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INTRODUCTION 

Cermet fueled nuclear reactors are attractive 
candidates for high performance space power systems. 
The cermet .^uel consists of tungsten-urania hexagonal 
fuel blocks characterized by high strength at elevated 
temperatures, a high thermal conductivity and resultant 
high thermal shock resistance. 

The concept evolved in the 1960's with the objec
tive of developing a reactor design which could be used 
for a wide range of mobile power generation systems 
including both Brayton and Rankine power conversion 
cycles. High temperature thermal cycling tests and 
in-reactor irradiation tests using cermet fuel were 
carried out by General Electric in the 1960's as part of 
the 710 Development Program and by Argonne National 
laboratory in a subsequent activity. 

Cermet fuel development programs are currently 
underway at Argonne National laboratory and Pacific 
Northwest Laboratory as part of the Multi-Megawatt Space 
Power Program. 

Key features of the cermet fueled reactor design 
are 1) the ability to achieve very high coolant exit 
temperatures, and 2) thermal shock resistance during 
rapid power changes, and 3) two barriers to fission 
product release - the cermet matrix and the fuel element 
cladding. Additionally, there is a potential for 
achieving a long operating life because of 1) the 
neutronic insensitivity of the fast-spectrum core to the 
buildup of fission products and 2) the utilization of a 
high strength refractory metal matrix and structural 
materials. These materials also provide resistance 
against compression forces that potentially might 
compact and/or reconfigure the core. 

In addition, the neutronic properties of the 
refractory materials assure that the reactor remains 
substantially subcritical under conditions of water 
immersion. It is concluded that cermet fueled reactors 
can be utilized to meet the power requirements for a 
broad range of advanced space applications. 

GENERAL ELECTRIC 710 REACTOR PROGRAM 

In the late 1940's. Oak Ridge National laboratory 
was asked to assess the feasibility of the use of 

nuclear power to propel an airplane. The Nuclear Energy 
Propelled Aircraft (NEPA) Project was formed at the 
Laboratory with Fairchild Aircraft as the contractor. 
Two concepts, both making use of the jet engine, evolved 
in this Aircraft Nuclear Propulsion (ANP) Project. One 
concept indirectly heated the air passing through the 
engine, and the other directly heated the air. 

The indirect cycle concept used a liquid metal 
reactor and a liquid metal-to-air heat exchanger. The 
heat exchanger, located between the compressor and 
turbine, replaced the fossil fuel burner cans of a 
typical jet engine. This effort focused on reactor 
concepts cooled by sodiura-potassium liquid metal 
eutectics using ceramic enriched uranium fuel forms such 
as uranium nitride and uranium oxide encased in tubes 
made of rafractory metals such as niobium-zirconium 
alloys. It was this liquid metal cooled reactor tech
nology base that provided the platform from which 
today's SP-100 reactor concept sprung. 

The direct cycle effort of the ANP program served 
to spawn the 710 project. In the direct cycle, air 
exiting the engine compressor directly cooled the metal 
fuel elements located in tubular penetrations of a 
calandria-like metal vessel. The vessel provided 
structure and contained either a solid or liquid modera
tor. The air, after being heated in the reactor, was 
ducted to the turbine and then exhausted. 

Although the air cooled fuel technology itself is 
of little interest in a space power application, the 
process of designing, building, testing and developing 
gas cooled reactor configurations intended for long 
periods of unattended operation in mobile power supply 
configurations was a direct outgrowth of this effort. 

As the ANP program ended, there was a growing 
realization that any major activity in space might best 
be accomplished with the use of nuclear power. The 
types of missions under study included direct nuclear 
rocket propulsion as well as space nuclear auxiliary 
power supplies. The former required the rapid heating 
of hydrogen to high temperatures for ' operating times 
measured in seconds and minutes, while the latter 
required the heating of non-oxidizing gases such as neon 
for hundreds of hours in a closed cycle at elevated 
temperatures to efficiently radiate the reject heat to 
space. 



The choices of nuclear power plant materials with 
g&od structural characteristics and chemical stability 
at high temperatures were limited to graphite, ceramics 
and refractory metals. The GE ANP experience embraced 
the refractory metals. 

To capitalize on the ANP technological expertise 
and facilities In responding to the perceived need for 
nuclear space power, the Atomic Energy Commission (AEC) 
Initiated the GE Advanced High Temperature Gas Reactor 
710 Program in Hay of 1961. 

The overall objective was "to develop and demon
strate a high efficiency, small, fast spectrum, refrac
tory metal reactor for mobile propulsion and power 
generation applications." The reactor was to be de
signed, fabricated and tested in a closed loop at a 
JSherraal power of not more than 10 MW and a neon gas exit 
temperature >3500''F to determine the temperature capa
bility, controllability, stability and other operating 
characteristics of the reactor at comparatively low 
power. 

The same reactor configuration was then to be 
tested in a open loop with hydrogen as the coolant at a 
power level of approximately 220 MW thermal and a gas 
exit temperature of 4000°F to prove the high power 
density, high temperature capability of the reactor. 

In the 1962-63 time period, the commitment was made 
by the AEC to proceed from the early research oriented 
KIWI testing in the NERVA Program to the engineered NRX 
series with Westinghouse and Aerojet General as the 
major contractors. The nation needed only one nuclear 
rocket program so, in October 1963, the hydrogen open 
loop testing Mas removed from the 710 Program Objective. 
A useful hydrogen cooled refractory metal fuel form had 
been developed but the AEC directed a concentration on 
the space nuclear auxiliary power plant application. 
Work continued on the neon cooled 3500°F closed loop 
design. 

In the 1964-65 time period, it was realized that 
the technology of converting the energy in a SSOCF gas 
stream to electricity simply would not be available in a 
realistic time. A refractory metal reactor fuel element 
for this service already was undergoing out-of-reactor 
temperature cycling and life tests but turbine technolo
gy could not reach the temperatures. In July of 1965, 
the program was oriented to developing a reactor for a 
200 KU electric Brayton cycle space power system with 
operating time requirements of 10,000 hours and an exit 
gas temperature of approximately 2200''F. Before the 
program was terminated In October of 1967, in-plle tests 
documenting the fuel performance for this service were 
successfully completed. 

The major accomplishments in the 710 Program can 
best be categorized under fuel element development, 
reactor physics development and power systems studies. 

In July of 1965, the program had been directed to 
focus on a 10,000 hour life Brayton cycle reactor 
system. To accommodate the change from lifetimes of 
hundreds of hours and the reduction in operating temper
atures, three different fuel element systems came under 
consideration: Mo-50Re(wt%) clad Mo-U02 matrix; 
T-lll(Ta-8W-2Hf(wt%)) clad W-U02 matrix; and 
W-30Re-30Mo(at%) clad W-U02 matrix. The number of 
coolant channels was nineteen. Efforts to further 
improve fuel element fabrication techniques were cur-
Jalled̂ . 

The 19-channel fuel elements fabricated for 
non-nuclear static and dynamic testing and the 
single-channel elements for the in-plle static testing 
program and for fuel system studies are listed in 
Table 1. The fabrication yields among the various fuel 
systems and geometries typically ranged from 75 to 85 
percent. A major reason that some specimens did not 
bond and remain leak tight was that coolant tube materi
al .of underslrable quality was used for lack of better 

Table 1 
Fuel Element and Test Specimen Fabrication 

Number of Aisembllt i 

Attempted 
Succesllully Bonded 

and SeaJcd 

Depleted Fuel (for non-nycleir teit profTun) 

19-Chinnel HexigoniJ Ceometry 

Pir t l i l -Ler^h (3. 5 Inch fueled lent<h) 
W-Ra-Mo-cl>d (PW lerlee) 4 
T - I U - c l j d ( P T i e r l e i ) 1 
Mo-Re-cl»d (PM terlel) 4 

Full-Length (M.77 Inch fueled lenglli) 
W-Be-Mo-cl»d (FW series) -4 
T - U l - c l i d (FT eerlee) 5 

Single-Channel Geometry 

Pijlli l-Length (1.5 Inch fueled lenglh) 
W-Re-Mo-cUd (DSW series) 
T- lU-c lad (DST series) 
Mo-Re-Clad (DSM series) 

Full-Length (U.TT Inch fueled length) 
W-Re-Mo-clad (FSW series) 
T - n i - d a d (FST series) 
T«-cl»d (SC series) 

Enriched Fuel (for In-pUe test program) 

Single Channel Circular Geometry 

Partial-Length (1.5 or 9.0 Inch fueled length) 
W-Re-Mo-clad (ESW series) 55 
T - l U - c l a d (EST scries) 4 

35 
14 

5 

1 

a 
5 

19 
11 

5 

1 
2 
S 

47 

4 

The major Improvements thit vere made In fabrication of fuel elements during this pro
gram objective were: 

1. A better method of forming the outer hexagonal cladding was developed whereby the 
stronger cladding materials such as W-Re-Mo and T-111 could be formed more pre
cisely without an additional sizing operation. 

2. The metallurgy of the cladding materials was further developed, partlcuUrly with re
spect to proper heat treatments for best forming results. 

9. New tubing Inspection equipment and techniques were developed which permitted a 
more reliable non-destrucllve IttspecUon. 

4, Analysis of the fuel system was accomplished to determine the proper assembly gaps 
between components to mlrdmlte the possibility of overstraining a cladding component 
locally during the hot-gas pressure-bonding operation. 

5. Methods were developed for the precision machining of full-length fuel elements for 
attaching end hardware. 

material. It was only near the end of the 710 Program 
that the equipment capacity was achieved to supply 
W-Re-Ho tubing in the quantity and quality necessary. 

From the start of the program, it was realized that 
extensive out-of-pile testing of the fuel form and 
element would be required before in-plle Irradiations 
could be initiated. The difficult duty cycle Imposed to 
heat non-oxidizing gas coolants steady state to 3500''F 
and hydrogen gas surges to above iOOCF, presented a 
unique challenge In handling thermal stresses, chemical 
compatibility, dimensional analyses and tolerances, 
fabrication processes and manufacturability. 

All of these were approached by the use of Che 
sophisticated facilities and equipment put In place 
during the ANP Program. Encouraging success was gained 
early in the program when a sample made up of W-60UO2 
cermet clad in W-Re remained leak tight after fifty 
hours in hydrogen at 4700''F. 

The goals in the last few years of the program 
centered on a Brayton cycle system with a 2200*F reactor 
outlet temperature. Three candidate fuel element 
configurations were under consideration. For the longer 
operating time of 10,000 hours, long term material 
characteristics and chemical compatibility came under 
sharper focus. 

To gain a more comprehensive evaluation of the 
out-of-pile testing, the original 710 Program Progress 
Reports are an excellent source. A W-Re-Mo clad W-U02 
specimen was successfully tested in the liquid metal, 
lithium, at 2600*^ for 100 hours. The specimen had 
endured 125 cycles in helium from temperatures of 500°F 



to 2200''F and above, before it was chosen as a lithium 
testing, candidate. "No apparent deterioration or 
microstructural damage at the W-Re-Mo cladding, LI 
Interface, was detected...No free uranium was observed 
in the core nor detected by hydriding analysis, indicat
ing that no oxygen-was lost from the fueled core." 

In June of 1965, the in-plle test program began In 
the Low Intensity Test Reactor (LITR) at Oak Ridge. The 
LITR was selected for the irradiation tests of the fuel 
specimens since it provided low power density and ""low 
rates of fuel burnup but, still, a factor of two above 
that required of the 710 reactor application. A summary 
of the first three experiments is presented to serve as 
background for the subsequent multi-specimen tests. 

The first test cartridge was tested in a helium/ 
hydrogen atmosphere at a pressure of 200 psi and operat
ed at 1540''C (2800°F) for 3000 hours to an average 
burnup of 3.5x10(19) flsslons/cm3 of cermet core. The 
specimen was leak tight, well bonded and exhibited good 
dimensional stability. The microstructural Integrity of 
the fuel core was excellent, showing no visible signs of 
irradiation damage. 

The second test cartridge, containing a single 
channel T-111 clad W-U02-Th02 specimen was operated with 
an axial temperature gradient from 485°C to 1425''C 
(900°F to 2600"'F) for 5000 hours to a maximum burnup of 
5.5x10(19) flssions/cm3 of cermet core. The fuel 
element specimen was in excellent condition and showed a 
diametral growth of less than 0.5 percent at the high 
burnup end. 

A study of the mobility of fission gases within the 
fuel matrix was made by puncturing the cladding and 
collecting the gases from several sections of the 

relatively long specimen. In addition, selective 
dissolution of thin sections taken from different 
temperature and burnup locations was performed to 
determine the percentage of fission gases remaining In 
the fuel and the percentage that recoiled into the 
tungsten matrix. 

The analysis showed Chat 90 to 95 percent of the 
total fission gas inventory was retained by the fuel or 
the tungsten. The remaining 5 to 10 percent was mobile 
and free to migrate. It was concluded that 15 to 20 
percent of the fission products recoiled into the 
tungsten matrix and became immobile. 

The third test was similar to the second except 
that the fuel specimen was clad in the W-Re-Ho alloy and 
operated for 5000 hours with an axial temperature 
gradient from 925°C to ISIO'C (1700*F to 2750*F). The 
maximum burnup was 5.0x10(19) flssions/cm3 of cermet 
core. Again, the specimen was found to be in excellent 
condition after test. Measured diametral growth was 
only 0.2 to 0.6 percent. 

At the end of the 710 Program, the AEC decided to 
have ORNL perform the post-irradiation examination and 
evaluation of eight fuel specimens that had been irradi
ated at the Oak Ridge Research Reactor (ORRR) to burnups 
beyond those accumulated in the LITR testing reported 
above. Figure 1 summarizes the results of these and 
other tests . 

In each of the eight specimens, a different method 
of fission product gas pressure accommodation was 
Incorporated. Because fission gas pressure was the 
conclusive cause of failure in the LITR testing, it was 
decided to attempt to attain longer life for the fuel 
form by void deployment in the fuel core and built-in 
plenum regions as the principal variables. 
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ARG(5NNE NATIONAL LABORATORY ROCKET PROGRAM 

Duking the 1960's, Argonne National laboratory 
conducted a nuclear rocket development program for the 
Atomic Energy Commission. The four important aspects in 
this program were 1) design of two complete nuclear 
rocket systems, including the core structure and the 
control systems (one rocket system was relatively large 
and the other was relatively small), 2) fuel material 
development and fabrication program, 3) reactor physics 
experiment and analysis program, and 4) engineering 
analysis and test program. 

The keystone of this program was the use of a 
refractory cermet of urania imbedded in a tungsten 
matrix as the fuel for a fast-spectrum nuclear rocket 
This fuel was chosen because preliminary studies indi
cated that such a system could provide significantly 
better performance capability than could be obtained 
with graphite based fuel systems. It was found that the 
advantages of the refractory metal system Include 1) a 
potential for very long operating life (in excess of 50 
hr), 2) multiple restart capability at high specific 
impulse (800-900 sec), 3) lower weight and greater 
compactness than that of comparable graphite systems, 
and 4) greater compatibility between the fuel and 
hydrogen coolant. 

Two reference designs were produced The first of 
these was a large, 2000 MW, topping-cycle engine with a 
nominal thrust of 100,000 lb; it was intended for 
missions comparable to those being considered for NERVA 
at that time The second was a small, 200 MW, 
bleed-cycle engine with a nominal thrust of 10,000 lb; 
it was intended for a variety of unmanned scientific 
probes 

In both designs, the core is an array of hexagonal 
fuel elements of tungsten-urania cermet, clad with 
tungsten and tungsten-rhenium alloy, assembled into a 
cylindrical core. The hydrogen coolant flows through 
holes in the elements. In the large core there are 331 
holes in each element, with 61 in the small core. A 
cutaway view of the reactors for the two engines is 
given in Figure 2. 

2000 MW REACTOR 

Fig. 2 ANL Rocket 

The small engine design diffcis from the large in 
four major areas in 1) the method of core support, 2) 
the method of reactor control, 3) the pumping cycle, and 
4) the use of a two zone fuel element 

The size of the small engine -as determined by 
criticallty considerations, therefore, the system 
operates at a lower power density than does the large 
engine. This results in a lower pressure drop across 
the core and allows a different method of core support 
The core in the large engine is cantilevered from a grid 
plate at the coolant entry end of the core; the core in 
the small engine is supported In a honeycomb core 
containment basket 

Control of the large reactor is accomplished with 
rotating drums in the reflector, control of the small 
reactor is accomplished with axial movement of the 
segments of the radial reflector. The core design for 
the small engine contains two axial zones A 
molybdenum-urania cermet is used in the low temperature 
half of the core with a tungsten urania cermet used in 
the high temperature half of the core This approach 
reduces the system weight 

Fuel material development was conducted in parallel 
with the engineering design studies The fuel material 
specified in the design of the large nuclear rocket, 
which was designed first, was 60 v/o urania - 40 v/o 
tungsten, that specified for the small rocket was 60 v/o 
urania - 34 v/o tungsten - 6 v/o gadollnia 

The inclusion of the gadolinia was made in the 
later design because it was found that the gadolinia is 
a stabilizer which significantly enhances the ability of 
the urania to withstand high temperature in a hydrogen 
atmosphere without being reduced or losing any free 
hydrogen Other stabilizers, including choria, were 
consideied but gadolinia was selected because it per
formed best under the conditions being considered 

Primary emphasis in the fuel material development 
and fabrication program was placed on the development of 
the technology by which the fuel elements could be 
fabricated and clad Three fabrication techniques were 
pursued and they were all considered to be successful 
The one which became the preferred method is one in 

200 MW REACTOR 

Propulsion Concepts 
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which tungsten and urania powders are mixed and placed 
In a niold of the desired configuration. The coolant 
passages are formed by placing steel wires of the proper 
size and spacing in the mold before it Is loaded with 
powder. The mold Is then Isostatically pressed. 

After the fuel element is removed from the mold, it 
is sintered in hydrogen and helium at temperatures up to 
250O°C for 16 hours. Fuel elements approximately one 
meter long were fabricated to acceptable tolerances by 
this method. The cladding material of choice would" be 
tungsten because of its high temperature characteristics 
but it is extremely brittle, especially when cycled from 
high temperatures to low temperatures. For that reason, 
an alloy of tungsten-25% rhenium was selected because it 
is easier to work and is more ductile. 

One important aspect of the fuel development 
program was the selection of a binder to use in the 
powder metallurgy work. Usually carbonaceous binders 
are used. However, It was found that carbonaceous 
binders could not be removed during the sintering 
process and even small amounts of a carbonaceous binder 
would react with the tungsten matrix material. 

After a lengthy study of this problem, it was found 
that camphor is an excellent binder and that it will 
boil off as a complete molecule during the sintering 
process. This finding was one of the key elements in 
the development of the urania-tungsten cermet fuel 
system for the nuclear rocket. 

The major effort in the physics studies was a 
series of critical experiments on full sized cores. 
These experiments were designed to provide basic physics 
informatics about tungsten-based rocket reactors. 
Critical configurations, the neutronic properties of 
uranium, tungsten and rhenium as core materials, alumi
num and beryllium as reflectors, reactivity effects 
associated with hydrogen as propellant, and both leakage 
and poison control were studied. 

Accompanying the experiment program was an analysis 
program to interpret the results of the experiments and 
to support the engineering design effort. The analyses 
included parametric studies of critical configurations 
and control mechanisms. 

An Important part of the nuclear rocket program was 
an engineering analysis and test program. One part of 
this program was concerned with vibration problems 
associated with exit velocities that are high (which, 
when combined with cantilevered support of the fuel, 
produces a potentially destructive flow-induced vibra
tion) , deformation problems caused by high temperature 
operation, and the structural integrity of the fuel when 
operated for long times and in a cyclic mode. 

The vibration testing was conducted on a large 
mechanical shaker and support platform. The experimen
tal studies on deformation and deflection problems 
associated with the method of core support and the 
severe axial temperature gradients at high temperatures 
were conducted in a special purpose hot hydrogen test 
loop facility that was built for this program. 

This facility contained two hot hydrogen loops, one 
with a nominal power of 50 KW and the other with a 
nominal power of 1000 KW. These loops could be operated 
in two modes, one for steady state runs for 1-2 hr and 
the other for thermal cycling runs, with cycle periods 
of approximately 1 hr. The loops could be operated with 
either static hydrogen or with flowing hydrogen. 

This facility was used to demonstrate the structur
al integrity of the fuel by running specimens for as 
many as 193 cycles over 49 hr at temperatures of 2800K. 
A series of rapid heatup tests were run in-pile at 
TREAT, a transient test reactor in which a neutron burst 
of predetermined duration and Intensity can be produced. 

These tests were designed to give phenoracnologlcal 
Information on the structural integrity of the fuel 
material and the cladding when subjected to severe 

was 
the 

fuel 

fuel 

thermal shocks that might be expected during cyclic 
operation of the reactor. Eight specimens were tested 
In TREAT at temperatures up to 2700K. 

Some of the specimens had substandard cladding; 
some specimens were given as many as six successive 
bursts with cooldown between bursts to study behavior In 
cyclic situations. In spite of the substandard cladding 
on some of the specimens and the severe conditions 
Imposed on other specimens, not one of the eight speci
mens cracked or spalied. 

The results ot the ANL nuclear rocket program were 
very encouraging. Reactor design studies were taken to 
the extent that it was established that a relatively 
simple, lightweight engine that would have high perfor
mance could be built. A fuel system which would meet 
all of the requirements that had been established 
found. The fabrication development was carried to 
point where it was concluded that high quality 
elements with good properties can be built. 

Specimens of tungsten clad, tungsten-urania 
elements were fabricated and tested for long times at 
high temperatures under cyclic conditions. It was found 
that the fuel and the cladding had extremely good 
structural integrity and compatibility with the coolant. 

RECENT GE ADVANCED SPACE POWER CONCEPT 

A cermet fueled nuclear reactor has been investi
gated by General Electric as an attractive candidate for 
a high performance advanced space power system. The 
requirements for high performance are identified as high 
coolant temperatures, high power densities and long 
operating life commensurate with the mission require
ments . 

Multiple restart, a dual mode operating capability 
and the rapid transition between operating modes are 
also identified as prime characteristics to be achieved 
by the reactor system to obtain maximum operating 
flexibility. An Illustration of a typical blmodal power 
system layout Is shown in Figure 3. 

CERHET-rbUEO 
KEACTOR 

RADIATION 
-SHIELD BASE LOAD COHPRESSfiS,-

TUR91NE GENERAtOR 

OUTLET 

CRYOGENIC 
REFRIGERATOI 

mm 
H, INLETI 
H I N E - ' 

SWITCHING 
CONTROL VALVE 

BURST POWER 
TURBINE GENERATOR 
BURST PC«£R 
HANIFOLD i TKRUSTER 

BASE LOAD 
RECUPERATOR 

Fig. 3 Blmodal Power System 

The core layout for the reference cermet fueled 
reactor is shown in Figure 4. The core consists of 840 
hexagonal fuel elements with an effective diameter of 
76.0 cm and an active fuel height of 76.2 cm. The fuel 
assemblies are surrounded by a 2.5 cm thick Astar-811 
pressure vessel, a 7.5 cm thick BeO reflector and a 0.25 
cm thick Astar-811 reflector shell. 
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Pressure Vessel 

Fuel Elefl'ent 

Control Rods 

Total Fuel Elements - 840 
In-Core Control Rods - 7 

Fig. 4 Layout for the Cermet-Fueled Core 

A total of seven in-core control rods are included 
to provide for the system reactivity requirements. The 
control material is fully enriched B4C which is with
drawn from the core during the burst power operation. 
The fuel element for the reference blmodal design has a 
pitch of 2.428 cm and contains 91 coolant channels with 
an effecti-Ve channel inner diameter of 0.1 cm. A 
listing of the key core design parameters is given in 
Table 2. 

the fuel matrix materials .Tie chosen to enhance the 
likelihood that the reactor concept will meet the Space 
Development Initiative (SDI) mission requirements for 
burst power. 

The Incorporation ot a fuel porosity Is also 
directly linked to the alert operating mode since It Is 
the alert mode which determines the fuel exposure and, 
thereby, the fuel response to a sudden power ramp. 
Thus, a gross pososlty Is Included to accommodate tlie 
buildup of fission products for anticipated peak fuel 
exposures. 

Probably the single most Important factor In the 
cermet fueled reactor design Is the critical size. The 
criticallty requirements are affected by 1) the need to 
open up the coolant channel diameter to minimize the 
core pressure drop during burst operations, 2) the 
Incorporation of a gross porosity to accommodate the 
buildup of fission products, 3) the requirements to go 
to fissile enrichment zones to minimize the peak-to-
average power distribution, and 4) the requirements for 
excess reactivity to accommodate fuel burnup and '_o 
overcome the negative reactivity feedback in going from 
cold shutdown to alert/burst operations. 

The principal performance parameters for the 
reference cermet fueled core are listed in Table 3. 
Power flattening in the reference core is achieved by 
utilizing two enrichment zones (in both the radial and 
axial dimensions). The startup fissile enrichments for 
the inner and outer core zones are 82 and 97 atom 
percent U-235, respectively. The peak-to-average power 
ratio for the two zone core Is predicted to be approxi
mately 1.45. 

Table 3 
Performance Parameters for the Cermet-Fueled Core 

Tabic 2 
Design Paramatcrs for the Cermet-Fueled Core 

Core Data 
Power, MWg (Alert/Burst) 
Coolant (Alert/Burst) 
Coolant Outlet Temperature, 'K CF) 
Effective Diameter, cm 
Height, cm 
Number of In-Core Control Rods 
Control Absorber Material 

Fuel Element Data 
Fuel Material, Vol % 
Fuel Porosity, % 
Structural Material, Wt % 
Number of Elements 
Dimension across Flats, cm 
Center-to-Center Dimension, cm 
Number of Coolant Tubes 
Coolant Channel Diameter, cm 
Coolant Channel Clad Thickness, cm 
Outer Clad Thickness, cm 

Reflector Data 
Reflector Material 
Reflector Thickness, cm 
Radial 
Axial 

Reactor Diameter, era 

10/500 
He/H2 

2146 (3400) 
76.0 
76.2 
7 

B4C (enriched) 

6OUO240W 
20 
W-25Re 

840 
356 
428 

2. 
2. 

91 
0. 
0, 
0 

BeO 

10 
020 
038 

Performance Parameter 
Thermal Power, MW,- (Alert/Burst) 
Flssle Fuel Inventory -
Startup U-235, kg 

Total Active Core Mass - kg 
Flssle Enrichment (Core Zone 1/2 
Peak Fuel Burnup, Atom % 
Peak-to-Average Power 
Burnup Reactivity Swing, % Ak/k 
Peak Fast Fluence, n/cm' 
Worth of In-Core Control Rods, % 

Coolant Inlet Temperature 
Alert, °K ("F) 
Burst, "K CF) 

Coolant Inlet Pressure 
Alert, MPa (psia) 
Burst, MPa (psia) 

Coolant Outlet Temperature 
Alert, "K (°F) 
Burst, °K CF) 

Coolant Outlet Pressure 
Alert, MPa (psia) 
Burst, MPa (psia) 

Maximum Fuel Temperature 
Alert, °K CF) 
Burst, 'K CF) 

), % 

(*$) 

Ak/k 

Value 
28.2/843 

840 

4001 
82/97-
2.3 
1.45 
2.0 (2.9) 
1.47+22 
14 

1508 (2254) 
34 (-396) 

6.31 (914) 
9.12 (1323) 

2145 (3400) 
2477 (4000) 

6.08 (882) 
7.10 (1030) 

2260^(3450) 
2870^(4700) 

7.6 
10.2 

102.1 *$-0.0068 Ak/k 

In general, the reactor layout for the blmodal 
design is determined on the basis of the requirements 
for burst power. Thus, the number of coolant channels 
per assembly, the coolant channel diameter, the fuel 
porosity, the total number of fuel assemblies and even 

A low burnup reactivity swing Is attributed to the 
neutronic Insensitivity of the fast spectrum core to the 
buildup of fission products. As examples of the hard 
spectrum, the mean fission energy and the percentage of 
fissions below 10 keV are predicted to be 280 keV and 
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1 5%, respectively Whereas typical values for a 
commercial liquid metal cooled leactor are about 180 keV 
ana 6-8% 

The low value for the burnup reactivity s-rlng is 
particularly Important In the minimization of the 
control requirements The total reactivity requirements 
for the reference blmodal design including the burnup 
reactivity and the reactivity feedbacks in going from 
zero power to burst power aie predicted to be of the 
order of 4 5% Ak/k (including uncertainties) ~ In 
contrast, the worth of the seven in core rods is pie 
dieted to be greater than 14% Ak/k Thus, theie is a 
large excess reactivity margin (exclusive of the re 
quirements for redundancy and the accommodation of a 
design basis accident) 

The core mass for the blmodal design is predicted 
to be about 4000 kg Approximately 75% of this mass is 
attributed to the refractory metals in the fuel matrix 
and the cladding In spite of the magnitude of the core 
mass, it is important to note that the core represents 
less than 10% of the total pouer source mass Thus, 
there are not major incentives for reducing the core 
mass to achieve a significant reduction in the overall 
power system mass 

The thermal hydraulic characteristics for the 
reference core were determined by using a single channel 
flow model The peak fuel temperatures for the alert 
and burst operating mode are predicted to be 2260K 
(3600°F) and 2870K; (4700^), respectively based upon 
15% hot spot factors which are applied to the average 
flow channels 

One (ff the key safety features of the cermet fueled 
design is attributed to the utilization of the resonance 
(1 e , epithermal energy) absorption materials W and Re 
That IS under conditions of water immersion, including 
the loss of the BeO reflectors and the replacement of 
all coolant gas with water the system remains 
subcritical by over 15% Ak/k even with all control rods 
removed Thus, the water immersion problem is not an 
issue for the cermet fueled design 

The use of the high strength, refractory metals in 
a monolithic fuel element also enhances the fuel 
containment following reentry of the power system 
(either from a launch abort or from oibit) The high 
strength bonded core configuration can be expected to 
remain intact and provide resistance against compression 
forces leading to compaction and/or leconfiguratlon of 
the core geometry 

The cermet fueled reactor is utilized as the heat 
source for two Independent turbine generator power 
conversion systems Heat balance studies have been 
performed to establish system efficiencies for each of 
the principal operating modes The closed cycle system 
employs recuperation for heat conservation 

Other major components include the gas turbine 
generator set, reactor radiator and the connecting 
piping The cycle efficiency is expected to be 35 5% 
The assumed adiabatic efficiencies for the turbine and 
compressor are 91% and 87% respectively The 
recouperator effectiveness is 79% The turbo machinery 
would be a relatively high rotational speed aircraft 
engine derivative 

For steady state power employing a closed cycle 
system, the size of the radiator Is a majoi concern To 
minimize the heat rejection requirements for the radia
tor, it is advantageous to increase the cycle efficlen 
cy Cycle efficiency, in turn, increases significantly 
as the reactor outlet temperature increases Current 
jet engine and Industrial gas turbines operate with an 
inlet temperature of about 1367K 

The reference design rccoirirenried here has a turbine 
Inlet temperature of 214uK, which represents a factor of 
three reduction in radiator heat power rejection capaci 
ty In conpnrison to that Tt 1367K It Is ciear t'nt on 
Incentive exists to achlc e hlgner leactor outlet 
temperatures since the radiators in space constitute 
one of the largest co~ponents of the system 

The principal contributors to the total power 
system mass are Identified as the liquid hydrogen plus 
storage and lefrlgeration the burst po*er generators 
and the alert power radiators 

SUMMARY 

The key features of the cermet fueled reactor 
design include high coolant temperatures and pô -er 
densities In addition because of the very high 
thermal conductivity of the turgsten in the fuel matrix 
there is a potential for the rapid dissipation of heat 
such that thermal stresses and shock in the fuel aie 
minimized during the rapid transition from steady state 
to burst power operation 

The simplicity of the cermet fueled design is 
characterized by the presence of only fuel cladding 
coolant, and control m a fast spectrum core which 
provides multiple barriers to fission product release 
Because of the neutronics insensitivity to the high 
strength structural materials and fission products it 
is possible to achieve small core sizes particularly 
for extended operations 

The neutronic insensitivities to fission products 
also means that there Is a potential for minimizing the 
system control requirements The simplicity of this 
reactor concept can be enhanced by the use of integrated 
support and reflector eletrents and integrated fuel 
elements and rear reflectois (if necessary) 

The fundamental featuies of the cernet fueled 
reactor design include several key safety features which 
are attributed to the use of W and Re refractory metals 
Because of the neutronic propeities of W and Re (i e 
resonance absorption characteristics) the reactor 
remains substantially subcritical under conditions of 
water immersion 

In addition the high strength refractory metals 
provide resistance against compression forces leading to 
compaction and/or reconfiguration of the core geometry 
Finally the cermet fuel is characterized by a negative 
temperature coefficient due in part to the contribu 
tlons from W and Re (e g negative Doppler coeffi 
clent) These features enhance the safety performance 
of the cermet fueled design 
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