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The development of a low enriched, nuclear thermal 

rocket (NTR) has become a necessity for more effective 

deep space travel. An NTR provides a significantly higher 

specific impulse (Isp) than chemical rockets. Starting in 

the 1960s the United States began the Nuclear Engine for 

Rocket Vehicle Applications (NERVA) program. The 

overall design of the NTR described in this paper, 

INsTAR, incorporates many elements from the NERVA 

prototypes. While many NERVA engines incorporated a 

high enriched uranium fuel, the low enriched uranium 

fuel concepts have proven to be feasible. The overall 

design objective was to develop a full core design for an 

NTR that addresses the problems found in the Space 

Nuclear Thermal Propulsion Project core and improves 

upon the Isp and thrust to weight ratio observed during the 

project. The core design is characterized with respect to 

neutronics, thermal hydraulics, and propulsive 

performance. A critical component of the design was the 

study of materials utilized in the core and their 

compatibilities at high operating temperatures. 

 

I. INTRODUCTION 

Nuclear thermal propulsion (NTP) is a leading, in-

space design to reduce travel time for astronauts and carry 

larger payloads than contemporary chemical rockets. 

Efforts to develop nuclear thermal rockets (NTRs) began 

in the 1960s. One such effort, the Nuclear Engine for 

Rocket Vehicle Applications (NERVA), was a nuclear 

thermal rocket engine development program that ended in 

1972 (Ref. 1). An example of a rocket engine developed 

by the NERVA program is seen in Fig. 1. NERVA 

ultimately demonstrated that NTRs were a feasible 

technology for space exploration. One of the engine 

designs during this time met all requirements for a 

mission to Mars. Since then, it has been determined that 

NTRs are essential for regular trips to Mars and human 

exploration of further planets. Approximately twenty 

experiments of different types of nuclear reactors for 

space applications were completed.1 

Since the feasibility of low enriched uranium (LEU) 

for NTR applications has been demonstrated, two 

NERVA-inspired LEU concepts have been under 

investigation. These concepts are the Space Capable 

Cryogenic Thermal Engine (SCCTE) and the Superb Use 

of Low Enriched Uranium (SULEU). Both designs are 

based on the same geometry as the NERVA engine and 

use similar materials and components. The difference 

between these two concepts are in the fuel design. The 

SCCTE fuel design utilizes enriched Tungsten-184 

ceramic-metallic fuel. The SULEU fuel design utilizes 

(U,Zr)C-Graphite composite fuel that has been the typical 

fuel design of previous NTRs. Both concepts utilize LEU 

fuel with an enrichment of 19.75% U-235. They also are 

designed to operate with a specific impulse of 900 

seconds at a thrust of 35k lbf.3 

 

Fig. 1. Schematic of the NERVA engine.2 

Particle bed reactor (PBR) concepts are used in space 

applications and utilize grain sized spherical particles 

composed of fuel and cladding. Thousands of fuel 

particles are arranged in an array and can be in many 

different configurations based on desired properties. 

Several layers of fuel elements create the reactor and gas, 

typically hydrogen, radially flows through the fuel 

elements to cool the system. The hydrogen is heated and 

expands as it is ejected axially. The fuel's very high 

surface-to-volume ratio is desirable as this allows for high 

heat transfer efficiencies and large power densities.1 The 

PBR's compact design and high power density are ideal 

attributes for space applications. 

The coolant and propellant used in the PBR design is 

liquid hydrogen. Liquid hydrogen has the lowest 

molecular weight of all substances, leading to a higher 
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specific impulse than other propellants. It is cryogenic 

and therefore should be handled with extreme care and 

stored below 423 °F. Shielding and insulation are required 

to keep the propellant from evaporating or boiling. The 

shielding will protect the propellant from the radiant heat 

of the sun and the insulation will provide protection from 

other sources of heat like air friction during the flight 

through the atmosphere.4 Liquid hydrogen is the signature 

fuel used by the American space program and works well 

with the proposed NTR design, INsTAR. 

II. MOTIVATION 

Specific impulse (Isp) and thrust to weight ratios 

(T/W) are important performance metrics for space 

exploration. The NTR is able to achieve an Isp exceeding 

twice that of a traditional chemical rocket, helping 

account for the lower T/W than chemical engines.1 The 

proposed design improves upon the NERVA derived 

Space Nuclear Thermal Propulsion (SNTP) engine. The 

earliest NTR designs achieved a T/W of 4:1 to 8:1 with 

SNTP achieving a T/W of 16.3:1. The SNTP design 

incorporates a PBR.1 The fuel elements were composed of 

high enriched uranium (HEU) with a tungsten (W) 

cladding that was primarily W-184. The W-184 cladding 

allows the fuel to operate at much higher temperatures 

while still providing a lower thermal neutron absorption 

cross-section.5 

The SNTP engine was selected as the design basis for 

the LEU NTR, INsTAR, for its high T/W and its Isp of 

930 seconds. Despite this success, the engine endured 

failures that are addressed in the final design of INsTAR. 

Initial nuclear element test runs yielded power 

irregularities caused by fuel element failure. The fuel had 

migrated within the fuel bed, creating regions of 

maximum stress, not accounted for in previous thermal 

calculations. The hot frit had split, and the cold frit had 

warped due to stresses from fuel bed thermal expansion. 

Later particle bed nuclear tests had derived the melting 

temperature of the UC2 to be 2500K, below that of the 

operating temperatures of the LEU NTR.1 

The overall goal of this project is to improve on the 

issues that were experienced during the SNTP program 

and to expand on research that was done previously. 

Some of these issues included fuel migration and the 

inability to achieve the high temperatures desired.1 The 

fuel design used was chosen to prevent the issues seen in 

the SNTP engine and to increase thermal capabilities. The 

end goals of this project are to achieve an Isp of 

approximately 1000 sec. and a T/W between 8:1 and 10:1 

with a pressure drop across the core that is less than 1000 

psi. MCNP 6.1 (Ref. 6) and thermal hydraulics 

calculations were used to validate the core design. 

Compatibility of the materials at high temperatures was 

investigated. The rocket performance was characterized 

through Isp and T/W calculations. 

III. REACTOR CONFIGURATION 

The proposed reactor is an improvement on the PBR 

design that emerged from the SNTP project. The system 

design is outlined in the following sections. 

III.A. Fuel Pellet 

The fuel pellets consist of spherical particles with an 

internal kernel of uranium (U) metal enriched to 12.5% 

U-235. The kernel of U metal is clad in a 0.2 mm thick 

tungsten-rhenium alloy for a total outer diameter of 2 mm, 

as seen in Fig. 2. There is a 0.1 mm gap between the fuel 

and the cladding to accommodate for fission gases and to 

account for thermal expansion of the fuel as it is heated 

and then melts.  

The cladding is composed of 90% W-184 with 5% 

natural W and 5% rhenium (Re). Adding 5% Re to the 

cladding improves ductility and strength of the overall 

material and will improve the ability to spherically encase 

the fuel.7 Tungsten alone isn't ductile enough to 

successfully encase uranium during operation of INsTAR.  

The fuel particle design allows the U metal to operate 

in a molten state while the cladding is still in a stable solid 

state. This is because the melting temperature of U is 

1135 °C (2075 °F) (Ref. 8) whereas the melting 

temperature of W is 3422 °C (6192 °F) (Ref. 9) and the 

melting temperature of Re is 3185 °C (5765 °F) (Ref. 10). 

From a phase diagram, the melting temperature of the W-

Re alloy is about 3300 °C (5972 °F) (Ref. 11). The 

material interaction we would potentially see between the 

cladding and fuel would be a recrystallization of the two 

materials. This shouldn’t be too much of a concern given 

that we are only burning for several minutes at a time. 

The fuel design allows the rocket to safely operate at 

temperatures up to approximately 3500 K. 

 

Fig. 2. Fuel particle design. 

III.B. Fuel Element Design 

The fuel particles will be arranged in a hexagonal 

close-packed design, as seen in Fig. 3, with the particles 
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sintered together to form a fuel element which will 

prevent particle migration. The particles will form a 

cylinder with a conical shaped channel in the center to 

allow for the hydrogen gas to flow out towards the nozzle, 

as seen in Fig. 4. There is a hot frit that lines this channel, 

composed of porous graphite. The cold frit is also 

composed of porous graphite and lines the outside of the 

fuel particles. The fuel particles are surrounded by 

graphite moderator, as seen in Fig. 4. 

 

Fig. 3. An example of hexagonal close packing.12 

 

Fig. 4. Schematic of the fuel elements. 

III.C. Core Description 

The core consists of identical fuel elements 

surrounded by a beryllium reflector. The center of the fuel 

element is a conical-shaped channel allowing for flow of 

the H2 propellant, as seen in Fig. 4. The hot frit is 

surrounded by a 10 cm wide conical particle bed tapering 

to 5 cm consisting of the sintered fuel pellets described in 

the fuel pellet section. These particles are located between 

the cold frit and hot frit in Fig. 4. The particle bed is 

surrounded by a 15 cm wide hexagonal shaped graphite 

moderator. Fuel elements are arranged to fit 37 identical 

fuel elements inside of a beryllium (Be) reflector as 

shown in Fig. 5. Six beryllium control drums were added 

to the design to account for the excess reactivity. One 

third of each control drum is lined with boron carbide, 

which has a high neutron absorption cross section. The 

final dimensions of the core were 150 cm tall with a 140 

cm diameter. The mass of the core is estimated to be 

approximately 1500 kg, with 310 kg of U metal. Cross-

sections of the core can be seen in Fig. 5 and Fig. 6. 

 

Fig. 5. Radial cross-section of the core. 

 

Fig. 6. Axial cross-section of the core. 

IV. CORE CHARACTERIZATION 

Several aspects of core performance were evaluated 

before a final design was reached. MCNP 6.1 (Ref. 6) was 

used to characterize the neutronic capabilities of the core. 

Thermal hydraulic calculations were completed to 

determine pressure drops, heat generation, and the 

maximum core temperature. Propulsion calculations were 

performed to determine Isp and the T/W. Both the 

neutronics and thermal hydraulics calculations required a 

packing efficiency, which is 74% for hexagonally close-

packed systems. 

IV.A. Neutronics 

Through neutronics calculations, it was determined 

that the original design had an extreme amount of excess 

reactivity. This resulted in the decision to reduce the 

enrichment of the uranium, making this design more 

favorable regarding uranium enrichment. The final design 
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had a keff of 1.02134 ± 0.0006. Six beryllium control 

drums were added to the design for reactivity control. 

When the 120° arc of boron carbide is turned towards the 

core, the reactivity is reduced, and the reactor becomes 

subcritical. Fig. 7 below shows the effect of the control 

drums on the reactivity. 

 

Fig. 7. Control drum effects on core reactivity. 

IV.B. Thermal Hydraulics 

Thermal hydraulics calculations were used to ensure 

the feasibility of the system and were correlated with the 

neutronics calculations to ensure the design was 

consistent. The results of the thermal hydraulic analysis 

regarding temperature and pressure are summarized in 

Table 1 below. The maximum temperature within the 

system is 3301 K. The system requires a mass flow rate of 

25.15 kg/s, resulting in a pressure drop across the core of 

623 psi, which meets the design criteria. The total power 

was calculated to be 1.76 GW. 

TABLE I. Core inlet and outlet parameters. 

Parameter Core Inlet Core Outlet 

Temperature (K) 33 3300 

Pressure (psi) 1623 1000 

 

IV. C. Rocket Performance 

When a final design was decided upon, the Isp and 

T/W ratio was calculated, along with the Mach number at 

several sections of the nozzle. A schematic of a nozzle 

can be seen in Fig. 8. The hydrogen exits the core and 

mixes in a conical section between the core and nozzle 

which results in a homogeneous hydrogen temperature. 

From there, the gas enters the nozzle with a Mach number 

less than one and reaches a Mach number of one at the 

throat of the nozzle, as seen in Fig. 8. From here, the gas 

continues to speed up and exits the nozzle at a supersonic 

velocity and a Mach number greater than one. The gas 

exits the nozzle with a velocity of 10,610 m/s and a Mach 

number of 5.66. The Isp for this design is 1,082 seconds 

and the T/W is 9.5 for a thrust of 60,000 lbf. The Isp 

calculation does not account for the hydrogen dissociation 

that would occur at the operating temperature of this 

design. Accounting for hydrogen dissociation will 

increase the Isp due to a lowered average molecular 

weight. The Isp determined for this design is higher than 

several other design concepts. This is due to the fact that a 

higher maximum operating temperature is allowed 

because the tungsten-rhenium cladding has a high melting 

temperature. For comparison, the SNTP Isp was 930s, and 

the NERVA Pewee had an Isp of 901s.1 

 

Fig. 8. Schematic of a nozzle with corresponding 

parameters. 

V. CONCLUSIONS 

This analysis has demonstrated that the preliminary 

design of the INsTAR rocket is feasible. Further 

optimization and design changes need to be implemented 

to increase the usefulness of the design, such as increasing 

the T/W. The Isp, T/W, and pressure drop across the core 

met design criteria and further support the feasibility of 

this design. An Isp of 1,082 seconds is higher than any 

other previous NTR designs. This high specific impulse is 

largely due to the innovative use of a tungsten-rhenium 

cladding, which allows the fuel to operate in a molten 

state and the propellant to be heated to a higher 

temperature than is otherwise possible. The T/W is larger 

than the values achieved by similar sized NTRs. For 

future work, determination of the hydrogen dissociation 

rate will allow for more accurate Isp calculations. At this 

point in time, from a material stand point, the design is 

compatible from all angles. There needs to be 

optimization for materials and the interactions that they 

undergo. This will come from testing and expanding on 

any new research that is available. Major design 

components that need to be addressed further include the 

cladding stability at very high temperatures and the flow 

of high velocity gases through particle fuel beds. In 

addition, the MCNP models have fuel elements which 

approximate the particle bed fuel as a porous medium. 

Though a design such as this one has not been fully 

operable, there are many things to learn and overcome. 

By addressing these minor issues, it will be possible to 

make a low enriched nuclear thermal rocket for deep 
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space exploration. Our research into this NTR has proven 

that LEU nuclear thermal propulsion is possible with 

further optimization and testing. As a future goal, the 

hope is that we will eventually have a working rocket core 

to properly and safely achieve propulsion, expanding 

opportunities for deep space missions. 
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