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Abstract. The future of American space exploration depends on the ability to rapidly and economically access 
locations of interest throughout the solar system. There is a large body of work (both in the U.S. and the Soviet 
Union) that show that Nuclear Thermal Propulsion (NTP) is the most technically mature, advanced propulsion 
system that can enable this rapid and economical access by its ability to provide a step increase above what is 
feasible using a traditional chemical rocket system. For an NTP system to be deployed, the earlier measurements and 
recent predictions of the performance of the fuel and the reactor system need to be confirmed experimentally prior to 
launch.  Major fuel and reactor system issues to be addressed include fuel performance at temperature, hydrogen 
compatibility, fission product retention, and restart capability. The prime issue to be addressed for reactor system 
performance testing involves finding an affordable and environmentally acceptable method to test a range of engine 
sizes using a combination of nuclear and non-nuclear test facilities. This paper provides an assessment of some of 
the capabilities and facilities that are available or will be needed to develop and test the nuclear fuel and reactor 
components. It will also address briefly options to take advantage of the great improvement in 
computation/simulation and materials processing capabilities that would contribute to making the development of an 
NTP system more affordable.  

Keywords: Nuclear Thermal Propulsion (NTP), Fuel fabrication, nuclear testing, test facilities.  

FABRICATION OF CANDIDATE FUELS 

Based on substantial experimental databases and anticipated performance potential, high-temperature graphite fuels 
and tungsten CERMET fuels have been shown to be the two near-term candidate fuels that are capable of meeting 
the operational requirements for NTP systems. Fuel expertise and fabrication facilities exist at the Idaho National 
Laboratory (INL), Oak Ridge National Laboratory (ORNL), and Los Alamos National Laboratory (LANL).  While, 
new fabrication equipment would have to be procured and installed for both the graphite and CERMET fuels, 
substantial fuel fabrication and evaluation capabilities exist within the Department of Energy (DOE) complex to 
support the fuel development. A listing and description of the facilities is provided below. 

INL - Fuel Manufacturing Facility (FMF) 

Development and evaluation of fabrication processes currently takes place at FMF, which houses shielded glovebox 
lines capable of fabricating bench-scale quantities of actinide-bearing nuclear fuels. FMF was built in the late 1980’s 
and housed the systems to fabricate Experimental Breeder Reactor –II (EBR-II) driver fuel, but it has since been 
converted to a general fuel fabrication facility. Although used primarily for metal fuel, it does have the capability to 
fabricate ceramic-based fuels.1 
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ORNL - Radiochemical Engineering Development Center (REDC) 
 

Building 7920 is a two-story structure that began operating in 1967 to support processing of target rods from the 
High Flux Isotope Reactor (HFIR) for production of heavy elements. The building contains nine 2.1 m by 2.1 m by 
2.6 m high, air atmosphere, heavily shielded hot cell cubicles. Three laboratories contain glove boxes that can be 
used for various R&D operations. Building 7920 has a hot cell support area that consists of the hot cell operations 
control room, the chemical makeup area, the limited access area, the decontamination room, and the transfer area.1 
 

LANL - TA-55 Plutonium Facility 
 
TA-55 is a large, 21,368-m2 nuclear facility within the LANL Technical Area-55. It was constructed in the mid-
1970s and began operation in 1978. Significant capital investment will be needed in the future to meet modern 
safety requirements. The facility was designed and built to meet DOE Security Category I and Hazard Category 2 
requirements. It is used primarily for National Nuclear Security Administration (NNSA) programs but also hosts a 
broad portfolio of other programs. It has extensive, lightly shielded, inert glovebox capability and is designed with 
an integrated overhead trolley system for moving material between glovebox lines and to different parts of the 
building. These gloveboxes are capable of handling kilogram quantities of nuclear material as long as the associated 
radiation fields are relatively low. The line also has been used to fabricate fuels for space reactors and Mixed Oxide 
(MOX) fuels in support of the surplus weapons plutonium disposition program.1 
 
 

NUCLEAR AND NON-NUCLEAR TESTING 

Testing Fuel Samples Up To Full Length Elements 

Limited test capabilities are available within DOE and the National Aeronautics and Space Administration (NASA) 
to test and evaluate high-temperature fuels and exposure to hot hydrogen for materials properties and structural 
performance.  However, capabilities exist both at INL (ATR) and ORNL (HFIR) to irradiate fuel specimens and 
full-length elements with a hydrogen cover gas. However, neither have the capability to conduct nuclear testing of 
fuel element bundles with flowing hydrogen gas. An NTP program would utilize, to the greatest extent possible, 
non-nuclear testing of fuel elements at facilities within the DOE complex and NASA centers where capabilities do 
exist that can test full length elements and element bundles under flowing hydrogen conditions at operational 
temperatures. Other DOE facilities could be utilized depending on site availability, program compatibility, and the 
possible need to modify physical resources.  These include INL’s Transient Reactor Test Facility (TREAT) and a 
zero-power-critical facility that is currently being established in the Device Assembly Facility (DAF) at the Nevada 
Test Site (NTS).  A listing and description of the facilities is provided below. 

INL - Advanced Test Reactor (ATR) 

The ATR presented in Figure 1, is a low-temperature, low-pressure light-water-cooled reactor, used for multi-
purpose irradiation testing at the INL. The ATR has historically supported fuel development for the Navy’s nuclear 
propulsion program. Its use has expanded over the last decade to include other missions, such as development of 
fuels for NNSA’s Reduced Enrichment for Research and Test Reactor (RERTR) program and fuel development 
activities associated with high-temperature gas reactor and fuel recycling / actinide reduction efforts. In 2007, ATR 
was designated a national scientific user facility, enabling it to support the irradiation testing needs of industry, 
universities, international researchers, and other federal agencies. ATR has a maximum power of 250 megawatts and 
can provide thermal neutron fluxes of 1x1015 neutrons/cm2-sec and maximum fast (E>0.1 MeV) neutron fluxes of 
5x1014 neutrons/cm2-sec. These fluxes, combined with the 77 irradiation positions of varying diameter over an 
active core height of 1.2 m (48 in), make ATR a very versatile and unique facility. Four types of irradiation testing 
are employed: static sealed capsule tests with passive instrumentation, tests with active instrumentation for 
measurement and control of specific testing parameters, pressurized water loops that are connected to in-pile tubes 
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and flux traps, and a new hydraulic shuttle irradiation system that allows insertion and removal of test specimens 
during reactor operation. Because the ATR’s internal components are changed out periodically, it remains a valuable 
research and test machine capable of decades of service. 1 
 

 
 

FIGURE 1. Reactor Head, Advanced Test Reactor, Idaho National Laboratory. 
 

ORNL - High Flux Isotope Reactor (HIFR) 
 
The HFIR, presented in Figure 2, is a versatile 85-MW beryllium reflected light-water cooled and moderated 
research reactor which is owned by the Office of Science. It is used principally to provide a steady-state neutron 
source for fundamental scientific experiments associated with neutron scattering. A flux trap located in the center of 
the HFIR fuel element provides a thermal neutron flux greater than 2x1015 neutrons/cm2-sec, the highest in the 
western world. This flux trap could be capable of irradiation testing of small samples of fuels and materials. Other 
positions with fast neutron fluxes greater than 1x1015 neutrons/cm2-sec are also available directly outside the reactor 
core in both the removable and permanent beryllium reflectors. HFIR also operates a hydraulic shuttle system that 
enables insertion of irradiation samples while the reactor is operating. HFIR retains an important complementary 
capacity for materials irradiation and testing, and like ATR, is expected to operate for several more decades. 1 
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FIGURE 2. High Flux Isotope Reactor, Oak Ridge National Laboratory. 
 

 

Marshall Space Flight Center (MSFC) - Nuclear Thermal Rocket  
Element Environmental Simulator (NTREES) 

 

The purpose of the NTREES facility is to perform realistic non-nuclear testing of NTR fuel elements and fuel 
materials.  Although NTREES cannot mimic the neutron and gamma environment of an operating NTR, it can 
mimic the thermal hydraulic environment within an NTR fuel element.  Once fully operational, NTREES will be 
capable of testing fuel elements and fuel materials in flowing hydrogen at pressures up to 6895 kPa, at temperatures 
up to and above 3000 K, and at power densities near-prototypic.  NTREES is capable of testing with a variety of 
propellants, including hydrogen with additives to inhibit corrosion of certain potential NTR fuel forms.  The 
NTREES facility is licensed to test fuels containing depleted uranium. It includes a pyrometer suite to measure fuel 
temperature profiles and a mass spectrometer to help assess fuel performance and evaluate potential material loss 
from the fuel element during testing.  NTREES is configured to allow continuous testing for any desired length of 
time, and uses propellant fed from propellant trailers located external to the facility.  The primary NTREES chamber 
is currently being reconfigured to allow up to 1 MW to be fed into the fuel element heaters.  Future configurations 
could increase power levels to 5 MW without exceeding the capability of supporting systems.  The NTREES facility 
also includes an arc heater that has demonstrated capability to flow hot hydrogen over a material or fuel sample at a 
hydrogen gas temperature of up to 3160 K for over 30 minutes.  A picture of the most recent operational NTREES 
primary chamber configuration is shown in Figure 3. 

 

FIGURE 3 Nuclear Thermal Rocket Element Environmental Simulator (NTREES). 
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NTP SYSTEM TESTS 

There are no existing facilities within the DOE complex with the capability to test full NPT systems.  In order to 
achieve this capability, two options for new facilities have been proposed, but both require further evaluation and 
analysis.  The first option is the construction of a facility with above-ground exhaust treatment capabilities (sized to 
the power level of the NTP system to be tested).  The second option is to make use of existing vertical boreholes at 
the NTS to capture and filter the effluent gas.  If proved viable, this option would significantly reduce cost and 
schedule.  

Above Ground Effluent Treatment System (ETS) Concept 

A typical ground test facility (GTF) with liquid hydrogen supply and ETS is shown in Figure 4. The system shown 
was prepared for the Space Nuclear Thermal Propulsion (SNTP) Program for a 111,200 N -class, 550 MWt NTP 
engine. 2 
 
The ETS approach presented here uses LH2 to cool the effluent rather than water. Having large quantities of 
potentially contaminated water over an aquifer is problematic. The need for a water treatment facility to process 
contaminated water and dispose of the entrained water waste products also led to the selection of a system relying on 
liquid hydrogen for effluent cooling as the preferred approach. With this option, both the “treated hydrogen” engine 
exhaust and the exhaust coolant can be burned in a flare stack, limiting the waste issue to particulate filters and the 
absorber beds. 3 
 
Several support facilities and systems would be needed to support NTP ground testing. The support facilities and 
systems listed below would be needed independent of the site selected for performing the ground test program. Each 
location will need a test cell for testing the reactor and related components. The test cell would be located within a 
containment- or confinement-type structure with attendant heating, cooling, and ventilation system to provide 
confinement for retaining radiological materials from the reactor core, should an accident occur. A confinement 
building around the reactor with an active filtration system may meet the hydrogen safety requirements for the 
confined space as opposed to a containment building. A sizeable liquid hydrogen (LH2) supply system will also be 
required for the above-ground ETS option. The supply system could be sized to meet the requirements for both 
engine operation and effluent treatment (~181,437 kg), or a separate supply system (~136078 kg) could be co-
located with the effluent treatment system. This large LH2 requirement will most likely drive the design of the GTF 
to include a large capacity dewar system similar to that used at the NTS Test Cell C during the Rover/NERVA 
program. The Test Cell C site included two large spherical dewars each with a 1893 kl capacity. For ~181437 kg of 
LH2, two ~1408 kl dewars would be needed. For comparison purposes, the LH2 propellant capacity at the Kennedy 
Space Center is ~3218 kl. In addition to the liquid hydrogen supply, the above ground ETS will include filters, 
coolers, and cryogenic absorbers for noble gas removal. 4 
 
The NTP GTF will also require a control room with associated instrumentation, controls, and data acquisition 
system. It has been proposed that the control room and associated equipment could be located in a portable office 
building rather than a permanent structure at the test site. Adjacent rooms could provide for radiation control and 
safety systems. 
 
An engine assembly and storage facilities are also needed prior to placement of the reactor system in the test cell. 
Existing facilities at the INL or NTS could meet this requirement.  
 
For disassembly, examination, and disposal preparation of the NTP engine after completion of the test program, 
access to a shielded hot cell facility will be required. At both the INL and the NTS, a shielded enclosure will be 
required to allow the disconnection of the NTP from the hydrogen supply and effluent treatment systems along with 
all the instrumentation cabling and power connection. The shielded enclosure would also require the capability to 
load the NTP reactor into a shipping container for transfer to a hot cell for examination. The shielded enclosure may 
or may not be a part of the confinement structure. Once the NTP reactor is packaged for shipment, it could be sent to 
the INL for further disassembly and examination at the Hot Fuel Examination Facility (HFEF). 
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FIGURE 4. Above Ground NTP Effluent Treatment System Concept. 5 

 

Subsurface Active Filtration of Exhaust (SAFE) Test Facility at the Nevada Test Site 

An alternative to the complex, above-ground ETS option described above is subsurface filtration of the engine 
exhaust using the NTS alluvium soil / rock as the holdup and active filtration medium. The geological characteristics 
of the NTS have been studied for over 50 years and have provided unique characteristics for performing 
underground nuclear weapons tests. The SAFE concept relies upon the alluvial soil characteristics to filter the 
effluents from the NTP exhaust. From a paper prepared in 2003 by Steven Howe6, it was proposed to install a 
nuclear thermal rocket on top of a typical vertical “borehole” used for underground testing of nuclear weapons from 
the 1950s to 1992. Borehole testing ceased with the test ban treaty signed in 1992 but a number of unused boreholes 
still remain at the NTS. In the SAFE testing approach, the NTP nozzle exit is sealed at the surface, and as the 
engine’s exhaust is discharged into the borehole, the pressure will build to the point where the gas and water vapor 
from the effluent cooling system are driven into the porous soil or rock at a rate equal to the mass flow exiting from 
the NTP. At equilibrium pressures, the NTP could be operated for long periods over a wide range of engine thrust 
levels. A sketch of the SAFE concept is presented in Figure 5. 
 

 
FIGURE 5. Subsurface Active Filtration of Exhaust (SAFE) Concept. 
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The SAFE concept, as proposed, would use a borehole 2.4 m feet in diameter by 360 m deep. This is a typical 
borehole used for underground weapons tests. The upper 30 m would be steel encased; with the remainder of the 
borehole would be uncased and open to the NTS alluvial soils. Cooling water would be sprayed into the borehole to 
limit the exhaust temperature and prevent damage to the steel structure. Simulations 7

 indicate that a maximum back 
pressure buildup in the borehole would be 248 kPa. 
 
An independent review was performed in 2007 by the Desert Research Institute (DRI) on the performance of the 
NTS alluvial soil for NTP exhaust filtration using another subsurface modeling code. The independent study showed 
that some radionuclides would reach the surface within several years of injection but at acceptably allowed levels for 
the NTS. The DRI therefore believes that the concept has merit and should be studied further. The injection of water 
into the effluent stream was not deemed to be a significant issue, since the water table under Jackass Flats is 
relatively stable, with minimal horizontal migration in the saturated zone. Further discussions with the Nevada 
regulatory agencies would help assess this assumption. There could be an issue with borehole stability from the 
injection of water into the effluent stream that could result in a destabilizing influence from the high-temperature, 
high-rate gas flux. Design fixes have been identified that could mitigate this issue. The SAFE concept is only 
proposed for consideration at the NTS where soil conditions would support the active filtration of the effluent 
through the alluvial soils. 8 

 

INTERNATIONAL CAPABILITIES 

There is increasing interest in partnerships with other countries in the space exploration venture, and the possibility 
of using existing test facilities (with affordably small modifications) is an attractive option. The only other country 
that has invested extensively in NTP in the past is the Soviet Union, where a major program was conducted, over 
nearly two decades (beginning in the 1960’s and extending to the 1980’s). They have claimed very impressive 
performance (based on about 1550 fuel samples tested) from their “twisted ribbon” -shaped fuel, which is made 
from binary or ternary mixed carbides. They also constructed and used a significant array of test facilities at their 
testing site in Semipalatinsk (now in Kazakhstan). While there are potentially significant issues with the use of these 
facilities, the prospects of reduced testing costs, schedule advantages from not having to construct new facilities, and 
potentially more favorable regulatory conditions for testing, makes it important to examine this option in detail as 
part of an “affordable” approach to NTP development.  

A large number of facilities outside of Semipalatinsk were also used in the Soviet NTP enterprise. These included 
the fuel and high-temperature materials development facilities at LUTCH and BOCHVAR, the critical experiment 
facilities at the Kurchatov Institute and the Institute for Power Physics and Engineering, and the various Design 
Bureaus. However, the primary facilities of interest for international collaboration are the three very specialized 
facilities in Semipalatinsk. These are discussed below. 

The Impulse Graphite Reactor (IGR-2) 

This reactor is an adaptation of the TREAT reactor in the U.S., and is used to study transient behavior of fuel 
samples through melting. Special control rods, called transient rods, are ejected rapidly from a low power critical 
configuration to raise the power level for a very short period until feedback effects turn the transient around. The 
greatly increased neutron flux creates large fission-induced temperature increases in the test fuel samples positioned 
in sealed test containers that are located at the central test cavity of the reactor. The behavior of the fuel under rapid 
transient heating and very high-temperature conditions is observed by a set of neutron detectors. These tests are used 
to establish the integrity of the fuel under conditions more severe than would be expected at startup. Such tests were 
conducted for CERMET fuel in the TREAT reactor, and they established the integrity of the CERMET fuel form (no 
failures were observed in eight consecutive transient tests with temperature gradients of up to1600 C/sec). Since the 
TREAT reactor in Idaho Falls is currently in a mothballed state, the IGR-2 reactor could be used to study the 
transient behavior of the current generation NTP fuel. The Soviet program has claimed 36 pulsed tests of NTP fuels. 

Of all of the reactor facilities in Semipalatinsk, the IGR-2 was in the best shape. It was run by a very capable group 
of people, had been well maintained, and had ongoing programs (on reactor safety) into the late 1990’s (the last time 
one of the authors visited there). Figure 6 shows a photograph of the IGR-2. 
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FIGURE 6. Photograph of the top of the IGR. 

 

The IVG-1 Reactor 

The IVG-1 (sometimes referred to as the EVG-1) reactor, presented in Figure 7, was in many ways the Soviet 
equivalent of the U.S. Nuclear Furnace. The basic reactor consists of a water-cooled UZr-fueled driver surrounding 
a central test loop which can accommodate prototypic NTP fuel assemblies, with flowing hydrogen coolant. All of 
the tests conducted at the site were open loop with no attempt at effluent management. There were three effluent 
treatment system designs under consideration in the 1990’s but no system was actually selected or constructed. The 
information presented to us by the operators was that the effluent was monitored during testing, and the limits on 
releases of the principal radionuclides (Cs-137, I-131, noble gases) were never exceeded. That is a strong declaration 
given that the exhaust temperature of the hydrogen gas was stated to be in the 3100 K range. The reactor plumbing 
was very complex, and allowed for feeds of hydrogen, helium or nitrogen into the test section, with controlled flow. 
This flexibility could be of value in a test program. The reactor has a design power level of 60 MWt, yielding a 
central neutron flux of 3.4 X 1015 n/cm2-sec. However, it had not operated over 35 MWt, with a flux of 1.7 X 1014 

n/cm2-sec. While there appeared to be competent operations and maintenance crew for the facility, it was not in 
good shape even in the late 1990’s. If it is still available for testing, it will certainly need significant refurbishment. 
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FIGURE 7. Photograph of the IVG-1 Reactor, with some of the Operations/Management Crew. 

 

The RA Reactor 

The RA reactor, as presented in Figure 8, and its predecessors, the IRGIT reactors, were designed as full core test 
articles for NTP engines. The Soviet strategy was to miniaturize the test article by using a ZrH moderated 
heterogeneous design, which they claimed made the neutronic behavior independent of reactor size. The test results 
could be extrapolated to the actual size of the NTP system. Gaseous hydrogen was used for the cooling in place of 
cryogenic hydrogen for the tests conducted, although there were plans to install a cryogenic system in the facility in 
the future. It was reported that seven full core NTP systems were tested in the IVG, IRGIT and RA series. The 
IRGIT tests had significant hydrogen embrittlement issues with the vessels, and it was not clear that the Soviets had 
fully resolved the problem. There were selected test locations in the reactor through which various gaseous coolants 
at controlled rates could be introduced for testing flexibility. The effluents from the test sections were vented to the 
atmosphere with no effluent treatment. As in IVG-1, the reactor facility was not in good shape. 
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FIGURE 8. Photograph of the RA reactor. 

There are several issues with the use of these facilities for NTP system development. First, it is unclear what the 
conditions of the facilities are at this time. The RA and IVG-1 reactors have not been operated since around 1992. 
There have been plans to decommission them, but we note that as late as 2002, the Russians were including them in 
proposals for joint work. A careful assessment needs to be made by a team of U.S. experts to ascertain the usability 
of the facilities, and the real costs of necessary refurbishment. Secondly, the issue of transporting test samples made 
of Highly Enriched Uranium (HEU) from the US to Russia and nations will introduce a number of diplomatic and 
safeguard hurdles. The fact that Semipalatinsk is located in Kazakhstan, and most of the NTP expertise from the 
former Soviet activities is in Russia introduces another complication. So while there are significant potential 
advantages to using the facilities from the Soviet work, there are also major obstacles to be faced and issues to 
resolve early in any planned NTP program. In view of the potential cost savings for nuclear tests in hot flowing 
hydrogen and the possibility of limiting the scope (and expense) of a ground nuclear test as a result of these tests, it 
will be wise to examine this option carefully. 

CONCLUSION 

Fuel expertise and fabrication facilities exist at the INL, ORNL, and LANL.  While new fabrication equipment 
would have to be procured and installed for both the graphite and CERMET fuels, substantial fuel fabrication and 
evaluation capability exist within the DOE complex to support fuel development.  When developed NTREES will be 
capable of testing fuel elements and fuel materials in flowing hydrogen at pressures up to 6895 kPa, at temperatures 
up to and above 3000 K, and at power densities near-prototypic. NTREES will significantly add to the capabilities 
for testing and developing NTP fuel elements. No capabilities exist within the DOE complex to test full NTP 
systems. However, if proven to be viable, SAFE ground tests would offer the potential for significant cost and 
schedule savings to test and evaluate full scale NTP systems. Developing partnerships with other countries in the 
space exploration ventures, and the possibility of using existing test facilities (possibly with small modifications) is 
an attractive option that may offer other significant cost savings and should be explored further. 
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