
Nuclear and Emerging Technologies for Space, American Nuclear Society Topical Meeting 

Richland, WA, February 25 – February 28, 2019, available online at http://anstd.ans.org/ 
 

 
 

 

A PROPOSED SOLUTION TO ADDRESS NUCLEAR THERMAL PROPULSION FUEL EMBRITTLEMENT 

AND CRYOGENIC HYDROGEN REQUIREMENTS 

 

Samantha B. Rawlins1 and Dr. L. Dale Thomas2 

 
1Department of Mechanical and Aerospace Engineering, The University of Alabama in Huntsville, 301 Sparkman Drive, 

35899, samathebrea@gmail.com 
2Department of Industrial & Systems Engineering and Engineering Management Department, The University of Alabama in 

Huntsville, 301 Sparkman Drive, 35899, ldt0001@uah.edu 

 

 

This paper introduces the concept of a minimally 

intrusive power generation system that may be applied to 

a nuclear thermal propulsion (NTP) engine. Most bimodal 

or dual-mode NTP designs are optimized for maximum 

electrical power generation but require significant 

changes to the reactor’s configuration. This greatly 

diminishes their usefulness to modern NTP programs that 

focus on affordability and expediency. Nevertheless, the 

benefits of successfully generating additional power from 

the reactor, especially while it is not in use, include 

reducing the total system mass by several metric tons, 

avoiding fuel embrittlement concerns, and assisting with 

cryogenic hydrogen propellant storage. Thus, a system 

designed for fewest reactor modifications rather than 

greatest power generation could provide the right 

compromise between theoretical and practical design 

efficiency. This paper outlines the relevant design 

requirements for such a system before listing several 

candidate solutions. 

 

I. INTRODUCTION 

Nuclear thermal propulsion (NTP) is potentially the 

only viable transportation system that can take humans to 

Mars by the 2030s. It is listed as a “key strategy for 

reducing trip time” in the most recent NASA Design 

Reference Architecture and as a “transformational” 

technology in the 2017 NASA Strategic Technology 

Investment Plan1,2. In 2015, the Nuclear Thermal 

Propulsion Project (NTPP) was established under the 

Game Changing Development Program with the specific 

goal “to determine the feasibility and affordability of a 

low-enriched uranium (LEU)-based NTP engine with solid 

cost and schedule confidence”. 

In order to achieve this, the NTPP team must address 

the known technical challenges that the original NTP 

program, the Nuclear Engine for Rocket Vehicle 

Applications (NERVA), left unresolved. Among these 

concerns is midband corrosion and embrittlement of the 

fuel elements and the challenge of long-term cryogenic 

hydrogen storage. The former has plagued nuclear thermal 

propulsion from its inception but was never completely 

prevented, while the latter is well-understood but limited 

by the required power of its state-of-the-art solutions. 

The “holy grail” within NTP research has always been 

the bimodal or dual-mode configuration. Due to the 

unavoidable decay heat that is generated following reactor 

shutdown and inherently open nature of the propulsion 

cycle, up to 4,000kg of additional hydrogen propellant is 

required to cool each core after every burn3–6. A 

bimodal/dual-mode engine attempts to convert all of that 

additional heat into useable electrical power, allowing for 

many metric tons in mass savings. Several ideas have been 

proposed over the years, but each call for substantial 

modifications to the original reactor design.  

If feasible, implementation of a Minimally-Intrusive 

Power generation System (MIPS) could successfully 

address all of these issues. For example, adding a closed 

loop cycle would eliminate the need for any additional 

cooling hydrogen, allow the reactor to safely “idle” at 

temperatures above its embrittlement threshold, and would 

be capable of covering most, if not all, of the cryogenic 

hydrogen storage system’s power requirements.  

This paper begins with a discussion on the preliminary 

design requirements for such a solution and is followed by 

an outline of some potential MIPS designs. Ideally, any 

proposed designs should demand no changes to the reactor. 

 

II. BACKGROUND 

The NERVA/Rover program that kickstarted NTP 

development from 1955 to 1972 made significant 

contributions to our understanding of NTP today. 

Unfortunately, the program was canceled before a design 

could be finalized, leaving several, crucial, technical issues 

unresolved. Among these are reactor shutdown operations 

and cooling, fuel element loss, and long-term cryogenic 

hydrogen storage. 

II.A. REACTOR SHUTDOWN AND COOLING 

Despite successfully performing over twenty full-scale 

reactor tests, the NERVA program never fully defined the 

reactor’s shutdown and cooling operations. The program’s 

final report includes a single section less than a page long 

that briefly details “some possibilities”, including a 

blowdown approach7. This concept, which is currently the 

default solution, is by far the simplest as it only involves 
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continuing to pulse hydrogen propellant through the 

system until the reactor has stabilized at some 

predetermined temperature. Ref. 8 and Ref. 9 do go into 

further detail, even including proposed pulse timelines and 

anticipated core temperatures, but updates to both the 

mission profile (seen below in Fig. 1) and core composition 

(from HEU to LEU) render these results inapplicable to 

today’s program.  

 

Fig. 1. Lunar mission profile for the NERVA engine8. 

Unfortunately, regardless of the mission profile 

selected, because the propellant flow cycle is inherently 

open (Fig. 2) any hydrogen needed to sufficiently cool the 

reactor after shutdown will be immediately expelled out the 

nozzle and lost. Preliminary calculations during the 

NERVA program estimated that 5.76% (approximately 

8,000kg) of the total hydrogen brought would be needed 

for blowdown cooling8.  

 

Fig. 2. Standard NTP open flow schematic. 

 

II.B. FUEL ELEMENT EMBRITTLEMENT 

Depending on the fuel and cladding selected, midband 

corrosion occurs when cracks or buckling lead to 

unacceptable fuel loss. This is suspected to be due to a 

mismatch in coefficients of thermal expansions (CTEs) 

between the materials, which is only further exacerbated 

when the fuel is allowed to cool below its ductile-to-brittle 

transition temperature (DBTT)10. Extensive research 

during the NERVA program successfully reduced the rate 

of fuel loss from approximately 1.0 g/min to 0.2 g/min, but 

even this amount will considerably impact the total life 

span of the reactor, regardless of any environmental 

concerns11. Thus, for a long duration mission such as a 

crewed Mars transport, performance and safety concerns 

will necessitate either complete resolution of the CTE 

mismatch between fuel and cladding or maintenance of the 

engine above the DBTT in between burns. Long-term, low-

power operation of the reactor, however, means that the 

core will continue to generate some amount of waste heat. 

II.C. CRYOGENIC HYDROGEN STORAGE 

Long-term storage of cryogenic hydrogen was studied 

during the NERVA Program, but not by the NERVA 

engineers themselves. In fact, minimal evidence of 

communication between the NERVA and Cryogenic 

programs either exists or is publicly accessible12,13. Ref. 14 

estimated a hydrogen boil-off rate of less than 10% for a 

storage period of approximately 2 years using purely 

passive insulation, but no evidence could be found showing 

the NERVA program accounting for this in their system. 

Today, the NTPP receives regular updates from the 

Cryogenics team, and students within the authors’ research 

group are analyzing the thermal effects of the reactor 

system on cryogenic hydrogen storage. Current rough 

estimates from the NTPP suggest that around 13kW of 

constant electrical power will be required to store enough 

propellant for a single multi-year baseline mission. As can 

be seen in Fig. 3, this suggests that the viable power 

generation technologies are limited to solar & nuclear 

dynamic, photovoltaic, or isotope thermoelectric. 

 

Fig. 3. Ranges of Application for Various Power 

Generation Technologies15. 
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III. NTP POWER GENERATION 

The largest investigation into incorporating bimodal or 

dual mode electrical power generation with an NTP reactor 

was the Pratt & Whitney ESCORT nuclear thermal rocket 

engine16. The ESCORT system consisted of an entirely 

separate, closed-loop, Brayton cycle with Xe-He working 

fluid flowing through the tie-tube elements (Fig. 4). 

Though this configuration was estimated to be capable of 

generating 50kWe, it was deemed incompatible with 

NERVA-based designs and raised additional issues 

regarding material and operating temperature feasibility. 

Fig. 5 more clearly contrasts the ESCORT and NERVA 

core element cross-sections. As the flat-to-flat distance 

between the three elements are all the same, the ESCORT 

element is more difficult to manufacture due to its greater 

number of coolant channels (yellow) and combination of 

the moderator and fuel elements into a single pin. 

 

Fig. 4. ESCORT bimodal two-loop flow schematic. 

 

       

Fig. 5. Comparison of the primary ESCORT reactor 

element (top) with the fuel (left) and moderator (right) 

elements of the standard, NERVA-based core.17,18 

IV. MIPS 

The radical differences between the NERVA and 

ESCORT reactor geometries exposed the new area for 

investigation presented in this work, that of the minimally-

intrusive power generation system, or MIPS. As indicated 

by the name, this innovative concept seeks to generate 

power with no modifications to the reactor core. 

IV.A. SYSTEM DESIGN REQUIREMENTS 

In order for a MIPS design to be of any use, it must 

offer maximum benefits to the baseline NTP system. The 

most effective way of achieving this is through 

simultaneously addressing the greatest number of technical 

challenges. Thus, several key performance parameters for 

the MIPS can be derived from the system concerns 

previously discussed. 

IV.A.1. Mass 

The total mass of the MIPS must not be greater than 

the total mass savings it offers. The mass of blowdown 

hydrogen provides an approximate upper bound for the 

MIPS mass. Additionally, the cumulative mass savings 

from alternative advantages such as reducing the hydrogen 

storage system’s power requirements can be taken into 

consideration. 

IV.A.2. Temperature 

Again, depending on the degree to which the MIPS 

will offset the blowdown approach, the maximum potential 

operating temperature could extend from as high as 

~2800K, the engine chamber temperature, to just above the 

DBTT of the fuel cladding (~1500K for the zirconium-

carbide most commonly used with composite fuel or 

~500K for CERMET’s W/25Re). 

At a minimum, the MIPS must support engine “idling” 

at low-power states in between burns without the need for 

additional hydrogen. This low-power mode is crucial for 

ensuring the fuel temperature does not fall below its DBTT, 

and will most likely require some form of active cooling to 

achieve. Thus, a MIPS design that enables reactor idling 

should address this operational need. 

IV.A.3. Geometry 

In addition to requiring minimal to no design changes 

to the reactor itself, the MIPS should aim to be integrated 

in such a way that avoids rearrangement of the other engine 

components. Other considerations the MIPS placement 

must account for include the need for shielding from the 

reactor and electrical power distribution to the hydrogen 

cooling system. 

IV.A.4. Power Conversion Efficiency 

As the MIPS will be designed for ease of installation 

rather than magnitude of electricity production it is not 

required to serve as a primary power source. Instead, the 

system should aim solely to produce enough electricity that 
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it has a noticeable benefit to the total power system mass 

or design constraints. For example, the current NTPP flight 

design calls for a cryocooler specific power of 50-70W/W 

(Ref. 19). However, as of July 2018 the current state-of-

the-art for cryocoolers was 370W/W (Ref. 20). With an 

estimated cryocooler lift (i.e. heat absorption potential) of 

20W and a maximum of 13 cryocoolers operating at any 

time, the current input power required to resist hydrogen 

boil-off is close to 100kWe. 

Recent advancements in two-staged cryocooler 

technologies may offer a significant reduction in the total 

input power needed, yet current estimates still fall short of 

the desired 13kW by at least an additional 10kW. Thus, a 

MIPS that is capable of providing only 10kW of electrical 

power (compared to the ESCORT’s 50kWe) could 

significantly ease the demands of the cryogenic system and 

become a key enabler for a 2033 NTP mission. 

IV.B. POSSIBLE SOLUTIONS 

Fig. 6 shows one possible configuration for a MIPS 

solution, which is a combination of both the original 

NERVA’s single-loop, open-cycle design and bimodal’s 

two-loop, closed-cycle system. The primary flow 

schematic will be identical to the NERVA’s but include a 

new manifold/valve system at the reactor exit capable of 

redirecting the fuel element’s exhaust flow through a 

secondary cooling loop. During normal engine operation, 

the secondary loop will be closed and engine performance 

identical to the NERVA’s. Following reactor shutdown, all 

hydrogen exiting the fuel elements will be redirected 

through the second loop and should ideally perform similar 

to a closed loop cooling cycle, once again resolving many 

of the technical challenges associated with the blowdown 

approach. 

 

Fig. 6. A Potential MIPS configuration. 

Other possible MIPS configurations include alternate 

closed loop designs such as Rankine and Stirling systems 

or regeneratively cooled pressure vessel walls21.Finally, 

modern high temperature thermoelectrics may be 

considered for use in conjunction with a blowdown or other 

cooling technique.  

 

V. FUTURE WORK 

Immediate next steps within this research involve 

proper characterization of the reactor’s shutdown and 

cooling residual heat profile. Accurate knowledge of this 

operational phase will allow for improved estimations of 

the quantity of additional hydrogen required for a 

hypothetical blowdown approach, in addition to the 

equivalent power generation capability. This and other 

analysis will then be used to concretely define the MIPS’s 

design space through a comprehensive trade study on all 

possible MIPS solutions that will include relevant technical 

performance measures such as complexity, performance, 

mass, efficiency, and flight heritage. 

 

VI. CONCLUSIONS 

The newly suggested Minimally-Intrusive Power 

generation System (MIPS) is a relatively unexplored 

concept with the potential to both considerably reduce the 

total NTP system’s mass, and address multiple systems-

level design challenges. Now that maintaining the NTP 

fuel elements at a certain temperature may be necessary to 

avoid midband cracking and the operational gap between 

power requirements and current capabilities for cryogenic 

hydrogen storage have been identified, the argument for 

including a power generation system becomes even more 

compelling. Designing a system that is optimized to fit into 

the Nuclear Thermal Propulsion Project’s (NTPP’s) 

baseline configuration rather than to maximize the total 

electrical power production may not be limited to a single 

technology. Several potential solutions that could feasibly 

reduce or eliminate the hydrogen needed for blowdown and 

harvest the reactor waste heat have been proposed, and 

each will be further investigated in future works.  
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