 

The proposed design offers a self-contained, compact, low mass, self 
pumped energy conversion system that is usable with many alternate 
fuel/heat sources and is especially suitable for space use. 
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INTRODUCTION 

The Alkali Metal Thermoelectric Converter (AMTEC) (Weber 1974 and 
Cole 1983) is a direct energy conversion device which has 
demonstrated high energy conversion efficiency (19%) (Hunt et al. 
1981) . It has been studied for a wide range of terrestrial and 
space power applications (Hunt et al. 1978, Bankston et al. 1983, 
1985, and 1987, Lasecki et al, 1987 and Lukens et al, 1987). 
These studies have shown that AMTEC offers many advantages for 
space nuclear power, including low mass, no moving parts, 
modularity, compactness, and long lifetime potential. The 
principal technology barrier that has heretofore prevented 
realization of this potential has been the need for a stable, 
high power density (>0.5 W/cm^) electrode. We report here the 
discovery of an electrode composition which, in initial 
experiments, exhibits the characteristics to meet these 
requirements. 

EXPERIMENTAL RESULTS 

We previously reported preliminary results of experiments with 
W/Pt and W/Rh electrodes (Bankston 1987 and Bankston et al. 
1987) . These electrodes have been deposited with a variety of 
techniques and in several morphologies on beta"-alumina solid 
electrolyte (BASE) tubes. This paper reports new, more extensive 
results for these electrodes. To date, the best results have been 
achieved with a trilayer composition formed by sputtering a 0.5-
micrometer thick substrate layer of tungsten, followed by a 1.5-
micrometer thick cosputtered layer of tungsten and platinum, 
followed by a 0.5 micrometer thick layer of platinum. The 
accumulation of data on trilayer electrodes obtained to date is 
presented in Figure 1. 

These electrodes show power levels of 0.5 to 0.8 W/cm^ for a 
period of 160 h (the present limit of our apparatus) with no sign 
of power loss. The data a 0.8 W/cm^ is the highest stable power 
density ever achieved for AMTEC electrodes for this period time. 
This was obtained with a platinum/tungsten ratio that is 
generally higher than the ratios of the remaining electrodes 
plotted. Also, the surface of the BASE ceramic had a roughened 
appearance with the result being an increase in the active 
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surface area of the electrolyte (in comparison to the projected 
surface area). 

The excellent performance of these electrodes is attributed to 
high sodium mobility on the surface of electrode pores as 
determined from detailed electrochemical measurements. Further 
studies of tungsten/rhodium electrodes are also under way, and 
the results of these studies will also be reported. 

Summary 

Trilayer tungsten/platinum electrodes have provided dramatic 
improvements in stable power densities in AMTEC experimental 
cells. The shaded zone in Figure 1 indicates the specific power 
densities required to achieve a system conversion efficiency of 
approximately 15% or more with temperatures appropriate to space 
nuclear power sources (Bankston et al. 1987 and Schmidt et al. 
1987). Thus, if the observed power densities are sustained for 
thousands of hours, prototype AMTEC space nuclear power systems 
can be designed and tested. 
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INTRODUCTION 

The Sodium Heat Engine (SHE) or Alkali Metal Thermoelectric Converter (AMTEC) 
is a "static" device for the direct conversion of heat to electricity which 
should prove capable of thermal to electric conversion efficiencies in the 
range of 25% to 35%. The basic operating principles and designs have been 
described elsewhere (Weber 1974 and Hunt et al. 1978). System operating 
temperatures are well suited to minimizing the radiator mass of space based 
power systems (Schmidt et al. 1986). A recently completed study on a SHE/AM
TEC system for the multimegawatt space nuclear power system program has 
directed attention to a system design in which the SHE/AMTEC is operated in a 
"heat-pipe" or vapor-fed operating mode (Markley et al. 1987). We report here 
the results of preliminary experiments in which a number of aspects of the 
operation of vapor-fed SHE systems were investigated. While the experiments 
were designed to address terrestrial rather than space power issues, the 
results give a first reading on the feasibility of the major approach chosen 
for the implementation of the SHE/AMTEC concept for a space nuclear device. 

THERMAL INPUT OPTIONS 

For optimum efficiency, the SHE/AMTEC system requires thermal input at 
temperatures from 950 K to 1350 K. For space applications at the upper end of 
this temperature range, efficiencies of 15% to 20% should be achievable even 
with condenser/radiator temperatures as high as 750 K. A number of approaches 
for the delivery of heat from the source to the sodium working fluid have been 
tested. Previous reports have described the delivery of heat to the sodium 
working fluid in the high temperature zone by conduction and by radiation 
(Hunt et al. 1978 and 1987). We report here experiments on a vapor-fed design 
in which the inside, negative-electrode surface receives both working fluid 
and heat by acting as the condenser section of a sodium heat-pipe whose 
evaporator is coupled to the heat source. A schematic drawing of the approach 
is shown in Figure 1. Many variations on this design are possible and a few, 
including one hybrid (radiation assisted heating) design, have been tested. 

EXPERIMENTAL STUDIES ON VAPOR-FED CELLS 

In addition to more efficient thermal transport, use of sodium vapor to 
deliver both heat and sodium directly to the negative electrode of a SHE 
system can lead to certain simplifications in design. Nevertheless, operation 
of a vapor-fed system in recirculating mode requires careful control of the 
sodium inventory in order to avoid an accumulation of liquid sodium in the 
vapor path from the evaporator to the negative electrode surface. In the 
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present experiments, this was 
successfully accomplished by operat
ing the electromagnetic pump in a 
"dry sump" mode. Passive control of 
the sodium level in the evaporator 
can be accomplished by restricting 
the sodium inventory so that the 
inlet to the E-M pump runs dry when 
the sodium reaches the desired level 
in the evaporator. Proper control 
and provision for low-resistance 
electronic contact to the negative 
electrode can be achieved with wick 
structures holding the condensed 
liquid sodium at the BASE surface. 

For these tests, vapor-fed SHE cells 
were assembled using single BASE 
tubes bearing sputtered molybdeniui 
and titanivun nitride electrodes. 
These devices have been operated at 
temperatures up to 1070 K in a non-
recirculating mode. The current-
voltage relation at two temperatures 
is shown for a system with molybdenum 
electrodes in Figure 2. The maximvm 
power densities deduced from these 
data compare very favorably with 
observations at these temperatures in 
the best conventional SHE systems. 

DISCUSSION 

The simple vapor-fed design concept 
appears to function properly and 
delivers excellent output power 
levels even at modest operating 
temperatures. In the present 
experiments, single tube vapor-fed 
cells have delivered specific output 
power densities up to 0.38 W/cm^ at 
923 K. The initial experiments 
reported here have demonstrated the 
feasibility of SHE/AMTEC operation in 
the vapor-fed operational mode, which 
is expected to be most suitable for 
space power applications. They have 
also indicated the importance of a 
number of design considerations. 

Unstable operation of the evaporator 
section of vapor-fed cells during 
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start-up can lead to rapid thermal excursions at the BASE tube wall. Ex
perience has shown that careful management of cell operation is required to 
prevent thermal shock damage to the BASE tube during this phase of operation. 
The use of supplementary radiation heating for the prevention of thermal shock 
has been tested successfully in small cells. 

Vapor-fed SHE/AMTEC configurations of the tjrpe discussed here require specific 
attention to the means for electronic current pickup at the negative liquid 
sodium electrode. A simple draining sodium film condensed at this surface 
cannot be expected to carry the current corresponding to 1 to 2 A/cm^ as 
required by this device. Our experiments have shown that a 1.5-mm-thick sodium 
layer at the negative electrode surface can provide the conductance needed at 
such current densities. 

SPACE POWER DESIGN CONSIDERATIONS 

The SHE/AMTEC experimental work carried out thus far has been almost exclusive
ly directed toward terrestrial applications. While the present experiments 
have successfully demonstrated one of the system concepts expected to be 
important to high power space applications of the SHE/AMTEC concept, a number 
of issues related specifically to space applications of this static conversion 
system remain to be resolved. Operation in microgravity will require sodium 
inventory management with capillary structures for collection of the condensed 
sodium working fluid and its transport into the high temperature/high pressure 
region. Use of heat pipes with capillary (wicking) structures in the space 
environment is well known, and the principles can be applied directly to the 
SHE/AMTEC situation, both for the collection of sodium at the condenser and for 
the delivery of sodium to the negative electrode. Realization of maximum 
benefit from SHE/AMTEC space power systems appears to require operation at 
condenser temperatures in the range from 650 K to 780 K. Experiments to 
investigate the performance of actual SHE/AMTEC systems operating in this 
temperature range will be needed to support future system design efforts. The 
use of thermal radiation shielding should improve efficiency under high 
condenser temperature conditions, but no experiments have been conducted in 
this regime. 

CONCLUSIONS 

Design studies have indicated that for high power space applications, operation 
of SHE/AMTEC systems in a vapor-fed mode is desirable. The experiments 
reported here have shown that operation in the vapor-fed mode is feasible, that 
appropriate lead conductances can be achieved with proper handling of the 
condensing liquid sodium layer and that acceptable power density levels can be 
reached. 
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INTRODUCTION 

Silicon-germanium alloys have been used very successfully in thermoelectric 
devices for space applications for well over a decade. Most of the early 
research work on "standard" SiGe (doped only with P or B) was carried out 
dur ing the mid 1960s by Abeles et al. (1962) and Dismukes et al. (1964) on zone-
leveled samples. They determined the figure of merit Z, of both n- and p-type 
SiGe alloys. Z is a measure of how well a material performs in thermoelectric 
energy conversion and is given by 

Z = ^ = -P 
pA A 

where S is the Seebeck coefficient, p the electrical resistivity, A the thermal 
conductivity and P(=s2/p) the power factor. For the n-type alloy, they found 
the best samples to have a Z with a maximum of 0.90 x 10'^ K~' at HOOK. The 
thermal conductivity of these alloys is relatively high (around 40 to 44 mW/K-cm 
for n-type zone leveled and hot-pressed standard SiGe) compared to that of 
other thermoelectric materials. A logical approach to increasing the figure of 
merit would be to raise the power factor, P, or lower the thermal conductivity, 
A. The latter approach was taken by Pisharody and Garvey (1963) who added 
several mole percent of gallium phosphide (GaP) to the hot-pressed alloy. A 
reduction in the thermal conductivity of a round 20% to 30% was realized but 
unfortunately the electrical resistivity increased. Annealing the samples between 
1220K and 1270K for several h u n d r e d hours reduced the electrical resistivity 
somewhat but it was still higher than that for the standard SiGe. However, the 
figure of merit for some of their samples did appear to be higher than that for 
s tandard SiGe. Unfortunately, most of their samples had some (3% to 7%» 
porosity and it is not clear if all three S, p, and A measurements, which were 
only measured up to 870K, were on the same physical sample. Raag (1978) 
observed that annealing around 1470K of the GaP-doped samples resulted in a 
fur ther drop in resistivity at room temperature (compared to the 1220K to 1270K 
anneal). Unfortunately, the samples were never fully characterized. On the 
other hand, Vining (1987) produced GaP-doped fine grain n-type SiGe alloys and 
found, as expected, large decreases (up to 30% to 40%) in the thermal 
conductivity but, unfortunately, also found an off-setting decrease in the power 
factor in the same samples, thus resulting in no net gain in the figure of merit 
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Z. However, those samples were not annealed after being hot-pressed. 

RESULTS AND DISCUSSION 

In this work (Vandersande et al., 1987) three n-type Si3oGe20/GaP samples from 
the Thermo Electron Corp. (TECO) were heat-treated at temperatures between 
1470K and 1550K. These high-temperature heat-treatments were found to have 
greatly (10% to 40%) improved the power factors of the samples compared to 
both the pre-heat-treatment values and compared to zone-leveled and hot-pressed 
SiGe. Unfortunately, the shape of the samples made thermal conductivity 
measurements (using the flash method) impossible but two similar samples heat-
treated at the same temperatures were measured. Their thermal conductivity was 
found to be very close to that for zone-leveled and hot-pressed Si8oGe20- Using 
values thus obtained for A with the power factors for the three heat-treated 
sarnples results in Z values very close to 1 x lO"'̂  K"̂  (T-111) and just over 1 x 
10-3̂  K-̂  (T-106 and T-118) for much of the temperature range: 675K to 1275K 
(see Fig. 1). These values of Z are significantly higher than those obtained on 
zone-leveled and standard n-type SiGe. 

I B L J I I I I I I I \ I i _ 
300 400 500 600 700 800 900 1000 1100 1200 1300 

T(K) 

FIGURE 1. Power Factors (P) for Heat Treated Samples of n-Type SiGe/GaP. 

The improvement in the figure of merit Z is thus due to an improvement in the 
power factor and not in the total thermal conductivity (although the lattice 
component could have decreased) as was believed by Pisharody et al. (1963). 
More specifically, it is the decrease in the resistivity, while the Seebeck 
coefficient is more or less unchanged, that has resulted in the higher improved 
power factor after the high temperature anneal. To understand what caused this 
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unexpected improvement led to the microstructure analysis of the annealed 
samples. 

The temperature and time of anneal ing significantly altered the microstructure of 
the alloys. The grain size, morphology of the matrix, and phases present were 
affected by the anneal ing schedule. Anneals between 1510K and 1550K resulted 
in a random variation in composition with Si-rich and Ge-P-Ga- r ich regions. A 
silicon solid solution was the primary phase of all the samples, however Si02 was 
also present as particles up to 5 ^m in size. SiP and a two phase eutectic, 
possibly SiP and Si02, were present only in samples T-106 (1550K) aand T-lll 
(1525K anneal). An unident i f ied phase precipitated out of regions of high silicon 
content. This could also be a silicon solid solution with a higher Ga 
concentration. 

High temperature heat- treatment (between 1475K and 1550K) of subsequent 
SiGe/GaP samples (hot-pressed at TECO using slightly different pressing 
parameters) did not result in any improvement in Z. This led to the supposition 
that the three improved samples were accidental depending on a particular 
processing technique that could not be duplicated. Similarly, SiGe/GaP samples 
(made with the d i f ferent pressing parameters) were heat-treated at TECO 
between 1475K and 1575K but showed no improvement in power factor or Z. 
Subsequently, two of the samples were heat-treated at 1595K which resulted in 
significantly higher power factors and Z's. The best of the TECO samples (T-
373) had a resistivity and Seebeck coefficient which coincided with the data 
obtained on the best JPL sample (T-106). These results, obtained independently 
at TECO, thus confirm the JPL results and clearly indicate that the Z of SiGe 
can be improved by the addition of the dopant GaP and high-temperature heat-
treatment. 

The exact cause of the improvement is not known although it is believed that it 
is associated with the change in microstructure of the alloys, as a result of the 
heat-treatment, into Si-rich and Ge-P-Ga- r i ch regions. There are several reasons 
which could account for the improvement in Z of annealed GaP-doped Si8oGe20-
optimization of the free charge carrier concentration due to enhanced dopant 
solubility; increased charge carr ier mobility by grain growth; an improved power 
factor resulting from enhanced impurity scattering, by which the Seebeck 
coefficient is improved by a larger margin than the charge carrier mobility is 
reduced; an increased power factor and a decreased thermal conductivity due to 
a reduction in circulating currents ; and a reduced lattice thermal conductivity 
due to enhanced phonon scattering by inhomogeneities. A number of experiments 
are planned by which to test these various hypothesis. 

SUMMARY 

Work at TECO has independent ly confirmed the early results obtained at JPL 
that high-temperature heat-treatment of SiGe/GaP alloys can significantly 
increase the figure of merit Z of these alloys. Several possible reasons for this 
improvement are given. Experiments are in progress to test these various 
hypotheses. 
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INTRODUCTION 

Some of the missions under consideration for the Strategic Defense Initiative (SDI) 
are projected to require tens to hundreds of megawatts of electrical power in space. 
An important consideration for these systems is the design of power conditioning sub
systems to interface between prime power source outputs and platform loads. Current 
estimates indicate that power conditioning components comprise a substantial portion 
of the platform power system mass. Also, the capabilities and limitations of pro
jected power conditioning technologies will have a significant impact on platform 
designs. Thus the development of advanced power conditioning concepts and components 
to minimize their impact on platform design is vital to the successful deployment of 
mission platforms. 

Although a specific delineation of requirements for power conditioning subsystems is 
^ impossible to make at this time, more generic, representative information about power 

conditioning subsystems is needed for two reasons. First, sufficient funding to 
pursue aU. potentially beneficial technical advances in the appropriate technologies 
is not expected to be available. Thus, those technologies that offer the highest 
potential payoff need to be identified. Second, the expected configuration and per
formance of SDI platforms are continually changing, based on developing mission 
definitions and uncertain projections of system configurations and component perform
ance. Meaningful estimates of power conditioning capabilities, performance and mass 
are needed as input to systems studies that can then be the basis for making selec
tions among candidate power conditioning concepts, systems, and components. 

For these reasons, an effort was initiated in support of the power systems require
ments definition effort conducted by the Air Force Space Technology Center (AFSTC). 
The objective of this work is to identify potentially applicable means of power 
conditioning for SDI weapons systems and the ranges of performance over which compo
nents might be required to operate. To date, efforts have been limited to the 
consideration of possible approaches for providing the power needed by the electro
magnetic launcher (EML), neutral particle beam (NPB), and free-electron laser (PEL) 
weapons systems. Topological block diagrams have been developed describing the 
electrical power needs of these weapons systems and the power conditioning functions 
needed to provide that power. To the degree possible, performance parameters associ
ated with candidate power conditioning components have been determined or estimated. 

The information obtained during our initial investigation of power conditioning 
parameters is contained in an informal document (Furgal et al, 1986). This document 
is an interim output of a continuing effort. Our intent is to supply applicable 
power conditioning information, updated annually, to a broader effort to maintain a 
current estimate of space power systems requirements. Most of the technological 
information is drawn from preliminary technology development and system integration 
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efforts that, at this time, are making studied projections of required hardware and 
its performance. Since the weapons technologies are not yet developed, definitions 
of potential missions based on assumed threats and assumed technical capabilities are 
also somewhat speculative. The information contained in the document does, however, 
serve as a current assessment of applicable power conditioning technologies and 
provides representative data for power conditioning components. 

DISCUSSION 

Major elements of space electrical power systems include a prime power source, energy 
storage, transmission network, power conditioning (centralized, distributed), power 
distribution, protection and load interfaces. Input voltages to the power condi
tioning subsystem cover a wide range: from hundreds of volts to a hundred thousand 
volts ac or dc. Low-voltage prime power sources include fuel cells, batteries, 
thermionics, thermoelectrics, and photovoltaics while turboalternators and MHD are 
high- voltage power sources. Load requirements also span a wide range. For example, 
voltage requirements for an NPB system range from about 10 volts dc to about 100 
kilovolts dc if tube-type radio-frequency (RF) sources are used. Most of the power 
required (on the order of 90%) for systems using tube-type RF amplifiers is at the 
100 kV level. Alternately, if solid state RF sources are used, much of the power is 
then required at the 50 to 100 Vdc level. With each approach, there are a number of 
considerations and tradeoffs that must be addressed related to transmission, 
switching, protection, and cooling issues. 

Estimates of NPB prime power requirements have ranged from 60 to 800 MWe (Hardie 
et al, 1985). Power conditioning for the NPB encompasses power supplies for the ion 
source, low-energy beam transport, RF source, electromagnets, rebunch monochromatizer 
and neutralizer. Current NPB concepts indicate that a continuous supply of power 
from the prime power source is required during burst-mode operation. At the current 
early development state of many of the NPB system components, it is impossible to 
accurately predict which configuration of each of these devices will be incorporated 
in the final integrated system. Technical breakthroughs can have a major impact on 
the component selection process. 

The expected ranges of efficiency for the components of the NPB system result in a 
projected overall system efficiency of 16% to 58%. If, for example, a system 
consists of an alternator with transformer-rectifier-filter power processing (96% 
efficiency), klystrode RF source (75% efficiency), cryo-cooled accelerator (85% 
efficiency) and foil neutralizer (60% efficiency), the net system efficiency would be 
37%. The efficiency of converting heat to electricity must also be identified for 
specific prime power source configurations to determine the thermal heat source 
requirements. NPB system voltages range from 10 V to 100 kV, with regulation 
requirements ranging from S parts per million (ppm) to 2.0%. There are several 
possible ways that power conditioning circuit topologies and elements within the NPB 
system can be implemented. In the paragraphs that follow, summary parameter data are 
given for selected components within the NPB power conditioning subsystem. 

RF Sources 

The RF power source converts burst mode prime electrical power into RF power in the 
300 to 2,000 MHz range for accelerating an ion beam. RF power generation is the 
major consumer (about 85% to 90%) of NPB burst mode power. It also occupies a 
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significant portion of the platform mass (up to 60%). Since RF generation comprises 
the largest component of prime power consumption, improvement in the power 
conditioning, RF source, accelerator or neutralizer efficiencies can have a 
significant impact on the amount of burst mode prime power needed. The two leading 
candidate RF sources are the klystrode tube and solid state modules. Other sources 
include klystrons, gridded tubes (triodes and tetrodes) and cross field amplifiers. 
The type of RF source selected may be a major factor in determining the prime power 
output voltages needed. The prime power output voltage may need to be matched as 
closely as possible to the input voltage requirements of the RF source to minimize 
the weight of the power conditioning needed to make that interface. 

Tube-type RF sources such as klystrons and klystrodes require anode voltages in the 
range of 80 to 140 kV. In addition, depressed collector klystrodes require stepped 
voltages to enhance their efficiency. Generating 3-phase ac power at 20 to 25 kV, 2 
to 5 kHz and using a tapped transformer-rectifier-filter power conditioning is an 
effective means to achieve multiple voltage steps. With the advances in lightweight, 
high-voltage alternators, output voltages in the range of 20 to 100 kV are possible. 
Generating schemes have been proposed that series connect the rectified outputs of 4 
to 5 single-phase, high-voltage alternators. The outputs of these generators are 
slightly phase staggered to minimize filtering requirements after rectification. 
This approach eliminates the need for step-up transformers required in the 
alternator- transformer-rectifier-filter configuration. These alternators can be 
designed with multiple tapped outputs that are rectified to produce the multiple 
depressed collector voltages. 

Solid-state RF sources require direct current at low voltage. Advanced, high-power, 
solid-state RF sources arc projected to operate in the range of 50 to 100 Vdc. 
Voltages in this range can be obtained directly from high-power density fuel cells, 
thermionics, and high current dc generators. The output voltage from these sources 
can be designed to exactly match the input voltage requirements of the solid-state RF 
source. Power conditioning circuitry to interface a low-voltage prime power source 
to solid-state RF modules encompasses a regulator/filter and protection circuits to 
maintain tight voltage regulation and control. Thus the mass and power loss 
attributable to power conditioning for solid state RF sources can be minimized. 
High-power, low-voltage operation provides a significant strain on the electrical 
transmission system in that very high currents at 50 to 100 Vdc must be distributed. 
At these currents, conductor size, mass, and cooling requirements are significant 
system level considerations unless the power sources are designed to operate in close 
proximity to the load. 

In addition to the anode voltage (80-140 kV), tube systems require heater or filament 
power in the range of 300-400 watts per tube at 10 to 30 Vdc and a bias supply in the 
10 kV range. The filament power requirement may be eliminated with the application 
of electron bombardment cathodes. This technology, however, is still in the develop
ment stage. Klystrons and klystrodes may require 50-300 Vdc to power electromagnets 
if permanent magnets are not used. Klystron designs can also include depressed col
lector configurations to improve efficiency. This necessitates five additional 
generating voltages in the tens of kV for energizing the depressed collectors in 
addition to providing an anode voltage of 120 kV. 

The masses of 1 MW RF sources range from 113 to 1800 kg giving 0.11 to 1.8 kg/kW. 
The physical volume of these devices range from 0.35 to over 10 cubic meters netting 
(350 to 10,000 cm^/kW). 
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High-Voltaee Alternator 

These alternators are similar to the alternating current generators in common use 
today. Their designs are modified, however, to meet the environment, cooling, and 
weight constraints imposed by space application. They provide three phase sinusoidal 
outputs at voltages in the range of 20 to 100 kV. The alternator can be cryo-cooled 
or superconducting to improve effciency and power density. A near-term 100 MW 
alternator output is estimated to be 99.8% efficient. Shaft rotational speed is 
6000-10,000 rpm. Typical weight is about 2100 kg which gives a mass per unit power 
of 0.021 kg/kW. 

Transformer-Rectifier-Filter Power Processing 

These components provide the high-voltage dc output required for tube-type RF sources 
when an alternator and ac power distribution are used. For example, a generated 
voltage of 1 to 5 kV can be stepped up through a multiphase transformer to 20 to 25 
kV and is full-wave bridge-rectified. The diode bridge outputs of four to five such 
transformer-rectifier combinations are connected in series to develop the 
approximately 100 kV required for a high-voltage tube such as a klystrode. 
Efficiencies range from 95% to 98%. A near-term 1 MW transformer-rectifier-filter 
module is estimated to weigh 230 kg (0.23 kg/kW). The transformer weighs 130 kg 
(0.13 kg/kW), the rectifier stack 80 kg (0.08 kg/kW), and the filter 20 kg 
(0.02 kg/kW). 

High-Voltaee Rectifier-Filter Power Processing 

These components provide the high-voltage dc output required for tube-type RF sources 
when stacked high-voltage alternators and high-voltage power distribution are used. 
The outputs of four to five 20 to 25 kV output alternators are individually full-wave 
bridge rectified. The diode bridge dc outputs are series connected to produce the 
100 kV (nominal) required for a high-voltage tube such as a klystrode. Efficiency of 
the rectifier-filter power processor ranges from 96% to 98%. A near-term 100 MW 
rectifier-filter module is estimated to weigh 10200 kg (0.102 kg/kW). The rectifier 
stack weighs 10000 kg (0.10 kg/kW) and the filter, 200 kg (0.02 kg/kW). 

SUMMARY 

An initial study has been conducted to identify and document power conditioning 
circuit topologies for the electromagnetic launcher, neutral particle beam and 
free-electron laser weapon systems. This study focused on the elements within the 
weapon systems that consume the bulk of the platform prime power during the burst 
mode. Possible approaches for conditioning prime power and delivering it in a form 
needed by the major weapon system loads were identified. Based on current 
projections of power conditioning and weapon system component performance, efficiency 
ranges for power trains were estimated. 

Organizations tasked with providing detailed weapon system power conditioning con
cepts must be cognizant of all of the weapon system power requirements and not only 
those of the major power consumers. Therefore, power conditioning component data in 
the study document include as much detail as possible on component electrical 
characteristics. 
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Continuing efforts are directed toward further definition of power conditioning compo
nent electrical parameters, with emphasis on the specific power requirements for the 
neutral particle beam system, the investigation of weapon and platform support system 
electrical interface characteristics, the automation of our current power 
conditioning information base, and the modelling of identified topologies to allow 
assessment of various power conditioning options. This electrical interface 
parameter data can then serve as guidance for refining power conditioning component 
designs and for optimizing the total power source, power conditioning, and user 
(weapon, surveillance, etc.) system performance. 
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INTRODUCTION 

Recent discovery of superconductivity at temperatures above 90 K (Wu et al 1987) has resulted 
in an explosion of research in the area of rare earth- copper oxide systems since December 1986. 
Literally hundreds of scientific publications have resulted in a short time fraitie, and a limited 
understanding of the promise and limitations of these new ceramic superconductors continues 
to evolve. Applications of these new superconductors to space power systems are difficult to 
assess because limited knowledge has evolved in the few months since they were discovered. 
It is easy to conceive low current density applications for these new superconductors in com
puters and sensors where current density can be much less than 1000 A/cm and the self-mag
netic fields will be small. There is an abundance of data that demonstrate that the high current 

3 5 2 
density required for high power ^plications (10 to 10 A/cm ) will be difficult to achieve at 
elevated temperature and moderate magnetic field. Because high current density will be im
posed on systems by satellite weight restrictions, the new superconductors will be forced to 
operate at the lowest practical temperatures. 
A space power bus for conducting electricity from a baseload nuclear reactor to the power con
ditioning energy storage and load will generally be low voltage and of 10 to 100 meters m length. 
Because power levels will generally remain in the 10 to 1000 kW range, currents will only be 
100 to 10,000 amperes, and ultrahigh current densities will not be required. Both high current 
density and thermal stability will be difficult properties to achieve in manufacturable high 
temperature superconductors. Extrapolating from our experience (Gupta et al. 1986) with metal
lic Nb3Sn superconductors clad with ceramic dielectric insulation, both of which are extreme
ly brittle materials, it is probable that high current density ceramic superconductors which are 
manufacturable will not evolve for at least a decade. It is possible, however, to demonstrate the 
utility of high temperature superconductors early for low power satellites (less than 100 kW) 
where distribution voltage is of great concern because of the space environment. 

Current satellite systems are being pressed to higher and higher voltages because distribution 
conductors run hot and distribution voltage drop is high. Nearly all voltage requirements above 
28 Vdc are caused by power distribution losses. Operation of new ceramic superconductors at 
temperatures greater than 70 K would pemiit low refrigeration losses and moderate current den
sity in the range of 100 to 1000 A/cm because of the low magnetic field induced by the low 
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electrical currents, this low voltage distribution system will eliminate most of the problems as
sociated with dielectric insulation degradation due to atomic oxygen in low earth orbit (Arnold 
and Peplinski 1985, Kan 1985, and Leger and Visentine 1986). This paper will describe the range 
of application of liigh temperature superconductors to low power satellites, with special em
phasis on the design of a satellite power distribution system at low voltage for a low power 
spacecraft. 

METHODS/RESULTS 

A parametric analysis has been performed that determines the trade-off between superconduc
tors operating at various current densities and conventional "hot" conductors operating at their 
maximum capabilities. The effect of pressing the "hot" conductors to higher power service 
causes conductor weight to increase at a fixed bus voltage. In order to minimize weight, the 
space power system designer is forced to generate a higher bus voltage to minimize weight as 
shown in Figure 1. Satellite power system designers are averse to bus voltages that exceed 100 
V because of the environmental degradation of the dielectric insulation on the bus. 

«Bea . 

BUS 
WEIGHT 
(kg) 

BUS VOLTAGE (V) 

FIGURE 1. Bus Voltage Effects on Weight for Copper and Superconductor (SC) on a 90 m Bus 
at250kW. 
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State-of-the-art superconductors already operate at current densities in the range of 10 to 10 
A/cm for this type of application. As the baseload nuclear power increases, the impact of high 
current density superconductors on weight reduction becomes more dramatic, as shown in 
Figure 2. 

l e 

BUS IB 
DENSITY 
LINEAR 
(kg/m) 10^ 

I B _ 

CURRENT DENSITY(A/cm^) 

Figure 2. Superconductor Bus Weight under Various Power Distribution Conditions. 

Analyses of refrigeration power and mass of the refrigerator for the superconducting bus are 
progressing, where both the operating temperature of die superconductor and the local environ
ment temperature are considered as variables. The superconducting bus will see different load 
temperatures along its length as it proceeds from the baseload reactor to the load. It can be of 
benefit to tailor the superconductor current density and operating temperature to minimize the 
system mass, which includes the refrigeration considerations. The effect of higher temperatures 
at the reactor on the power bus refrigerator will be analyzed and reported. 
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DISCUSSION/CONCLUSIONS 

Metallic superconductors requiring refrigeration in the range of 4 K to 10 K are of no benefit 
to the baseload space power system bus because the refrigeration and insulation constraints are 
too severe. The new ceramic superconductors that can operate in the range of 20 K to 100 K 
alleviate a great deal of the refrigeration problem and can compete with conventional "hot" bus 
distribution systems on the basis of mass for a bus exceeding a few meters in length. The ul
timate benefit of the superconducing bus to the space power system will not be the mass savings. 
The great benefit of the superconducting bus will be the enormous reduction in bus voltage re
quirements due to the zero voltage drop along the bus. Low bus vohage (less than 100 Vdc) 
will permit a conventional dielectric insulation technology to be utilized as baseload powers are 
forced above 10 kW on spacecraft. 
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SPACE POWER RADIATION COOLED DC TRANSMISSION LINE ANALYSIS 
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INTRODUCTION 

As the demand for electric power increases, and as the distance between 
electric source and load increases, then the mass and efficiency penalties 
associated with the transmission line becomes an important system 
consideration in future space missions. Thus, the transmission line's 
characteristics, such as mass, percent power loss, and operating temperature 
and voltage for specified bus power levels, must be determined for use in 
power system trade-off studies. 

This analysis develops the necessary mathematical relationships to 
characterize the transmission line's parameters. The conditions imposed on 
this analysis are, 

0 The transmission voltage is dc, 
0 The geometry of the transmission line is a noninsulated solid 

circular cylindrical conductor, 
0 The operating temperature is uniform across and along the line, and 
0 The electrical losses generated by the voltage drop across the line 

are transmitted to space by thermal radiation. 

ANALYTICAL RESULTS 

The results of this analysis are most readily demonstrated by making various 
plots to show the sensitivities of the transmission line's parameters. For 
example, in Figure 1, the mass of a copper conductor line of 25 m with return 
and a bus power of 100 kW is plotted as a function of the source voltage, 
with the operating temperature as the parameter. The percent power loss is 
restricted to a range of 1% to 10%. The percent power loss is defined as the 
ratio of the electrical power loss to the source power. 

The conductor mass is calculated from: 

Mc = /DC 

4nL 

O (%) PB X 10 3 12 

[ ioo -a (%) ) [oeY(T4 -Ts* ) ) "^ ^̂ ^ 
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and the source voltage required under the specified conditions is 

Ve = oey (T*- Tg4) S 
40nPo L 3 / T - TZ 

'B 293-T2 

100-a(%) 

a(%)3 

1/2 
V . (2) 

The diameter of the circular conductor is 

dc = 2 Mc 

where 
Mc = 
Vs = 
a(%) = 
dc = 
PB = 
L = 
T = 
Ts = 
Tz = 
Dc = 
e = 
Y = 

Po = 
a = 

.nDcL 
X 10" (3) 

Conductor mass (kg), 
dc source voltage (V), 
Percent power loss. 
Conductor diameter (mm). 
Bus Power (kW), 
Transmission length with return (m). 
Conductor operating temperature (K), 
Sink temperature (K), 
Inferred zero resistivity temperature of conductor (K), 
Conductor density (kg/m^), 
Emissivity (dimensionless). 
View factor to space (dimensionless). 
Conductor resistivity at 293 K (ohm* m), and 
Stefan-Boltzmann constant = 5.67 x 10"° W/m^ K^. 

100 700 800 900 1000 

FIGURE 1. 

200 300 400 500 600 
SOURCE VOLTAGE (V) 

Maas veraus Vottage for a Non-insulated SoHd Copper Conductor dc 
Tranamiaslon Line with Operating Temperature as the Parameter. 
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other analytical relationships are derived that allow additional plots to be 
made. For example, in Figure 2 the mass of an aluminum conductor 
transmission line of 25 m with return and a 2% power loss is plotted as a 
function of bus power with source voltage as the parameter. The temperature 
is varied over a range from 300 K to 700 K. The conductor mass is calculated 
from Equation (1) while the power transmitted to the bus under the specified 
conditions is 

40nPo(T>Tz )(aCY(T4.Ts4))2 L f̂ 100 .a(o/o)) ^^ 
^ ~ V G 2 (293-Tz) a(%)3 

(4) 

a 
L 
Ts 
V 

c 

= 2% 
= 50 m 
= 273 K 
>0 .84 
- 0 . 8 

300 K<T< 700 

3 0 0 V 

600 V 

1000 V 

100 400 500 

FIGURE 2. 

200 300 
BUS POWER (l(W) 

Mass versus Bus Power for a Non-insulated Solid Aluminum Conductor dc 
Tranamiaslon Line wtth Source Vottage as the Parameter. 

It would be desirable to characterize the transmission line in terms of 
specific mass, where the specific mass is the ratio of conductor mass to 
source power. An inspection of Equation (1), and the fact that bus power is 
proportional to source power, yields an expression that is proportional to 
source power. Thus, quoting a specific mass of a radiation cooled 
transmission line would also require quoting the power capacity of the line. 
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DISCUSSION 

Figure 3 is for the same conditions as for Figure 1, except that an aluminum 
conductor is used. Both of these figures show that reductions in mass for a 
specified bus power and transmission length can be achieved in three ways: 

0 Increase the source voltage for a given operating temperature, 
0 Increase the operating temperature by decreasing the conductor 

diameter for a given source voltage, and 
0 Increase both the source voltage and the operating temperature. 

100 kW 
5 0 m 

Ts - 273 K 
T - 0.84 
c - 0.8 
0 .6%<a<10« 

100 200 300 700 800 800 1000 

FIGURES. 

400 500 600 
SOURCE VOLTAGE (V) 

Mass versus Vottage for a Non-inaulated Solid Akminum Conductor dc 
Tranamiaaion Line wtth Operating Temperature aa the Parameter. 

Both Figures 1 and 3 are plotted over a range of percent power loss of ]% to 
10 %. It is possible to draw in constant lines of percent power loss, but 
this addition makes the plots almost unreadable because the constant lines of 
percent power loss track the constant temperature lines. Thus, mass and 
temperature comparisons between Figures 1 and 3 for the same source voltage 
and percent power loss are not possible. However, these comparisons are 
possible by other plots that can be made using other mathematical results 
derived in this analysis. 

As a specific example, using Equations (1) and (2), it is found that for a 
source voltage of 300 V, a bus power of 100 kW, a transmission length of 50 m 
with return and a 2X power loss, an aluminum conductor line has a mass of 
16.5 kg, an operating temperature of 425 K, and a diameter of 12.5 mm, while 
a copper conductor line has a mass of 34.8 kg, an operating temperature of 
446 K, and a diameter of 10 mm. Thus, the advantages of an aluminum over a 
copper line in tenns of mass and operating temperature are readily apparent. 
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In Figure 2, the mass of an aluminum conductor transmission line is plotted 
as a function of bus power over a temperature range of 300 K to 700 K for a 
length of 25 m with return, a percent power loss of 2X, and for various 
voltages. The results of this plot clearly indicate the need for high 
voltage transmission for large bus powers even at short transmission 
lengths. The plot also shows that the source voltage should be matched to 
the desired bus power, because additional increases in the source voltage 
only result in small incremental changes in the conductor's mass. 

CONCLUSION 

The results of this analysis show that both mass and percent power loss 
reductions result from an increase in source voltage. A decrease in 
conductor diameter also leads to reduced mass, but this decrease gives higher 
percent power losses since the operating temperature increases. 

The results also show that increasing the source voltage beyond a certain 
limit for a fixed operating temperature only gives minimal decreases in both 
the mass and the percent power loss; likewise, the results show that 
decreasing the diameter below a certain point for a fixed voltage causes 
minimal decreases in the mass but excessive percent power losses and thus 
high operating temperatures. The plots generated by using the mathematical 
results derived in this analysis clearly show when these diminishing mass 
reductions and excessive operating temperatures occur. Depending on the 
mission objectives, a trade-off between mass, diameter, and percent power 
loss in terms of source voltage, operating temperature, and conductor 
material will most likely be required when the total power system is 
considered. Thus, the results of this analysis should aid the system's 
designer in conducting these trade studies with respect to the performance 
characteristics of a radiation cooled dc transmission line. 
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ABOUT THE 
SYMPOSIUM LOGO 

The four corners of the logo represent the points of a compass 
and symbolize the role space nuclear power can play in the 
exploration of new frontiers; the large and small circles represent 
the integrated space system with a nuclear power plant at its 
center; the radiating spirals, also resembling a stylized atomic 
nucleus, symbolize the transfer of thermal and electric energy to 
support the space mission; and the logo's overall appearance of 
simplicity reflects the emphasis on space nuclear power systems 
that can operate without failure and provide reliable power for 
the duration of their mission. 




