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ABSTRACT 

 

 Space exploration enables humans to not only explore unknown worlds but also to satisfy 

the curiosity about the contents and origins of the Universe. The last and only extraterrestrial 

body to be explored by humans is the Moon. The next natural step is human exploration of Mars 

and beyond. The long trip times associated with space exploration beyond low Earth orbit pose 

many risks to humans such as psychological effects associated with confinement and isolation, 

cancer and disease associated with increased radiation dose, and deleterious effects of extended 

exposure to microgravity which affects a range of physiological systems such as ocular and 

cardiac. One approach to overcoming these challenges is limiting exposure time via high-speed 

transit. This requires advanced propulsion beyond conventional systems that feature high thrust 

and high fuel efficiency. A propulsion system that can enable such quick trip times to 

destinations throughout the solar system is the gas core nuclear rocket concept. The gas core 

nuclear rocket offers substantial advantages over chemical or electric or even solid core nuclear 

propulsion systems. Operating at high temperatures, the gas core nuclear rocket achieves high 

specific impulse and high thrust, essentially eclipsing conventional solid-core nuclear thermal 

rockets. Indeed the core itself is in the gaseous state and thus conventionally can operate at 

temperatures so high that the core itself is in the plasma state – thereby enabling the prospect of 

heating propellant to many times higher than the melting point of the nuclear fuel. Challenges to 

the realization of this technology include 1) stably confining the fissioning gas core, 2) 

preventing plasma erosion due to mixing, 3) optimizing the heat transfer from uranium plasma to 

the hydrogen propellant, 4) protecting the nozzle from the high-temperature exhaust, and 5) 



 xviii 

obtaining a self-sustaining critical nuclear rocket engine. In this research, the criticality of an 

open cycle gas core nuclear rocket engine and the heat transfer from uranium to hydrogen was 

studied. Material properties at high temperature and high pressure were calculated or obtained 

from the literature. Criticality analysis was carried out in the MCNP transport code for spherical 

non-homogenous gas core nuclear rocket geometry. These criticality analyses proved that a self-

sustaining engine can be achieved by optimizing the geometry and the heat transfer in this 

engine. The heat transfer analyzes were carried out from the basic heat transfer equations. The 

hydrogen propellant temperatures varied from 3000 K to 40,000 K depending on the uranium 

core temperature which varied from 10,000 K to 55,000 K. For these temperatures, a critical 

engine could be obtained by adjusting the amount of uranium in the system. In this modeling 

activity, confinement of the uranium core is assumed to be achieved hydrodynamically to reduce 

the loss of uranium from the system. An optimized nozzle was designed for the gas core nuclear 

rocket commensurate with the high chamber pressure required for this engine to operate. Using 

this nozzle design and energy transferred to the hydrogen propellant, the gas core nuclear 

rocket’s performance was calculated. The calculated specific impulse ranged from 1000 s to 

6200 s and the thrust ranged from 50,000 N to 300,000 N with a mass of approximately 100,000 

kg. This analysis confirms that high-performance is achievable from a gas core nuclear rocket. 

Indeed, criticality is possible provided technical challenges of confinement and nozzle 

survivability are addressed.



 1 

CHAPTER 1 Introduction 

 

Curiosity in human beings has led to exploration and discovery of wonders hidden in 

deep ocean vents as well as marvels far beyond Earth gleaned by robotic craft. Space itself is a 

vast ocean ready to be explored and experienced by humans. Space exploration address the key 

question– “Are we alone in this vast Universe?” Not only would human exploration of space 

answer such interesting questions, but it will enable humans the prospect of eventually settling 

worlds well beyond Earth. Current rockets have played a key role in exploration – both human 

and robotic. While a host of rocket propulsion systems have been explored to date, for human 

exploration of space beyond low Earth orbit, powerful rockets with high thrust and high impulse 

are needed. The ideal rocket equation or Tsiolkovsky rocket equation in Equation 1.1 gives the 

change in rocket velocity and its dependence on the specific impulse of the engine [1]. 

        
  

  
        

  

  
 

(1.1) 

    
      

    
 

(1.2) 

  Here u is the velocity of the rocket, Veq is the equivalent velocity, mf and me are the full 

mass (empty mass and propellant mass together) and the empty mass of the rocket respectively, 

Isp is the specific impulse of the engine,    is the mass flow rate, and go is the gravitational 

constant. The velocity of the rocket is directly proportional to the thrust and the specific impulse 

as seen in Equation 1.1 and Equation 1.2. Faster velocity means a shorter trip time which makes 

such a rocket engine attractive for human exploration of space.  
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1.1 Limitation of Conventional Human Spaceflight beyond LEO 

One of the major problems facing human space exploration to Mars and beyond are the 

physiological effects of long-term exposure to the space environment. These hazards include 

increased radiation dose, particularly by heavy ions associated with galactic cosmic rays, 

psychological impacts associated with isolation or confinement, and the deleterious effects of 

microgravity. Long-term human exposure to weightless conditions can cause mineral losses in 

bones, vision degradation, immune system suppression, and cardiovascular deconditioning [2]. 

Space radiation exposure increases the risk of cancer for astronauts. Sources of radiation in space 

can be galactic cosmic rays (GCR) originating from outside our solar system, solar event 

particles (SEP) and solar cosmic rays (SCR) originating from our sun, and radiation trapped in 

the “Van Allen Belts.” [3] The annual average radiation dose per person in the U.S. is 6.2 mSv 

[4]. One in twenty people exposed to a 1000 mSv of radiation dose can get cancer. Table 1 

shows the amount of radiation dose that astronauts will get for various space missions [5]. An 

estimated dose calculation for 3 years long Mars mission is 1200 mSv. Such a large amount of 

radiation dose can be eliminated by reducing the trip time to Mars.  

Table  1.1: Missions and Radiation Dose 

Space Shuttle Mission 41-C (8-day mission orbiting the Earth at 460 km)  5.59 mSv  

Apollo 14 (9-day mission to the Moon)  11.4 mSv  

Skylab 4 (87-day mission orbiting the Earth at 473 km)  178 mSv  

ISS Mission (up to 6 months orbiting the Earth at 353 km)  160 mSv  

Estimated Mars Mission (3 Yrs)  1200 mSv  
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Perhaps the simplest approach to reducing dose is to reduce the trip time to Mars by 

traveling at a faster speed. Acceleration to fast transfer orbits to Mars requires high thrust for 

both accelerations on the way to Mars and deceleration upon Mars approach. Because thrust is 

proportional to mass flow rate and exhaust velocity, to minimize fuel mass to carry out the 

mission it is desirable to operate at a higher exhaust velocity or specific impulse. Current and 

near-term envisioned propulsion systems such as chemical or advanced electric propulsion 

systems can ferry humans to mars over trip times of the order of a year. Such trips rely on 

idealized launched windows. Quick outbound trips translate into long returns. Nuclear 

propulsion systems are the other options for faster trips to Mars and back. 

1.2 Review of Potential Solutions (options) 

A variety of rocket engine systems are being developed for in-space propulsion 

applications. The development goal for these rocket engines is to achieve optimal high specific 

impulse at reasonable thrust levels so that the trip times in space can be reduced while at the 

same time maximizing delivered payload. NASA’s technological roadmap for in-space 

propulsion systems categorizes different propulsion systems under four areas – chemical 

propulsion, non-chemical propulsion including electric propulsion, advanced propulsion 

technologies, and supporting technologies. Figure 1.1 is NASA’s technology area breakdown 

structure for in-space propulsion technologies [6].  
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Figure  1.1: NASA's Technology Area Breakdown Structure for In-Space Propulsion 

Technologies.
 

Chemical propulsion is the most commonly used propulsion system in spaceflight. In 

chemical propulsion, the heat released from the reaction of chemicals in the combustion chamber 

is converted into a thrust-producing plume using a converging-diverging nozzle. The specific 

impulses of chemical rockets range from 200 s to 410 s. A round trip time to Mars using current 

chemical rockets will take at least 3 years [7]. Such long trip times make chemical rockets less 

attractive for human exploration of space. Additionally, chemical propulsion systems limit the 

amount of payload that can be delivered to the target. 

Electric propulsion systems are the other attractive candidates for the in-space propulsion 

system for human exploration of space. Electric propulsion is very attractive due to its high 

specific impulse which enables the delivery of a significant payload to the destination. In an 
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electric propulsion system, electrostatic or electromagnetic fields are used to accelerate ionized 

propellant in plasma state to high velocities. The plasmas produced for thrust production in such 

systems are inherently low density and thus the thrust produced is also inherently low in 

comparison to chemical rockets. Ion and Hall thrusters are the most commonly used electric 

propulsion engines. These engines use much less propellant as compared to a chemical rocket, 

thus reducing the mass of the system. An attractive option that is currently being investigated 

utilizes nuclear power to achieve high power levels along the destination to assure sufficiently 

high thrust. Even an unmanned interplanetary trip time to Mars is calculated to be in the range of 

200 to 600 days as illustrated in Figure 1.2 [8]. For human missions, the power levels have to be 

in the MW range for electric propulsion systems.
 

 

Figure  1.2: Payload, Power at 1 AU, and Propellant versus Trip Time, Interplanetary Trajectory 

Only. 

 Table 1.2 lists different propulsion systems and associated performances [9]. The table 

also includes solid core nuclear fission engines. The table illustrates the fact that propulsion 
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systems most suitable for a human mission to Mars (best combination of specific impulse and 

thrust to weight) remain at a low level of technological readiness.   

Table  1.2: Rocket Performances Parameters for Different Propulsion Systems.
 

 

 Propulsion systems with high specific impulse and high thrust are still under development 

and are listed under the TA2.3 area in NASA’s technological roadmap. These systems are still in 

the research and development stages (Technology Readiness Level (TRL) < 3). The advanced 

fission rockets while holding much promise for human spaceflight is currently at a TRL of less 

than 3.  This dissertation's goal is to contribute to TA2.3.6 advanced fission area of NASA’s in-

space propulsion technologies roadmap. TA2.4 in the roadmap is the supporting elements that 

are required to make in-space propulsion systems a reality.  

 

1.3 Nuclear Fission Systems – Nuclear Thermal Rockets [Solid, Liquid, and Gas] 

In nuclear thermal rockets, the propellant is heated from the heat released from controlled 

nuclear fission reactions. Nuclear fission is the process by which a heavier atom nucleus splits 

into two or more smaller nuclei – typically via absorption of a neutron and in the process 

releasing energy or heat. The heat comes from the release of binding energy that held the heavier 

atom’s nucleus together. Fission reactions can be configured into a chain reaction enabling a 
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self-sustaining energy release process. Figure 1.3 illustrates a nuclear fission reaction of 

uranium-235. 

 

Figure  1.3: Nuclear Fission in Uranium-235 with release in energy. 

 A neutron collides with the uranium to cause the fission reaction. This in turn releases 

another three neutrons. In an uncontrolled nuclear chain reaction such as in nuclear bombs, the 

growth of neutrons in the system is exponential such that the energy increases suddenly and 

quickly. In a controlled nuclear chain reaction such as in nuclear power plants and nuclear 

rockets, the neutrons produced in one generation are equal to the neutrons in the previous 

generation. Thus, the energy release rate is constant. The ratio of neutrons produced in one 

generation to the neutrons in the previous generation is called the criticality of the engine (keff). 

This is given in Equation 1.3. 

     
                                             

                                                     
 

(1.3) 

 In a nuclear rocket, the energy released from controlled nuclear fission is absorbed by a 

light propellant gas such as hydrogen and is expelled out through a converging-diverging nozzle 

to get thrust. Since hydrogen has the lowest atomic weight of all elements, using it generates the 
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highest exhaust velocity and thus specific impulse for a given reactor temperature. Indeed, it is 

the fact that the engine can operate on hydrogen that gives it the advantage over chemical 

systems, which can generate higher chamber temperature than solid core reactors but only with 

propellants of higher mass. Higher temperatures are possible if one relaxes the state of the fuel. 

For example, it is possible to configure liquid and gaseous core variants that allow for specific 

impulses well beyond 1200 seconds which is 3 times that of the state-of-the-art LOX-H chemical 

system. 

1.3.1 Solid Core Nuclear Rocket 

As the name suggests, in a solid core nuclear rocket the fuel core is in a solid-state typical 

of terrestrial nuclear power plants. This engine using advanced fuels develops a specific impulse 

up to 900 s. Solid core nuclear thermal propulsion is the next step for the in-space propulsion 

system. Previous engine work as in the Nuclear Engine for Rocket Vehicle Application 

(NERVA) program of the 1960s has provided a wealth of knowledge on the operation of the 

solid core nuclear rocket operation. Figure 1.4 illustrates the NERVA thermodynamic nuclear 

rocket engine [10]. Maximum chamber temperature for solid core nuclear rocket is 3500 K. 

 

Figure  1.4: NERVA Thermodynamic Nuclear Rocket Engine Drawing.
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 NERVA engines were developed to utilize highly enriched uranium. Current 

development efforts focus on high assay low enriched uranium. In this respect, current 

development activities focus on fuel development and criticality under these fuel enrichments.  

In solid core nuclear rockets, the maximum core temperature and thus maximum specific 

impulse attainable is limited by the melting point of the fuel [11].  

1.3.2 Liquid Core Nuclear Rocket 

In a liquid core nuclear rocket, the fissioning fuel is in a molten state. The heating of the 

propellant happens by passing through molten fissioning fuel. Confining the fuel and achieving 

good heat transfer are key challenge areas for this engine. The liquid core’s temperature is 

limited by the boiling point of the core. The projected specific impulse of this engine ranges 

from 900 s to 1800 s. One type of liquid core nuclear rocket currently under investigation is the 

centrifugal nuclear thermal rocket (CNTR). Here the molten fuel is held in place via centrifugal 

forces owing to the high-speed rotation of fuel elements. The maximum chamber temperature for 

this engine is around 5000 K. This engine and its neutronics are discussed further in chapter 6 of 

this dissertation. This engine is expected to enable a roundtrip time of 450 days to Mars. 

Roundtrip time of 420 days will make the radiation dose on astronauts considerably lower [12].  

1.3.3 Gas Core Nuclear Rocket 

Like the solid and liquid core nuclear rocket, the gas core nuclear rocket heats a low-Z 

propellant such as hydrogen and then expands it through a converging-diverging nozzle to obtain 

thrust. The major difference is in the gaseous phase of the fissioning fuel. This enables the gas 

core nuclear rocket to have higher fuel core temperature than those of solid and liquid core 

nuclear rockets. There is no real limit to the operating temperature of the core. Two types of gas 

core nuclear rockets are open-cycle gas core nuclear rockets and closed-cycle gas core nuclear 
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rockets. In an open-cycle gas core nuclear rocket, the fissioning core has direct interaction with 

the propellant as there is no wall separating the core from the propellant. The core itself is open 

to the nozzle and thus nuclear fuel can be entrained and lost with the passing and subsequently 

exiting hydrogen flow. The hydrogen gas is heated radiatively by plasma emission. In the closed-

cycle gas core nuclear rocket configuration, the fissioning plasma is enclosed in a quartz 

envelope and thus is physically isolated from the flowing hydrogen gas thereby eliminating 

nuclear core fuel entrainment losses. The nuclear light bulb is an example of a closed cycle 

system where the hydrogen gas is heated via UV light which passes through a quartz jacket. To 

achieve reasonable heating, the hydrogen flow field is seeded with micron-sized particles which 

absorb UV and act as a heat exchange medium [6]. Figure 1.5 illustrates a closed-cycle gas core 

nuclear rocket [13]. 

 

Figure  1.5: Closed-cycle gas core nuclear rocket. 

 

1.4 Why Gas Core Nuclear Thermal Rocket? 

Gas core nuclear rockets have the potential to open up the solar system to human 

exploration by reducing the trip time considerably. Table 1.3 lists the radiation dose calculated 
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for travel by chemical rocket and travel by a solid core nuclear rocket [14]. The radiation dose 

from a 433-day one-way chemical rocket trip to Mars is 60 rem (600 mSv) and from a 316-day 

nuclear rocket trip to Mars is 45 rem (450 mSv). In the case of a gas core nuclear rocket, the 

travel days are much lower. It can be expected that the radiation dose from travel to Mars using a 

gas core nuclear rocket is considerably lower than 45 rem.  

Table  1.3: Comparison of Radiation exposure between chemical and nuclear rockets. 

 

Gas core nuclear rockets are attractive because they feature high impulse ranging from 

2,500 to 7,000 seconds, and high thrust ranging from 20,000 to 400,000 newtons [15]. The gas 

core nuclear rocket fuel is in a gaseous form allowing for arbitrarily high core temperatures (>10 

times solid core operating temperature). The fuel is isolated from the material surface in the case 

of a gas core nuclear rocket, thus allowing the fuel to operate at super high temperatures [16]. 

Because specific impulse scales with the square root of the gas temperature, a significant 

increase in performance on conventional rockets is possible. Figure1.6 illustrates the initial mass 

in Earth’s orbit (IMEO) versus mission time to Mars for a solid core nuclear rocket, open cycle 

radiative cooling gas core nuclear rocket, and regenerative cooling gas core nuclear rocket [15]. 

It can be seen in the figure, that gas core technologies are superior to solid core requiring less 

propellant to carry out fast trips to Mars. 
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Figure  1.6: Mars round-trip mission duration for various nuclear rocket engines versus IMEO. 

Studies show that the gas core nuclear rocket enables roundtrip mission times of only 80-

days to Mars [15]. The faster trip times greatly reduce physiological degradation associated with 

long-duration space flight. If realized, the gas core rocket can become the basic architecture for 

human exploration of the solar system, reaching essentially all planets with round trip times of 

less than a decade. This attractive feature of the gas core nuclear rocket is why this engine should 

be developed further for enabling human exploration of space a reality. 

1.5 Dissertation Overview 

While the goal of chapter one was to introduce the problem being addressed by gas core 

reactors, subsequent chapters focus on discussing the evolution of the technology and criticality 

calculations. Chapter 2 overviews the state of the art in understanding the gas core nuclear rocket 

technology including past research and challenges to development and realization. Chapter 3 

summarizes the challenges addressed by this dissertation regarding the realization of a gas core 

engine, which is largely addressed computationally. Chapter 4 discusses criticality calculations 

carried out in this dissertation work. This includes studying the material properties and 

conducting the neutronic analysis to obtain a critical self-sustaining engine. Chapter 5 discusses 
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the performance of the critical engine design including heat transfer to the propellant. Chapter 6 

summarizes earlier work on liquid core engines. In this chapter, the liquid core centrifugal 

nuclear thermal rocket is discussed along with the neutronics of the CNTR engine. Chapter 7 

summarizes the thesis work and future works needed for further development of the gas core 

nuclear rocket concept. 
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CHAPTER 2 Overview of Gas Core Nuclear Rocket Research 

 

2.1 State of Art 

The most common depiction of an open-cycle gas core nuclear rocket design is shown in 

Figure 2.1 [17]. Here hydrodynamically confined fissioning uranium plasma acts as the fuel 

element and a light gas such as hydrogen is used as the propellant. As illustrated in Figure 2.1, 

the hydrogen propellant flows around the engine to cool not only the nozzle but also the reflector 

cavity walls before passing through a porous wall into the chamber. Nuclear fuel such as 

uranium-233 or uranium-235 in gaseous uranium hexafluoride form is injected into the system 

through the fuel feed line [15]. The fissioning core transfers heat to the propellant via radiation, 

conduction, and convection. The high enthalpy propellant then goes through a converging-

diverging nozzle to convert the random thermal energy into thrust.   

 
Figure  2.1: An Open Cycle Gas Core Nuclear Rocket Engine. 

 The gas core nuclear engine’s capacity for high thrust and high specific impulse attracted 

a lot of attention, particularly during the period from the 1960s to the early 2000s. Although 

conceptually simple, implementation of this engine concept has proved quite challenging. The 
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chief challenges are associated with the high temperature and pressure conditions required to 

operate the engine long with the confinement of the core itself. These challenges have been 

explored both computationally and experimentally. In the following sections, the challenges to 

gas core nuclear rocket engine implementation are discussed alongside past research that 

addressed these issues.  

2.2 Challenges of an Open Cycle Gas Core Nuclear Rocket Engine  

While the realization of gas core nuclear rocket performance would represent a 

significant advance in rocket technology, many technical challenges stand in the way of its 

development and eventual implementation. As mentioned previously, the chief challenges 

include 1) stable confinement of the fissioning plasma, 2) minimization of uranium plasma 

erosion due to mixing and subsequent entrainment with hydrogen fuel, 3) optimization of the 

heat transfer from fissioning uranium plasma to the hydrogen fuel, and 4) nozzle survival. Loss 

of fissioning fuel can occur via hydrodynamic instabilities that can arise from the motion of 

hydrogen fuel around the uranium plasma core such as the Raleigh Taylor fluid instability where 

the heavy fissioning plasma is supported by light flowing hydrogen gas. Perturbation to the 

interface can grow leading to the deleterious mixing of the hydrogen gas with the uranium fuel. 

Hydrogen of density ρH and velocity vH flowing around stationary uranium plasma of density ρU 

under the influence of acceleration ‘a’ can lead to Kelvin – Helmholtz instability as well (e.g. 

velocity shear which can lead to mixing and ultimately disruption of confinement), which is 

expressed as in Equation 2.1 [18]. 
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(2.1) 

Here it is assumed that uranium density is much larger than the hydrogen density. ‘k’ is 

the wavenumber of the oscillation. Figure 2.2 and Figure 2.3 below show Rayleigh Taylor 

instability and Kelvin – Helmholtz instability respectively [19]. 

 

Figure  2.2: Rayleigh Taylor Instability. 

 

Figure  2.3: Kelvin - Helmholtz Instability. 

Confinement must minimize core fissionable material loss while isolating the hydrogen 

fuel from the walls [20]. The stability and confinement of uranium plasma, as well as heat 

transfer to the fuel, are still not well understood. The design goal of a gas core engine is to 

maximize heat transfer to the fuel while running the core power as high as practically achievable 

and keeping this core in stable confinement with minimum fuel erosion. 

Once the confinement problem is solved, the material challenges posed by this engine 

need to be addressed as well. The exhaust is extremely hot, exceeding the melting point of 
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known materials (>5000 K). The material with the highest known melting point is tantalum 

hafnium carbide with a melting point of 4263 K. Both the nozzle and chamber walls must 

survive these extreme conditions of thermal load in the presence of intense radiation.  Research 

work on fusion reactor materials and hypersonic flight materials are promising work that could 

tackle the gas core nuclear rocket engine’s material problems. For example, similar conditions 

exist near the walls of tokamaks albeit not at the rocket pressure envisioned but there the power 

flux is more than one MW per square meter. In this case, diverter technologies are used to 

channel hot plasmas towards a water-cooled target [21].   

Demonstration of the engine performance on the ground could be a challenge as well 

since the exhaust will most certainly contain fission fragments and fuel. Even if the fuel core is 

confined to 99.9 percent, the small amount of fuel loss from the engine could make the ground 

test study a challenge. Ground test work for future tests of solid core and the liquid core nuclear 

rocket may also provide gas core engines with options for ground testing.  

2.3 Past Research on Gas Core Nuclear Rocket 

Significant investigation of the gaseous core rocket concept extended from the 1960s into 

the early 1990s. These research works can be divided into five categories: rocket operations, 

reactor physics, fluid mechanics, heat transfer, and gas core confinement studies. Each of these 

categories is reviewed further in the following sections. 

2.3.1 Rocket Startup and Shutdown 

The startup scenario for a gas-core nuclear rocket is not straightforward. The key is to 

establish confinement of the core hydrodynamically and then bring the core to criticality. This 

approach is expected to minimize the loss of uranium fuel from the system. One of the proposed 

ideas for startup featured the injection of an antiproton beam to generate the required number of 
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neutrons to initiate the fission reaction and thus the chain reaction [22]. In another study, it was 

found that a source of about 10
22

 neutrons is needed for the startup [11]. In both these studies, it 

is assumed that the core has already formed via fuel injection that is ultimately hydrodynamically 

confined and is thus ready to fission. If the confined core assembly is non-self-sustaining (i.e., 

sub-critical engine), then a constant source of neutrons will have to be provided for the fissioning 

process to continue. Another proposed concept involved the solid uranium fuel pellets injection 

into the cavity region where hydrogen has been pumped to a pressure of 50 MPa to 200 MPa 

[15]. Due to the high pressure of hydrogen propellant in the chamber, the uranium fuel will 

achieve criticality and rise to a power level that would allow the uranium rod to eventually 

vaporize giving rise to the gas core. The gaseous core is obtained by the high pressure and the 

fissioning process of uranium metal. In this proposed concept, the hydrogen propellant has to be 

pumped into the chamber and the chamber should be pressurized to desired pressure before 

injecting the uranium pellets into the chamber. Figure 2.4 illustrates a gas core nuclear rocket 

with a uranium feed system [15]. 

 

Figure  2.4: Porous gas core nuclear rocket with uranium feed system. 

The engine shutdown is not straightforward either. The engine shutdown involves 

terminating the self-sustaining chain reaction in the core of the engine. In principle, control 
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drums that contain materials with a high neutron absorption cross-section can bring a critical 

engine to a sub-critical level thus effectively ending power production. These control drums can 

be used to also control the power of this engine by manipulating the neutron flux in the reactor. 

The core, however, must still be dealt with. One method of managing the core during the 

shutdown is to let the fissioning fuel exit the engine through the converging-diverging nozzle by 

removing the hydrodynamic confinement. This is not only an expensive method of engine 

shutdown but also the high temperature of the gaseous core potentially could come into contact 

with the converging-diverging nozzle. Another proposed method of a shutdown is to draw the 

gaseous uranium back into the uranium chamber that is surrounded by the control drums to 

prevent further fissioning. In this method, the drawing of the reactor core will also include the 

fission by-products being drawn back into the uranium storage chamber. Once cooled, the core 

materials may need reprocessing to facilitate the reuse of the fuel.  

2.3.2 Reactor Physics 

Reactor kinetics studies have been conducted to study the critical mass requirement of 

cavity reactors. Critical mass design considerations include fuel density, fuel density variation 

with temperature, reflector temperature, and neutron utilization as well as geometrical aspects 

such as core and reflector shape. Experiments were conducted for both cylindrical and spherical 

geometries, and for both solid and gaseous (uranium hexafluoride) nuclear fuel at Idaho-Nuclear 

Corporation to study the uranium fuel mass and configuration requirements [15]. The focus of 

the research was to calculate fuel mass, propellant pressure, cavity diameter, and reflector-

moderator thickness for a gas core engine. A summary of the results from this study can be found 

in Reference 15. The reactivity and the criticality calculations were made using the neutron 

transport code TDSN (two-dimensional discrete angular segmentation transport program) with 
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spherical geometry [23]. Table 2.1 summarizes the notional configuration of the gas-core nuclear 

rocket derived from the studies in References 23 and 24. 

Table  2.1: Sample Engine Specification. 

Engine Parameters Specifications 

Impulse (s) 5000  

Thrust (N) 110,000 

Propellant  LH2 seeded with Tungsten 

Fuel U-233 enriched to 98% 

Reactor Power (MW) 3,750 Thermal  

Total Engine Mass (kg) 91,000 

Cavity Diameter (m) 2.4 

Moderator Thickness (m) 0.76 

 

Americium has also been investigated as a potential fuel. 
242m

Am has a large thermal 

fission cross-section. This leads to a significantly smaller reactor (comparable fuel density as that 

of 
235

U and a radial size reduction of about 70 percent) that can produce the same performance as 

that of a uranium-235 gas-core nuclear reactor [11]. However, it was found that thermal-

hydraulics and neutronics computational study favors uranium-233 as the best fuel due to its 

modest epithermal fission cross sections and hydrogen as the best propellant due to its low 

molecular weight [25]. The neutron energy spectrum was found to be in the epithermal energy 

range of 0.035 eV to a few hundred eV [26]. The fast neutrons produced from the uranium 
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fission process are slowed down to epithermal neutrons by the hydrogen propellant which acts as 

a moderator as it flows around the core. Table 2.1 below includes a sample engine specification 

that was calculated from previous research work. It can be seen from the table that a large cavity 

is required for the engine to be critical. 

The most recent criticality work on a gas core engine concept using modern 

computational tools was carried out by Poston in the early 1990s [25].
 
He conducted his studies 

on a cylindrical homogenous system as shown in Figure 2.5 below. 

 

Figure  2.5: David Poston's cylindrical homogenous gas core nuclear rocket model. 

 The neutronics work using TWODANT software produced only a sub-critical system that 

required a continuous flow of uranium fuel as well as a neutron source. The best keff 

(multiplication factor) obtained was 0.907 using U-233 as fuel and He as the propellant. 

Although helium improves the criticality of the engine, it adversely affects the engine 

performance due to its heavier mass than hydrogen. Specific impulse will drop by a factor of two 

when changing from atomic hydrogen (fully dissociated) to helium due to its inversely 

proportional relation to the square root of the propellant mass. While this work featured modern 

computational tools, a non-self-sustaining engine (or reactor with keff less than one) is not a 

promising engine for in-space propulsion. Table 2.2 below shows the criticality values obtained 

by Poston for different fuel and propellants. 
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Table  2.2: Multiplication Factor for various fuel and propellant combinations. 

Fuel Propellant keff (multiplication factor) 

U-235 H 0.582 

U-233 H 0.805 

Pu-239 H 0.676 

U-235 He 0.756 

U-233 He 0.907 

Pu-239 He 0.793 

 

2.3.3 Fluid Mechanics 

Fluid mechanics studies have also been carried out to understand the factors that govern 

the fission fuel loss rate as a function of hydrogen propellant flow rate/flow velocity as well as 

injection geometry. Isothermal flow experiments were conducted using air as both fuel and 

propellant in a cylindrical system as shown in Figure 2.6 [15]. One such study showed that the 

fuel volume consists of only 20 or 30 percent of the cavity volume. Under these conditions, less 

than one percent by mass of uranium is exhausted alongside hot hydrogen gas from the engine 

[15]. Earlier fluid mechanics works focused on conducting vortex experiments to study the 

separation ratio which is defined as the ratio of the mass flow rate of hydrogen propellant to the 

mass flow rate of uranium fuel. High separation ratios were desired and these vortex experiments 

showed that very small fuel volume fractions yielded high separation ratios [27]. Additional 



 23 

experiments were carried out to study the confinement of the uranium fuel or methods to reduce 

the fuel loss. This subject is discussed further in the gas-core confinement section. 

 

Figure  2.6: Experimental schematic to study gas core nuclear rocket using inductive heating. 

Major fluid mechanics studies were conducted to understand the loss of uranium out of 

the engine. To calculate the uranium loss out of the engine, the plasma instabilities that 

contribute to the loss need to be included as well. One study that included these instabilities 

calculated the total uranium mass flow out of the core as the expression given below [28],
 

            (2.2) 

 Here LA is the total uranium mass flow out of the core due to acoustic instabilities, rc is 

the core radius, DA is the diffusion coefficient calculated using the growth rate from the plasma 

instabilities, and the wave number calculated from a wavelength equal to the core radius, and ρU 

is the uranium density. This loss rate determined from the plasma instabilities helps in 

determining how long the fuel will be in the system before it is completely lost from the engine. 

This study did not include any hydrodynamic or magnetic confinement to prevent fuel loss in 

their calculations.  
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2.3.4 Heat Transfer 

The heat from the uranium plasma needs to be absorbed completely by hydrogen 

propellant and then stored as internal energy until the heat is converted into thrust by the nozzle. 

The heating of the propellant occurs mostly by radiative heat transfer. Energy not absorbed by 

the propellant thermally loads the cavity wall and nozzle. To reduce this heat loading, studies 

have been carried out to optimize the energy transfer to the hydrogen gas.  

Previous studies have modeled the radiative heat transfer occurring in the engine using 

the diffusion approximation. These studies used a conduction coefficient depending on the cubic 

power of the core temperature. Heat transfer with the uranium gas was assumed to occur through 

conduction only and by using Rosseland averaged opacity, the thermal conductivity was 

calculated. Rosseland averaged opacity is used in calculating the total energy absorbed over all 

wavelengths. Opacity quantifies how strongly the energy of an electromagnetic wave or photon 

is absorbed while traveling through a material. Poston’s total conductivity is given as [25], 

                
     

   
 

(2.3) 

Here k is the thermal conductivity, σ is the Stefan-Boltzmann constant, TU is the uranium 

temperature and αr is the Rosseland mean absorptivity. Using this diffusion approximation, 

uranium’s opacity, and the power distribution obtained from the neutronics calculation, Poston 

obtained a temperature distribution within the engine as shown in Figure 2.7 [25]. Similar 

temperature distribution within the engine was obtained by Reference 28. This temperature 

distribution along with power distribution and neutron flux in the engine is shown in Figure 2.8 

[28]. In both these studies, the temperature at the core center is very high and at the boundary of 

the uranium and hydrogen, the temperature drops significantly down to the 10,000 K to 20,000 K 

range. This results in the input hydrogen gas rising to temperatures between 5000 K to 15,000 K. 
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The power distribution and neutron flux in these studies are flat due to the long mean free path 

for neutrons in the gaseous uranium core. 

 

Figure  2.7: Poston's calculated radial temperature profile at core Exit.
 

 

Figure  2.8: Temperature, power, and neutron distributions calculated in Reference 28. 
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Experiments show that adding tungsten particles (micrometer size) to hydrogen gas will 

produce a mixture of absorption cross-sections ranging from 2000 to 100,000 square centimeters 

per gram. The study also demonstrated that the absorption increases with higher pressure too 

[15].
 
However, adding tungsten particles to the hydrogen gas negatively impacts the specific 

impulse. At a high temperature of 7000 K, hydrogen itself becomes quite absorptive [27]. Under 

these conditions, tungsten seeding is no longer necessary and thus engine performance can 

improve greatly. In this respect, the seeded hydrogen may only be necessary at low operating 

core temperatures. 

Keston and Krascella [29] used a semi-empirical model and Park et al. [30] used the first-

principles model to obtain gas phase compositions, heat-transfer characteristics, and optical 

parameters of uranium over a range of temperatures from 5000 K to 110,000 K and pressures 

from 100 atm to 1000 atm. Similarly, Krascella [31] and Patch [32] have calculated the 

composition, heat-transfer characteristics, and optical parameters of hydrogen over a range of 

temperatures up to 50,000 K and pressures up to 1000 atm. These works conducted previously 

provide some key insight into the material properties and behavior of uranium and hydrogen at 

high temperatures and pressures which are used for gas core nuclear rocket studies. These studies 

showed that the uranium core is optically absorptive to its thermal radiation and that hydrogen at 

several hundred atmospheres pressure and temperature above 7000 K is opaque to thermal 

radiation.  

2.3.5 Gas Core Confinement 

Confining the nuclear gas core has proven to be a challenging problem. The conventional 

approach to gas core confinement features hydrodynamic containment. This approach was 

experimentally tested to assess feasibility. The geometry of this approach is shown in Figure 2.9 
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[33]. Here injected gas flows past a porous diffuser through which propellant is also injected. 

This creates a vortex in which the uranium plasma can be injected and confined. The flow 

through the diffuser keeps the uranium core off the surface of the diffuser – essentially the flow 

obstruction that generates the vortex. This study showed that a secondary injection of gas (first 

the uranium fuel is injected, then followed by hydrogen propellant) at the base end of the gas 

core would reduce the fuel loss. The recirculation region forms just downstream of the diffuser 

and it essentially forms a bubble into which uranium fuel can be injected. Figure 2.9 illustrates 

this concept [33]. This work validated the vortex trapped core concept. 

 

Figure  2.9: Base bleed stabilized gas core nuclear rocket. 

Since the gas core operates at very high temperatures, the gas core is in a partially ionized 

plasma state. This ionized state, therefore, enables the use of magnetic fuel containment. 

Previous studies have focused on confining the plasma using “mirror geometry” in which the 

magnetic fields at the ends are stronger than the magnetic field at the center where the uranium 

plasma core is situated [18].
 
However, it was found that magnetic mirror confinement at practical 

field strengths is not feasible owing to collisions that would scatter nuclear fuel into the loss 

cone. Sedwick and KerrebrocK [34] used externally applied electromagnetic fields alongside 

hydrodynamic vortices as a uranium fuel-containment mechanism. In their study, their engine 

acted both as a propulsive device and/or as a power reactor. The power reactor supplied the 

power to drive the MHD system. Their results showed the addition of electromagnetic fields to 
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the hydrodynamic fuel containment made the vortex containment feasible by eliminating the wall 

shear force at the outside perimeter of the vortex. 

One of the significant computational efforts addressing the gas core nuclear rocket 

problem was carried out by Poston. Figure 2.5 shows the two-dimensional model that Poston 

used for his neutronics and thermal-hydraulic studies. His study featured the continuous inflow 

of uranium into the engine at a slower rate than the hydrogen flow. As a result of the continuous 

inflow of uranium, no confinement of the uranium core is achieved. His study showed that 

increasing reactor power or rocket acceleration could severely degrade fuel containment. The 

maximum wall heat flux limited the specific impulse of this engine to the range of 2000 – 3000 

seconds. He recommended acceleration-assisted containment for fuel containment in this engine 

as shown in Figure 2.10 [25]. 

 

Figure  2.10: Acceleration Assisted Containment. 

Thode, Cline, and Howe investigated the formation and stability of a recirculation region 

using a two-dimensional, axisymmetric, finite difference code [35]. Their study found that the 

recirculation region might provide improved confinement of the uranium fuel and the position of 

this recirculation depends on the inlet geometry and injection velocity, the nozzle position, 
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subsonic convergence angle, the base bleed injection rate, and turbulence. This shows the 

importance of including accurate nozzle contours in computational studies for vortex formation 

and stability of the system. 

An alternative confinement geometry that has been considered is the counter flow 

toroidal configuration shown in Figure 2.11 [36]. The flow of propellant as shown in Figure 2.11 

around the fuel causes a circular motion of fuel. This geometry is expected to reduce the uranium 

loss rate due to the centripetal force added to the uranium vortex. Additionally, the thicker layer 

of the hydrogen propellant will circulate the uranium to decrease the thermal loads on the walls 

of this engine. 
 

 
Figure  2.11: Toroidal Configuration for the Gas Core Nuclear Rocket. 
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CHAPTER 3 Research Approach and Model Description 

 

3.1 Research Approach 

The goal of this research work is to understand the neutronics and heat transfer within the 

gas core nuclear rocket engine using modern computational tools. The gas core nuclear rocket 

engine computational model is complex due to the high temperature and pressure at which this 

engine operates. Not only is the computational model complex but also the material properties of 

the hydrogen propellant and uranium fuel at high temperatures and pressures are not readily 

available.  

3.1.1 Materials 

The first step in this research study was to select materials that can be used to credibly 

assemble a gas core nuclear rocket consistent with the engine’s performance envelope. Past 

research work on gas core nuclear rockets, advanced propulsion systems, and nuclear reactors 

provide some insight into the materials that can be used in a gas core nuclear rocket engine 

model. As seen in chapter 2, the fuel that gave the best keff (but is still sub-critical in Poston’s 

model [25]) is uranium-233 and the propellant that gives the best engine performance is 

hydrogen owing to the specific impulse scales inversely with the square root of the mass. In the 

model, it is uranium-233 and hydrogen that are explored for engine nuclear fuel and rocket 

propellant respectively. Silicon carbide was selected for the hydrogen inlet porous wall and the 

support structure material because of its favorable neutronics such as irradiation tolerance and 

high-temperature properties [37]. Silicon carbide has lower neutron absorption and higher 

neutron moderation as compared to zirconium alloy of the same thickness [38]. Silicon carbide is 
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also of interest for use in advanced reactors such as high-temperature gas-cooled reactors and 

fusion reactors [37]. Beryllium metal will be used as the reflector and Ti-6Al-4V (Grade 5) 

annealed alloy as the pressure vessel (similar to Reference 23). Beryllium reflector is commonly 

used in nuclear applications as a reflector due to its unique combination of structural, chemical, 

atomic number, and neutron absorption cross-section [39]. Ti-6Al-4V features good mechanical 

properties at high temperatures and they are used widely in the aeronautic and aerospace industry 

[40]. The pressure vessel material does not have a significant impact on the neutronics of the 

engine due to the presence of a beryllium reflector. Materials needed in this work are shown in 

Table 3.1. 

Table  3.1: Materials used in the computational model of a gas core nuclear rocket engine. 

Material Description 

U-233 Fissioning fuel 

Hot Hydrogen Propellant and moderator 

80% dense SiC Porous wall [20% by volume H2 inflow] 

Hydrogen Coolant Regenerative coolant 

SiC Outer Wall Support material if necessary 

Beryllium Reflector 

Ti-6Al-4V (Grade 5) Pressure Vessel 

 

Once the materials are identified, their material properties at high temperatures and 

pressures are to be obtained from literature work or calculated. The propellant is also used for 

regenerative cooling of the engine and nozzle before it flows into the engine chamber. This 
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regenerative cooling is expected to cool the engine components considerably as inferred from 

past nuclear thermal propulsion experiments, particularly NERVA. The materials that are at high 

temperatures and require high-temperature material properties are only the heated hydrogen 

propellant and the fissioning uranium-233 fuel. These thermo-material properties are discussed 

further in the next chapter. 

3.1.2 Computational Codes 

For neutronics analysis, the neutronics code has to have the ability to calculate the 

criticality of the engine, handle the high-temperature material properties and neutron scattering, 

and include enough large number of energy groups to faithfully represent the reaction physics. 

The widely used Monte Carlo N-Particles (MCNP)
 
[41] transport code was chosen for this 

research neutronics study. MCNP is a general-purpose, continuous-energy, generalized-

geometry, time-dependent, Monte Carlo radiation transport code designed to track many particle 

types over broad ranges of energies [42]. For this research, the MCNP6.1.1 version was used. 

MCNP input file has three parts to it – cell cards, surface cards, and data cards. The typical input 

file has the form as shown in Figure 3.1. 
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Figure  3.1: MCNP input file format. 

 The cell cards are an enclosure defined by the surface cards. For the gas core nuclear 

rocket neutronics studies, each region in the engine has its cells. Inside cells, the material 

properties are defined the same. Uranium fuel at 55,000 K is one cell and hydrogen propellant at 

15,000 K is another cell. If temperature gradient or different properties are needed, the cells are 

split up accordingly. The surface cards, as the name suggests, describe the surfaces of the cells. 

These surfaces define the geometry of the engine. The data cards contain the material 

information, the particles involved, the neutron source, and the output information that specifies 

what is needed from these Monte Carlo calculations. A sample MCNP input file is provided in 

Appendix A.  

For nuclear materials data, ENDF/B-VIII.0 (Evaluated Nuclear Data File) was used as the 

material information source for the MCNP transport code. From the MCNP input file, the code 

calls the material information from ENDFs which are in ACE (A Compact ENDF) format. 

ENDF is the United States’ nuclear reaction cross-section database. They contain material 

information including neutron cross-sections of various materials at different temperatures. 

However, they do not have the high-temperature (over 3000 K) neutron cross-section 
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information that is needed for materials used in a gas-core nuclear rocket engine. These high-

temperature neutron cross-sections have to be calculated and inputted into the MCNP data source 

as an ACE file. For these calculations, NJOY2016 [43] software was used. NJOY's name comes 

from advancing its predecessor’s name – MINX. NJOY is a nuclear data processing system that 

is used for producing pointwise and Multigroup nuclear cross-sections and related quantities 

from evaluated nuclear data in the ENDF format [44]. It takes the basic data from the nuclear 

data library and converts it into the forms needed for applications such as using in MCNP.  

The NJOY software takes the ENDF/B-VIII.0 nuclear data and Doppler broadens the 

material neutron cross-section for the temperature specified in the input file. A sample NJOY 

input file is provided in Appendix B. The output files with high-temperature cross-sections from 

NJOY will be in an ACE format that can be added to the MCNP data folder. In the cross-section 

source directory file, output file descriptors have to be provided so that MCNP can locate data 

and determine what files should be read to access the data if called by the MCNP input file. For 

the gas core nuclear rocket neutronics studies, a high-temperature neutron cross-section was 

calculated using NJOY for the fuel materials and the propellant materials at various 

temperatures. This material information was called in MCNP for the neutronic analyses and 

criticality calculations for a gas core nuclear rocket. 

Several thermal-hydraulics computational tools such as ANSYS Fluent were considered 

for the fluid flow, core hydrodynamic confinement, and heat transfer. Due to the complexity of 

the gas core nuclear rocket engine – which includes dynamic confinement, the thermal-

hydraulics solution using these tools is left to future work. Other challenges of thermal-

hydraulics computational modeling are related to the high temperatures and pressures of this 

system, two plasma species flow, radiative heat transfer, and the severe velocity gradients/shear. 
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Due to these factors, no fluid flow analysis within the engine chamber was calculated and it was 

determined that the heat transfer modeling can be carried out using the basic heat transfer 

equations rather than using an already existing insufficient computational code. Here it is 

assumed that confinement can be achieved as suggested by past experimental studies discussed 

earlier. 

3.1.3 Assumptions 

The complexity of the gas core nuclear rocket engine calls for assumptions to be made to 

simplify the engine model. The assumptions made for this research work are as follows: 

1. The engine is in steady-state condition – the startup of the engine and its reaching 

steady-state has already been achieved. At steady-state conditions, the uranium gaseous core has 

already been achieved and the hydrogen propellant is flowing around this core. 

2. The uranium core is confined by the hydrodynamic confinement mentioned in 

Chapter 2 by the secondary injection of uranium fuel followed by the injection of hydrogen gas 

at the base of the fuel core. Although there will still be some uranium fuel loss from the system, 

here the assumption is that there is no fuel loss – complete confinement. 

3. The hydrogen propellant efficiently cools the engine components by regenerative 

cooling before entering the engine chamber. This hydrogen cooling along with the radiative 

cooling is sufficient to keep the engine components from melting. The engine components also 

do not deform due to the high pressure within this engine.  

4. The mixing between hydrogen and uranium is small and it does not lead to plasma 

instabilities as mentioned in Chapter 2. 

These assumptions help in narrowing the focus of this research work to the neutronics 

and heat transfer happening in an ideal steady-state gas core nuclear rocket engine. 
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3.1.4 Research Approach Path 

After obtaining the material properties, the neutronics work was carried out to achieve 

critical engine conditions. Various geometries and temperatures were studied to optimize the 

engine using neutronics with the engine. Once the critical engine was obtained, heat transfer 

analysis was carried out to obtain the temperatures within this critical engine. The thermal 

solution was then looped back into neutronics to check if the engine is still critical or not. The 

goal of this method was to converge the thermal and the neutronics solutions to a critical engine. 

Figure 3.2 illustrates the research approach flow path. 

 

Figure  3.2: Research Approach Flow Chart. 

3.2 Engine Model 

 The initial research work was conducted using a cylindrical gas core nuclear rocket 

similar to Poston’s computational model [25]. In the “Gas Core Nuclear Rocket Feasibility 

Project” paper by S. D. Howe and his team, the cylindrical geometry for the gas core nuclear 

rocket was concluded to be a non-viable configuration [36]. This conclusion comes from 

hydrogen propellant thickness between the fuel core and the chamber wall being narrow from the 
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narrow annular injection. This leads to high wall heating and low propellant heating. This current 

research work focuses on the classic spherical fissioning gas core. The system is a spherical non-

homogenous model. Figure 3.3 illustrates the spherical gas core nuclear rocket model, as 

modeled in MCNP. 

 

Figure  3.3: A spherical gas core nuclear rocket engine model from MCNP. 

 The uranium 233 fuel is at the center of the sphere with hydrogen propellant flowing 

around it. This hydrogen is injected into the system through the porous SiC wall. Outside this 

SiC porous wall is the hydrogen flow channels that cool the support structure as well as the 

beryllium reflector. This whole system is enclosed in a pressure vessel. The initial engine input 

specifications for this research work are given in Table 3.2 below. These values were obtained 

from previous work and these parameters were optimized with the engine’s criticality and heat 

transfer solutions. The pressure was taken as 1000 atm with fuel core temperature around 55,000 

K and hydrogen propellant temperature around 10,000 K. These pressure and temperature values 

were taken based on previous studies [15], [23], [25], [28]. The cavity diameter and reflector 

thickness were based on Reference 23. The support structure thicknesses were chosen to 

accommodate high pressure in the cavity. These initial values were modified with the neutronics 
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and heat transfer results to obtain a critical engine with the highest transfer of heat from the fuel 

to the propellant. 

Table  3.2: Initial engine model geometry, temperature, and pressure inputs. 

Parameter Specification 

Engine pressure (atm) 1000 

Core temperature (K) 40,000 - 65,000 

Propellant temperature (K) 5,000 – 15,000 

80% dense SiC temperature (K) 2,500 

Hydrogen coolant temperature (K) 1,200 

SiC outer wall temperature (K) 1,200 

Beryllium reflector temperature (K) 1,200 

Pressure vessel Temperature (K) 900 

Engine cavity radius (cm) 213 

Core radius (cm) 157 

SiC porous wall thickness (cm) 15 

Hydrogen coolant thickness (cm) 15 

SiC outer wall thickness (cm) 15 

Beryllium reflector thickness (cm) 61 

Pressure vessel thickness (cm) 30 
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CHAPTER 4 Criticality Studies 

 

4.1 High-Temperature Material Properties for Neutronics 

The starting point for any computational study of a gas core nuclear rocket begins with 

the determination of the high temperature, and pressure material properties of the propellant and 

the nuclear materials that make up the reactor engine. In general, these can be calculated or in 

cases obtained from published experimental data. In this work, the reactor is modeled with 

uranium fuel temperatures ranging from 10,000 K to 75,000 K and hydrogen propellant 

temperatures ranging from 5,000 K to 50,000 K. At such high temperatures, the uranium fuel, 

and hydrogen propellant are in a partially ionized state. Material properties needed to conduct 

neutronics analyses include both neutron cross-sections and the mass densities of engine 

elements. Neutron cross-sections are called into MCNP through the input file from the MCNP 

data folder and the mass densities are directly inputted into the MCNP input file. The material 

properties calculations are discussed in the following sub-sections. 

4.1.1 Mass Density Calculations 

At such high operating temperatures, hydrogen propellant dissociation and ionization 

have to be taken into consideration. Dissociation is the process in which a molecule breaks into 

smaller molecules or its constituent atomic species. In the case of hydrogen gas, it dissociates 

from diatomic hydrogen to atomic hydrogen. Ionization is the process in which an electron is 

removed from a molecule or atom. Hydrogen gas dissociation and subsequent ionization are 

given in Equation 4.1. 
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              (4.1) 

 Dissociation and ionization of the heated hydrogen gas are calculated using the Saha 

equations given in Equations 4.2 and 4.3 respectively [45].  
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 Here    
,   ,    and    are, respectively, the particle density (number per m

3
) of 

hydrogen gas, atomic hydrogen, ionized hydrogen, and electrons, MH and me are the molar mass 

of atomic hydrogen and electron, T is the propellant temperature in 
o
K, k is the Boltzmann’s 

constant, E1 = 13.6 eV is the ionization energy of the hydrogen atom, and E2 = 4.476 eV is the 

dissociation energy of the hydrogen gas. Both dissociation and ionization were taken into 

consideration in calculating the densities of the various species at the core temperature. 

   
  

  
 

(4.4) 

The initial particle density of hydrogen gas, no, entering the gas core nuclear rocket 

chamber can be calculated using the ideal gas law given in Equation 4.4. Let ‘x’ be the 

percentage of diatomic hydrogen particles that underwent dissociation and ‘y’ be the percentage 

of atomic hydrogen particles that underwent ionization at a particular temperature and pressure, 

then the particle densities of hydrogen gas, atomic hydrogen, ionized hydrogen, and electrons in 

that system are given in Equations 4.5 through 4.8. 

    
          (4.5) 

               (4.6) 
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          (4.7) 

          (4.8) 

 From these particle densities and the Saha equations, the ‘x’ and ‘y’ can be calculated as 

the temperature increases. Here ‘x’ is called the dissociation factor of hydrogen and ‘y’ is called 

the ionization factor of hydrogen. It implies the percentage of hydrogen dissociated and ionized 

as the temperature of hydrogen goes up while keeping the pressure constant. These dissociation 

and ionization factor for hydrogen at 1000 atm is plotted in Figure 4.1. 

 

Figure  4.1: Hydrogen dissociation and ionization at 1000 atm pressure with temperature change. 

 Around 2500 K, the hydrogen gas starts dissociating into atomic hydrogen, and at around 

17,000 K the hydrogen gas has completely been dissociated. The ionization of hydrogen at this 

pressure starts to happen around 21,000 K as seen in Figure 4.1. As the pressure decreases, the 

dissociation and ionization curves shift towards the left. This is illustrated in Figure 4.2 where 

the pressure is 1 atm. Here the dissociation begins around 3000 K and the hydrogen is fully 
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dissociated at 7500 K. Similarly, the ionization starts around 9000 K and the hydrogen is fully 

ionized around 25,000 K. This is largely due to a reduction in randomizing collisions. If the 

pressure is increased, the graph will shift towards the right.  

 

Figure  4.2: Hydrogen dissociation and ionization at 1 atm pressure with temperature change. 

 From these dissociation and ionization factors, the hydrogen mass observed can be 

calculated. Mass observed is the average molecular mass of diatomic hydrogen, atomic 

hydrogen, ionized hydrogen, and electrons at a particular temperature and pressure. This is 

calculated using Equation 4.9. Using this calculated mass, the hydrogen density can be calculated 

using the ideal gas law given in Equation 4.10. 
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 As the temperature increase, the hydrogen gas dissociated and ionized. This resulted in 

hydrogen density going down since the pressure is kept constant. The hydrogen density 

calculated is plotted in Figure 4.3.  

 

Figure  4.3: Variations in hydrogen propellant density at 1000 atm pressure with temperature. 

 The density of uranium fuel was also calculated using the ideal gas law. Uranium 233 in 

gaseous form is considered an ideal gas and since there is no dissociation associated with 

uranium 233, the ideal gas law was directly applied to obtain the uranium density. Uranium 

density calculated is plotted in Figure 4.4 below. 
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Figure  4.4: Variation in uranium 233 fuel density at 1000 atm pressure with temperature. 

 All the solid parts of the engine are assumed to be cooled effectively by the regenerative 

propellant coolant flow and radiator panels. A sample regenerative coolant flow path is 

illustrated in Figure 4.5. Here the propellant flow lines go around the nozzle and the engine 

chamber before the propellant goes into the engine cavity.  

 

Figure  4.5: A sample regenerative cooling flow path. 
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This is expected to cool all the engine components. For these component materials, the 

densities were taken for temperatures below their melting point. Table 4.1 provides the densities 

used for these materials. 

Table  4.1: Material densities used for solid materials in MCNP gas core nuclear rocket model. 

Material Density (g/cm
3
) 

Pressure vessel (Ti-6Al-4V) 4.43 

Beryllium reflector 1.85 

SiC outer wall 3.21 

80% dense SiC w/ 20% H2 2.57 

4.1.2 Neutron Cross-section Calculation from NJOY 

Neutron cross-sections for uranium 233 at various high temperatures ranging from 5000 

K to 75,000 K are required to conduct neutronics analysis of a realistic gas core nuclear rocket 

engine. If there are ‘n’ neutrons per square cm in a beam and ‘v’ is the speed of neutrons, the 

intensity of the beam is given as, 

     (4.11) 

This intensity of neutron radiation determined by the flow of neutrons is also called the 

neutron flux. It is measured in neutrons/cm
2
/sec. The number of collisions between the neutrons 

and the nuclei is directly proportional to the intensity of the beam. The number of collisions per 

second in the entire target can be calculated as given in Equation 4.12 which is valid for the case 

of a thin target [46].
 

                                                            (4.12) 
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Here σ is the proportionality constant known as the neutron cross-section, N is the atom 

density of the target, A is the colliding surface area and X is the thickness of the target.  

In the MCNP transport code, materials neutron cross-section data up to 3000 K is readily 

available. For temperatures above 3000 K, the neutron cross-section data has to be added to the 

MCNP data folder. For this high-temperature data, the fission cross-section in the so-called 

resonance region is Doppler broadened. This resonance region extends from 1 eV to 2500 eV for 

uranium-235 at 293.15 K as shown in Figure 4.6. These peaks in the neutron cross-section of any 

material would be called the resonance region of that material. 

 

Figure  4.6: Uranium-235 total neutron cross-section at 293.15 K. 

 The Doppler broadening is related to neutron cross-sectional dependence on the relative 

velocity between the neutron and the target nucleus. The target nuclei themselves are in 

continuous thermal motion and they may appear to be greater or less than the neutron speed. 

These differences in their speeds give rise to the Doppler Effect [47]. The target nucleus thermal 

motion increases with the increase in the temperature. This leads to the broadening of the 
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resonance cross-section line shape and its peak magnitude decreasing due to the Doppler Effect. 

Figure 4.7 illustrates an example of Doppler Broadening at different temperatures for uranium 

238 [48]. 

 

Figure  4.7: Doppler broadening of neutron capture resonance cross-section at E=6.67 eV.
 

 The standard form of the Doppler-broadened cross-section is given in Equation 4.13 [49]. 

This form is also known as Solbrig’s kernel. Here the target nucleus motion is isotropic and the 

distribution of velocities is defined by the Maxwell-Boltzmann function. This is partially 

integrated in terms of the relative velocity V. 
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Where, 

  
  

   
 

(4.14) 

Here, σ(ν) is the Doppler-broadened cross-section, v is the velocity of the incident 

neutron, V is the relative velocity of the neutron to the target given as |v-v
’
|, v

’
 is the target 

velocity, M is the neutron mass, A is the atomic weight ratio of the nuclide, k is the Boltzmann’s 
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constant, and T is the temperature of the nuclei. NJOY software uses this equation to Doppler 

broaden material cross-section to the specified high temperatures. 

As the temperature increases, the resonance cross-section is broadened. However, the 

total area under the resonance spectral line remains constant. The increase in temperature also 

impacts the neutron absorption by the fuel core which in turn impacts the criticality of the 

engine. Thus, it is important to Doppler-broaden correct neutron cross-sections for the neutronics 

analysis of a gas core engine to obtain a realistic engine response. Figure 4.8 compares the 

magnitude of this broadening in the resonance region for uranium 233 total neutron cross-section 

at 293.6 K, corresponding to a thermal reactor typical of terrestrial power plants, and 50,000 K, 

the expected operating temperature of a gas core rocket. 

At the higher temperature, the neutron cross-section is broadened and the peak magnitude 

decreased. Similarly, uranium 235 total neutron cross-section at 293.6 K and 50,000 K is 

illustrated in Figure 4.9. Similarly, neutron cross-sections were obtained for other fuel materials 

for temperatures ranging from 293.6 K to 75,000 K in this thesis study. These cross-section data 

were input into the MCNP data folder and called from MCNP for the neutronics calculations. 
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Figure  4.8: Total neutron cross-section comparison of U-233. 

 

Figure  4.9: Total neutron cross-section comparison of U-235. 
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4.2 Neutronic Analysis of Gas Core Nuclear Rocket in MCNP 

The goal of this thesis work is to achieve a critical gas core nuclear rocket. Criticality was 

obtained in this work for a spherical non-homogenous engine with uranium 233 as the fuel and 

hydrogen as the propellant. In a critical engine, the number of neutrons in one generation and the 

number of neutrons in the previous generation are equal. The neutron flux in the system and the 

power distribution in the engine can be calculated using the nuclear diffusion theory. In reference 

28, the neutron flux was derived for all regions of the gas core nuclear reactor as given in 

Equation 4.15. In their model, three different regions are defined – the fuel core region, the 

propellant region, and the reflector region. The focus of this work is primarily on the reactor and 

those systems that maintain its criticality. In this respect, the cooling scheme, the porous wall gas 

distributor, and pressure vessel walls are assumed.  

    

 

 
 
 
 

 
 
 

         

  
          

    
           

      
              

     
 

                             

  
                               

          
  

          
     

  
             

  

 

 

 

 

 

 

 

 

 

(4.15) 

 Here ϕ(r) is the neutron flux, q0 is the local core power density, Rfuel is the radius of the 

fuel core, Rprop is the propellant radius – from the center of the engine to the propellant outer 

edge, Rref is the reflector radius – from the center of the engine to the reflector outer edge, Tprop is 

the propellant thickness calculated as (Rprop – Rfuel), R
*

Rx is the extrapolated reflector radius 

where the neutron flux goes to zero, T
*

ref is the reflector thickness including the extrapolated 

reflector region calculated as (R
*

Rx – Rprop), α is the buckling in the core given as in Equation 

4.16 and β is the material buckling in the reflector given as in Equation 4.17 [28]. Material 
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buckling can be defined as the difference between neutron production and neutron absorption. 

Figure 4.10 illustrates the dimension of the engine for which this neutron flux was calculated. 

 

Figure  4.10: Spherical gas core nuclear rocket model with three regions. 
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(4.17) 

 Here ν is the number of neutrons produced per fission, Σ
c
f and Σ

c
a are the macroscopic 

fission and neutron absorption cross-sections at the core respectively, keff is the multiplication 

factor, Dc is the diffusion coefficient at the core, P is the core pressure, T is the core temperature, 

R is the gas constant for the uranium gas, σ
c
f , σ

c
a, and σ

c
tr are the microscopic fission, neutron 

absorption and transport cross-sections at the core respectively [28]. Similarly, Σ
r
a and Dr are the 

macroscopic neutron absorption cross-section and diffusion coefficient at the reflector 

respectively. 
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 The flux calculations and criticality calculations in this thesis work for continuous energy 

neutron diffusion are carried out by the MCNP transport code. Studies were conducted by 

varying the system temperatures and engine dimensions. The studies carried out and their results 

are discussed in the following sub-sections. 

4.2.1 Pre-Heat Transfer Neutronics Analysis – Sensitivity Study 

For this study, the fuel core temperature and the propellant temperature were varied to 

understand their impact on the engine’s criticality. The engine dimensions and temperatures used 

for this study are given in Table 3.2 in the previous chapter. The engine studied was a non-

homogenous engine – the fuel and the propellant do not mix. Criticality was obtained for an 

engine with uranium covering 70 to 80 percent of the cavity or chamber volume. The cavity 

region is the region containing the fissioning fuel core and the hydrogen propellant. In Figure 

4.10, the cavity volume is the volume of the sphere with radius Rprop. A 4.3 m cavity diameter 

was needed to achieve critical condition for uranium 233 at 55,000 K. At lower uranium 233 

temperatures, the criticality can be obtained at a smaller size cavity or lower uranium volume 

occupancy. For 10,000 K U-233, only 30 percent cavity volume of uranium was needed to yield 

criticality. Figure 4.11 shows the keff change with an increase in core temperature. The keff goes 

down as the core temperature increases due to the uranium being less dense at higher 

temperatures while keeping the pressure constant at 14696 psi (or 1000 atm). 
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Figure  4.11: Change in keff as the core temperature increases at 1000 atm pressure. 

 In this first set of studies, the keff was relatively insensitive to beryllium reflector 

thickness (thickness of 0.61 m), suggesting that the reactor behaves as one would expect from a 

finite engine where most neutron scattering processes occur primarily before reaching the 

reflector region. Figure 4.12 shows the change in criticality with a change in uranium volume 

occupancy percentage for different hydrogen temperatures. Uranium volume occupancy 

percentage is defined as the percentage volume of uranium in the gas core nuclear rocket 

chamber cavity. The spherical fuel core was kept at the center of the chamber with hydrogen 

around it. The chamber cavity is filled with uranium and hydrogen only. Uranium volume 

occupancy percentage can be calculated as below, 
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Figure  4.12: Change in keff with the change in uranium volume occupancy percentage and 

hydrogen temperatures. 

 As the uranium occupying volume percent is increased (by increasing the centrally 

located spherical uranium core’s diameter) in the spherical cavity, the keff increases due to an 

increase in the amount of uranium present in the system cavity. In Figure 4.14, an increase in 

uranium volume-occupying percent means that the uranium core sphere gets larger while the 

hydrogen propellant thickness gets smaller. The cavity volume remains constant and it is the sum 

of the uranium sphere volume and the hydrogen hollow sphere volume. At lower uranium 

occupying volume percent, the beryllium reflector’s impact on the criticality is negligible as 

compared to at higher uranium occupying volume percent. This would be due to the large 

distance between the uranium core outer edge and the beryllium reflector at low uranium volume 

occupancy percent. The neutrons will have to travel a sufficient distance in hydrogen propellant 

which is also acting as a moderator and in silicon carbide support structure before reaching the 

beryllium reflector. This renders the use of beryllium reflector in a large gas core nuclear rocket 

less effective. Additionally, with the hydrogen propellant temperature increase, the keff decreases 
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due to the lower density of hydrogen around the core to moderate the neutrons. However, the 

impact of beryllium is still negligible due to the presence of coolant hydrogen between the 

uranium core and the reflector. To understand the effect of different parts of the engine on keff, 

each layer of the gas core was studied. Figure 4.13 illustrates how the keff varied as layers of a 

gas core nuclear rocket were added as cells in MCNP and Figure 4.14 illustrates a full engine 

model with all layers. 

 

Figure  4.13: Change in keff as the engine layers were added radially outwards. 
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Figure  4.14: Gas core nuclear rocket engine schematic with all layers. 

 This layer-adding study was conducted to understand why the impact of beryllium 

reflector is negligible. From Figure 4.13, it can be seen that the major jump in keff happens when 

the SiC wall with the hydrogen inlet was added. This SiC porous wall is fairly close to the core 

and its neutron scattering properties could be affecting the criticality. It should also be noted that 

this porous wall thickness was taken as 15 cm, which could add a further distance of the core 

from the reflector. Therefore, the keff sensitivity to this SiC porous wall thickness was explored. 

Figure 4.15 shows the criticality change with the change in SiC porous wall thickness. Here 80 

percent uranium volume-occupying percentage was used and the outer SiC structural support 

was removed to have SiC material only at the porous inlet.  

 The SiC porous inlet wall consists of hydrogen propellant and silicon carbide. The 

hydrogen present in this porous wall is cold hydrogen. This cold hydrogen was integrated into 

the silicon carbide material as a weight fraction at that region. Silicon carbide weight fraction 

was taken to be 80 percent. The weight fraction values were input in the MCNP input file for 

neutronics analysis. The 80 percent dense silicon carbide was used because it was the 

recommended weight fraction used in the centrifugal nuclear thermal rocket described in Chapter 

6. 
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Figure  4.15: Change in keff with the change in propellant inlet wall thickness. 

 Increasing the SiC porous wall thickness led to the decrease in keff of the engine. At 

smaller SiC porous wall thickness, the impact of the beryllium reflector is higher. At larger SiC 

porous wall thickness, the beryllium reflector’s impact is negligible and this is due to the 

reflector being far from the fuel core. The increase seen in Figure 4.13 in keff by the addition of 

SiC porous wall layer may be due to the presence of cold hydrogen with a higher density coming 

through this wall. The hydrogen concentration in this SiC porous wall is 20 percent by weight. 

From Figure 4.13, it can also be seen that the hydrogen coolant loop increased the keff of the 

engine. Therefore, the impact of the hydrogen coolant region thickness on criticality was 

explored. Figure 4.16 shows the criticality change with the change in hydrogen coolant region 

thickness. 
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Figure  4.16: Change in keff with the change in hydrogen coolant region thickness. 

 Here no beryllium reflector was used and 80 percent uranium volume-occupying 

percentage was used. The increase in coolant region thickness led to a decrease in the criticality 

of the engine. It should be noted that the thicknesses of the SiC porous wall and the hydrogen 

coolant region were both 15 cm in the initial sensitivity studies done. These thicknesses are too 

large and they increase the chance of neutron escape from the system or neutron absorption by 

non-fuel material in this engine.  To understand the change in keff to the thicknesses of coolant 

and the SiC inlet wall, post-heat transfer analysis studies were conducted on realistic thicknesses 

as used in other advanced nuclear rockets such as centrifugal nuclear thermal rockets.  

4.2.2 Post-Heat Transfer Neutronics Analysis – realistic engine size considerations 

The heat transfer analysis is discussed in detail in chapter 5 of this dissertation. From the 

heat transfer analysis, it was found that the hydrogen temperature in the system can range from 

10,000 K to 50,000 K. From Figure 4.12, it was found that the keff decreases with the increase in 

the hydrogen temperature for the initial geometry used. With the same engine model as the initial 

neutronics study, a study was conducted for hydrogen at 50,000 K with varying uranium volume-
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occupying percentages. Figure 4.17 shows that the keff of an engine with hydrogen at 50,000 K 

will not be able to achieve critical conditions with the initial geometry. 

 

Figure  4.17: Criticality change with uranium volume-occupying percentage for hydrogen at 

50,000 K. 

 Therefore, in this study, the thicknesses of the SiC porous wall and the hydrogen coolant 

region were changed from 15 cm to 0.5 cm and 1 cm respectively. This new value was taken 

from the SiC porous wall thickness in other advanced nuclear rockets such as the centrifugal 

nuclear thermal rocket (CNTR) discussed in chapter 6 of this dissertation. Along with the 

thickness change, the hydrogen temperature was increased from 5,000 K to 50,000 K range. The 

impact of the beryllium reflector on this engine was also studied. 

The beryllium reflector’s impact on the criticality increased considerably when realistic 

engine sizes were used. Figure 4.18 shows the change in keff with the change in beryllium 

reflector thickness as well as the change in hydrogen temperatures. For this study, 20 percent 

uranium volume-occupying percentage was used. No outer silicon carbide wall was used either 

to reduce the neutron escape or neutron absorption in non-fuel materials in the engine.  
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Figure  4.18: Change in keff with varying reflector thicknesses and hydrogen temperatures. 

 With the increase in beryllium reflector thickness, the keff increases too. The impact of 

beryllium is high as compared to the results in Figure 4.12. It is interesting to note that with the 

presence of beryllium in the system, the keff increases with the increase in the hydrogen 

temperature and when there is no beryllium, the keff decreases with the increase in the hydrogen 

temperature. In Figure 4.12, it was observed that the keff decreased with the increase in hydrogen 

temperature and the impact of beryllium was negligible. This is similar to the case shown in 

Figure 4.18 when there is no beryllium in the system.  

At higher hydrogen temperatures, the hydrogen density is lower than at lower hydrogen 

temperatures while keeping the pressure constant. Since the uranium volume-occupying 

percentage is only 20 percent, the neutrons have to travel to the reflector and then back to the 

fuel core. With the increase in hydrogen density at lower temperatures (5000 K), there are more 

collisions of neutrons and the chance of neutrons escaping the system is higher, leading to lower 

keff. Whereas, at higher hydrogen temperatures (50,000 K), the lower hydrogen density leads to 

lesser collisions of neutrons and escape from the system as they make their way to the reflector 
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and back to the fuel core. When there is no beryllium reflector in the system, the neutrons are not 

reflected back and with the lower density of the high-temperature (50,000 K) hydrogen, there are 

not enough collisions and moderation occurring in the system, leading to lower keff. If the size of 

the uranium core is increased considerably, the keff should decrease with an increase in hydrogen 

temperature. Figure 4.19 shows the criticality change with the hydrogen propellant temperature 

change. 

 

Figure  4.19: Criticality change with the hydrogen propellant temperature for 80% uranium 

volume-occupying percentage. 

 In this case, the uranium core size was increased to 80 percent uranium volume-

occupying percentage. As expected, the keff decreased with the increase in hydrogen temperature. 

This is because now the neutron's distance to the reflector and back to the fuel core is reduced 

considerably. At 80 percent uranium volume-occupying percentage, more neutron collisions will 

lead to higher keff. With the higher hydrogen density at lower temperatures, there are more 

neutron collisions and slowing down (moderation) for lower temperature hydrogen propellant 

than at higher temperature hydrogen propellant. Again the impact of beryllium can be seen to be 

high in this case study too. 
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 The mass of uranium required for this engine ranged from 420 kg at 20 percent volume-

occupying percentage to 1,680 kg at 80 percent volume-occupying percentage. However, in 

critical conditions, the total mass of the engine is better for the 80 percent uranium volume-

occupying percentage. The total mass of the engine including the reflector and the pressure 

vessel ranged from 98,050 kg at 80 percent uranium volume-occupying percentage to 120,500 kg 

at 20 percent uranium volume-occupying fraction.  

 From the MCNP output file, it was observed that the largest percentage of fissions is 

caused by neutrons in the intermediate energy level (0.625 eV to 100 keV) or the thermal energy 

levels (less than 0.625 eV). For example, a critical reactor with an 80 percent uranium volume-

occupying percentage has 71 percent of its fission caused by intermediate energy neutrons. For a 

critical reactor with a 20 percent uranium volume-occupying percentage has 65 percent of its 

fission caused by thermal energy neutrons.  This could be happening due to the moderation 

happening to the neutrons as it travels in hydrogen propellant. At a 20 percent uranium volume-

occupying percentage, the neutrons have to travel through a larger thickness of hydrogen which 

leads to the neutrons being slowed down to the thermal energy levels. The energy spectrums for 

neutrons obtained from MCNP for the full engine are plotted in Figures 4.20 and 4.21. Figure 

4.20 is for the case of 20 percent uranium volume-occupying percentage and Figure 4.21 is for 

the case of 80 percent uranium volume-occupying percentage. 

 It is interesting to note that in the 20 percent uranium volume-occupying percentage case 

the peak is narrower and higher in magnitude as compared to the case of 80 percent uranium 

volume-occupying percentage. In Figure 4.21, the spectrum is wider and it is mostly present at 

energies higher than 1 eV (or intermediate energy range). There is a smaller peak present in 
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Figure 4.20 with energy less than 1 eV corresponding to the thermal neutron energy range. These 

neutron flux plots provide the neutron energy range present in the complete critical engine. 

 

Figure  4.20: A log-linear plot of energy normalized neutron flux versus energy for neutrons in a 

gas core nuclear rocket with a 20 percent uranium volume-occupying percentage. 

 

Figure  4.21: A log-linear plot of energy normalized neutron flux versus energy for neutrons in a 

gas core nuclear rocket with an 80 percent uranium volume-occupying percentage. 
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4.3 Recommendations  

From all these neutronics studies, it can be concluded that a spherical gas core nuclear 

rocket can achieve criticality. The geometry and the temperatures of the engine impact the 

criticality considerably. The gas core nuclear rocket could be an epithermal or a thermal reactor 

depending on the uranium fuel core size. The fuel core size has to be adjusted to make sure the 

neutron moderation happening in the engine is optimum with reduced neutron escape from the 

system or neutron absorption at non-fuel materials. It is recommended to have a 20 percent 

uranium volume-occupying percentage with hydrogen propellant at 50,000 K. This is 

recommended because – (1) less uranium has to be used and confined in the engine cavity, and 

(2) higher hydrogen temperature means higher performance from this engine. However, the mass 

of the engine will be higher for this case due to the large thickness of beryllium used to achieve 

criticality. The full engine system description is discussed in the next chapter. 
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CHAPTER 5 System Description of the Engine 

 

5.1 Heat Transfer 

Heat transfer analysis of a gas core nuclear rocket was carried out using basic heat 

transfer equations. As the hydrogen propellant flows around the hot fissioning plasma core, both 

convective and radiative heat transfer will occur. The source of heat is the fissioning of uranium 

fuel. Some of the heat will be lost from the hydrogen propellant to the surroundings again in 

form of radiative and convective heat transfer. The heated hydrogen will leave the system 

through a converging-diverging nozzle to produce thrust. The focus of this heat transfer analysis 

is to determine the hydrogen propellant temperature which is used in the neutronics and engine 

performance calculations. Figure 5.1 below illustrates the heat transfer processes prevailing in a 

gas core nuclear rocket engine. 

 

Figure  5.1: Block diagram of the heat transfer happening in a gas core nuclear rocket engine. 
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5.1.1  Uranium Fuel Core Heat Transfer 

The uranium fuel core is the source of heat for the gas core engine. This heat is produced 

from the fissioning of uranium 233 to release energy. The fission of one atom of uranium 233 

generates 197.9 MeV (or 3.171*10
-11

 J) of energy [50]. This released energy sustains the 

uranium core temperature. Since the uranium is in the gaseous state, it can have a higher 

temperature as compared to solid or liquid uranium cores. The heat produced from the uranium 

fission is transferred to the surroundings through radiation and convection. Thermal radiation is 

the transfer of energy in the form of electromagnetic waves from a hot emitter at some finite 

temperature to the surroundings [51]. The rate at which energy is released per unit area (W/m
2
) 

from a surface is called the surface emissive power, E (also known as the heat flux). Stefan 

Boltzmann's law gives the heat flux from a surface as 

       
  (5.1) 

 Here ε is the material emissivity (0 ≤ ε ≤ 1) which provides a measure of how efficiently 

a surface emits energy relative to a blackbody, σ is the Stefan Boltzmann constant (σ = 5.67*10
-8

 

W/m
2
.K

4
), and Ts is the absolute temperature of the surface. A blackbody is an ideal radiator of 

heat with emissivity being equal to one. Uranium fuel core is treated as an ideal black body 

emitter (εuranium = 1) due to its high temperature. At high temperatures, the body has to 

completely emit the heat to the surroundings where the temperatures are comparatively lower. As 

the temperature of a material increases, its emissivity increases too. The blackbody spectral 

intensity is determined by the Planck distribution which is given in Equation 5.2. 

          
    

 

       
   
    

    
 

         

 
 

(5.2) 
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 Here Iλ,b is the blackbody spectral intensity, λ is the wavelength of the energy wave 

emitted, T is the absolute temperature of the blackbody, h is the universal Planck’s constant (h = 

6.626*10
-34

 J.s), co is the speed of light (co = 2.998*10
8
 m/s), kB is the Boltzmann constant (kB = 

1.381*10
-23

 J/K), and Eλ,b is the blackbody spectral emissive power. This equation gives the heat 

radiation intensity at the surface of the uranium core surface at a particular temperature. Figure 

5.2 plots the spectral radiance emitted by a blackbody at 55,000 K. 

 

Figure  5.2: Spectral radiance of uranium 233 treated as a blackbody at 55,000 K. 

 Similar to the emission of heat from the surface is the absorption of radiative heat by a 

surface. Emission of heat from the surface is the loss of heat from the object while the absorption 

of heat is the gain of heat by the object. The absorption heat flux is given as  

         
  (5.3) 

 Here G is the heat flux into the system, α is the material absorptivity (0 ≤ α ≤ 1), and Tsur 

is the surface temperature of the body that is emitting the heat. The absorptivity of a blackbody is 

one. If the absorptivity is one for a body, the reflectivity and transmissivity of that body are equal 
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to zero. Heat is also lost from the uranium fuel core in form of convective heat because the 

hydrogen propellant is flowing around the fuel core.  

 The convective heat transfer happens as a result of bulk or macroscopic motion of the 

fluid in the presence of a temperature gradient [51]. The uranium core is assumed to be in a 

stationary state while hydrogen is flowing around the core. The convective heat transfer equation 

is given as 

                  (5.4) 

 Here q” is the convective heat flux (W/m
2
), TU is the uranium surface temperature and 

THs-s is the steady-state hydrogen propellant surface temperature.  

Globally under steady-state conditions, the heat loss from the system is equal to the heat 

entering the surroundings. The heat added to the uranium core is the fission heat produced and 

the radiative heat coming from hydrogen propellant and other materials. The heat leaving the 

system is the radiatively emitted heat from the uranium surface and the convective heat loss from 

the uranium to the hydrogen propellant. This heat transfer equation in units of power [W] for 

uranium is given in Equation 5.5. 

                               
         

                  (5.5) 

 Here As is the uranium spherical core surface area. This heat transfer flow schematic is 

given in Figure 5.3 below. 
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Figure  5.3: Heat flow diagram to and from the uranium fuel core. 

 From Equation 5.5 and the fission power produced, the temperature of the uranium core 

can be calculated. The power produced in the uranium core can be throttled using the control 

drums located at the periphery of this spherical engine. The fission power required out of this 

fuel core depends on the temperature it needs to maintain at the spherical surface of the core. 

There are two ways the heat transfer analysis can be conducted – (1) by assuming the fuel core is 

maintained at a constant temperature throughout the core or (2) by assuming the center of the 

fuel core is at the highest temperature and the heat is transferred from the center to the outer 

surface of the core through conduction and radiation. The second way of heat transfer within the 

uranium core is calculated in Reference 28 and Poston’s thesis [25]. The thermal conductivity 

calculated in Poston’s thesis is given in Equation 2.3 in chapter 2. The temperature and the 

power distributions for this case are also illustrated in chapter 2 Figure 2.8. The fission power 

required to maintain the temperatures in both heat transfer analysis are given in Table 5.1. 

Table  5.1: Reactor power requirements in a gas core nuclear rocket engine. 

Case Temperature (K) Power (MW) 
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Constant Temperature 

throughout the core 

(20% uranium volume 

occupancy percentage) 

55,000 7.6*10
6
 

10,000 8266 

 

Highest Temperature at 

the center of the core 

[Ref x] 84,598 (center) and 

10,000 (core surface) 

4188 

[Poston] 75,000 (center) and 

30,000 (core surface) 

3000 

 

 The huge difference in the reactor power seen in Table 5.1 is due to the size of the engine 

taken for analysis. The power calculated for constant temperature throughout the fuel core is 

based on a core diameter of 2.5 m. This is the diameter used for the neutronics analysis that gave 

a critical engine. This large diameter resulted in a higher power requirement to maintain a high 

uranium core surface temperature at steady-state conditions. For the case of the highest 

temperature at the center of the core, the reactor powers were obtained from the indicated 

references. Since the surface temperature of the uranium core is what affects the temperature of 

the hydrogen propellant, the surface temperature ranging from 10,000 K to 55,000 K was taken 

for further heat transfer analysis.  

5.1.2 Hydrogen Propellant Heat Transfer 

Figure 5.4 illustrates heat transfer into the hydrogen propellant. Hydrogen gas enters the 

chamber cavity at a mass flow rate of   , and with an inflow temperature given as THi. The heat 

transfer into the hydrogen is given in Equation 5.6. 
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  (5.6) 

 Here CPH is the specific heat capacity of hydrogen at the final temperature, αH is the 

absorptivity of hydrogen, εH is the emissivity of hydrogen, AIS is the inner hydrogen surface area, 

AOS is the outer hydrogen surface area, σ is the Stefan Boltzmann constant,    is the convective 

heat coefficient, TU is the uranium core surface temperature, THi is the inflow hydrogen 

temperature and THf is the final hydrogen temperature before exiting out of the chamber. 

 

Figure  5.4: Heat flow diagram to and from the hydrogen propellant. 

 The final hydrogen temperature was calculated from Equation 5.6. The inner surface 

area, which was taken to be the uranium core surface area at 20 percent uranium volume-

occupying percentage, was approximately 20 m
2
. The outer surface area is the chamber wall 

surface area for a chamber of 4.3 m diameter in size. This outer area is approximately 77 m
2
. As 

mentioned before the uranium temperature varied from 10,000 K to 55,000 K range. The mass 

flow rate of hydrogen was calculated from previously estimated engine performance. Using the 

range of thrust and specific impulses performance requirements given in the literature [15] [23] 

[25], the range of mass flow rate of hydrogen into the system was calculated from Equation 5.7. 
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(5.7) 

 Here Isp is the specific impulses from the literature ranging from 2000 s to 7000 s, T is 

the thrust from the literature [23] ranging from 20,000 N to 400,000 N, and g is the acceleration 

due to gravity – 9.806 m/s
2
. From this, the mass flow rate of hydrogen into a gas core nuclear 

rocket was calculated to be in a range of 0.5 kg/s to 15 kg/s. The specific heat at constant 

pressure for hydrogen at various temperatures was obtained from Reference 52. The specific heat 

value depends on the pressure and the temperature of hydrogen. The inflow hydrogen 

temperature depends on the final hydrogen temperature and how much heat is absorbed by this 

inflow hydrogen while making its way into the cavity chamber. The unknown terms in Equation 

5.6 are absorptivity, emissivity, and the convection heat transfer coefficient.  

 The emissivities of hydrogen for temperatures ranging from 8400 K to 12,600 K and for 

pressures ranging from 10 atm to 200 atm are calculated in Reference 53. Table 5.2 below 

provides the emissivity found in this reference. These emissivity values had to be extrapolated to 

obtain emissivity of hydrogen at 1000 atm and for higher temperatures. It was found that the 

emissivity of hydrogen over 600 atm pressure and 10,000 K temperature is equal to 1.  

Table  5.2: Emissivity of atomic hydrogen as a function of temperature and pressure. 
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 The absorptivity was calculated from the absorption coefficient obtained from Reference 

54. For various temperatures and pressures, the absorption coefficient is calculated as a function 

of wavelength in this paper. Figure 5.5 is the absorption coefficient plotted using the data for 

8889 K and 11,111 K from Reference 54 along with the interpolated 10,000 K plot. 

 

Figure  5.5: Absorption coefficient spectrum as a function of wavenumber for hydrogen at 1000 

atm pressure. 

 The weighted average of this absorption coefficient with wave number was calculated by 

integrating the spectrum obtained. This weighted average absorption coefficient was inputted 

into the Beer’s law equation given in Equation 5.7 to obtain the absorptivity of hydrogen at that 

particular temperature. Beer’s law relates the attenuation of light to the properties of the material 

through which the light is traveling. In this case, the photons particles coming from the 

blackbody uranium core will be attenuated by the hydrogen molecules leading to an increase in 

the temperature of hydrogen.  

                        (5.7) 
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 Here αH is the absorptivity of hydrogen, αliterature is the weighted average absorption 

coefficient calculated from the literature data, and tH is the thickness of hydrogen propellant in 

the cavity chamber. This provides the absorptivity of hydrogen at 1000 atm for various 

temperatures. The absorptivity calculated for hydrogen is given in Table 5.3. 

Table  5.3: Absorptivity of Hydrogen at 1000 atm. 

Temperature (K) Absorptivity 

5000 0.036 

10,000 0.070 

15000 0.763 

20000 0.999 

50000 1.000 

 

 At lower values of hydrogen temperature, the absorptivity of hydrogen is very small. This 

is the reason for the suggestion of adding tungsten particles to hydrogen propellant to improve its 

absorptivity [15]. However, adding tungsten to hydrogen propellant negatively impacts the 

engine performance by reducing the specific impulse. Interestingly, the absorptivity of hydrogen 

increases considerably as the temperature goes up. At temperatures over 20,000 K, hydrogen will 

not need any tungsten particles to improve its opacity. The hydrogen’s opacity was calculated to 

increase with both temperature and pressure [54]. 

 The convective heat transfer coefficient depends on the hydrogen flow regime and 

problem geometry. The convective heat transfer coefficient is given as, 
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(5.8) 

 Here NuD is the dimensionless parameter called Nusselt Number, k is the thermal 

conductivity and D is the diameter of the sphere around which the fluid is flowing. Nusselt 

number can be defined as the ratio of convective to conductive heat transfer at a boundary in a 

fluid. For a flow around a sphere, the Nusselt number can be calculated using Equation 5.9 [51].
 

   
               

 
         

 
          

 

  
 

 
 
                 

             

               

     
 

  
     

  

 

(5.9) 

 This Nusselt number depends on the Reynolds number, ReD, Prandtl number, Pr, and the 

viscosity, μ. Reynolds number is defined as the ratio of inertia to viscous force. Reynolds 

number for a sphere can be calculated using Equation 5.10.  Prandtl number is defined as the 

ratio of the momentum to the thermal diffusivities. Prandtl number can be calculated using 

Equation 5.11. The viscosity, μ, is evaluated at hydrogen’s final temperature while μs is 

evaluated at the sphere’s surface temperature (or uranium core temperature). 

    
   

 
 

(5.10) 

   
    

 
 

(5.11) 

 Here ρ is the hydrogen density, v is the velocity calculated from the mass flow rate, D is 

the diameter of the sphere, μ is the viscosity of hydrogen, CPH is the specific heat of hydrogen at 

constant pressure and k is the thermal conductivity of hydrogen. The thermal conductivity, 

viscosity, and specific heat of hydrogen depend on the hydrogen’s temperature and pressure. 

These values were obtained from the literature for 1000 atm pressure [25] [52]. The density of 

hydrogen was calculated as mentioned in chapter 4 and the diameter of the uranium core was 
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chosen for the 20 percent uranium volume occupancy percentage sphere. Reynolds number, 

Prandtl number, and the ratio of viscosities stayed within the range given in Equation 5.9. Using 

these numbers, the convective coefficient of hydrogen flow around the uranium core was 

calculated. Table 5.4 provides the numbers calculated for the convective heat transfer coefficient 

for hydrogen temperatures from 5000 K to 20,000 K.  

Table  5.4: Convective Heat Transfer Parameters. 

Hydrogen 

Temperature (K) / 

Parameters 

5000 10000 15000 20000 50000 

Density (kg/m
3
) 4.41 1.30 0.82 0.61 0.22 

Viscosity (N-s/m
2
) 6.58E-5 1.07E-4 1.16E-4 9.93E-5 8.15E-5 

Thermal Conductivity 

(W/m-K) 

0.74 2.05 2.39 2.27 3.19 

Specific Heat (J/kg-K) 47294 34538 36709 76224 52300 

Reynolds Number 5.24E+3 3.22E+3 2.97E+3 3.47E+3 4.23E+3 

Prandtl Number 4.19 1.80 1.78 3.33 1.34 

μ/μs 0.81 1.31 1.42 1.21 1.00 

Nusselt Number 81.10 50.50 49.08 65.48 48.83 

Convective HT 

coefficient, h (W/m
2
-K) 

24.15 41.48 47.00 59.56 62.43 
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Now with all the parameters calculated based on a final hydrogen temperature, Equation 

5.6 can be solved by an iterative process. To conduct the iterative calculation, first, a final 

hydrogen temperature was assumed. Then the properties of hydrogen at this assumed final 

temperature were obtained from the literature or were calculated using equations given earlier in 

this chapter. Using only these properties, the heat transfer Equation 5.6 was solved for the final 

hydrogen temperature. If the guessed final hydrogen temperature matched the obtained hydrogen 

temperature to a difference of 1 percent, the iteration was concluded. This iterative process is 

illustrated in Figure 5.6 below. 

 

Figure  5.6: Hydrogen final temperature calculation flow chart. 

 From this iteration process, the final temperature of hydrogen was calculated for different 

cases given in the next sub-section. 
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5.1.3 Heat Transfer Results 

The hydrogen temperature was calculated for the cases ranging from 10,000 K to 55,000 

K uranium surface temperature. The estimated initial temperature for hydrogen varied from 1000 

K to 20,000 K depending on the uranium surface temperature. Figure 5.7 plots the change in 

hydrogen temperature with the change in uranium core surface temperature. As expected, with 

the increase in the uranium surface temperature, the hydrogen propellant temperature increases 

as well.   

 

Figure  5.7: Hydrogen final temperature change with the uranium surface temperature. 

 It was also found that the impact of convective heat transfer is small in this gas core 

nuclear rocket engine. This is due to the fourth power impact of radiation temperature seen in 

Equation 5.6. The differences in the final temperatures calculated using the full heat transfer 

equation versus using just the radiative heat transfer equation are given in Table 5.5 below. 

Table  5.5: The differences between the final hydrogen temperature calculated using the full heat 

transfer equation and using the radiation equation only. 
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Temperature (K) Full Equation Only Radiative Equation % Difference 

10,000 2,816 3,318 17.83 

20,000 6,824 6940 1.70 

30,000 21,292 21,315 0.11 

40,000 28,405 28,420 0.05 

50,000 35,514 35,525 0.03 

55,000 39,068 39,078 0.03 

 

 The difference is predominant at the lower temperatures because the absorptivity of 

hydrogen at a lower temperature is very small. The full equation gave a lower final hydrogen 

temperature as compared to just the radiative heat transfer equation due to the mass flow rate 

impact on the heat transfer. As the hydrogen flows out of the chamber cavity, there is lesser time 

the hydrogen gets to heat up from radiation. For the lower temperature of hydrogen, the 

absorptivity of hydrogen is low and it will need more time in the presence of the uranium core to 

get heat up. The mass flow rate impact on the final hydrogen temperature is given in Table 5.6. 

Here the uranium surface temperature is at 55,000 K. 

Table  5.6: Final hydrogen temperature change with the mass flow rate. 

Mass Flow Rate (kg/s) Hydrogen Final Temperature (K) 

1 39,077 

5 39,071 

10 39,065 

15 39,059 

100 38,951 
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1000 37,799 

 

 From this heat transfer analysis, it can be concluded that the radiation’s impact on 

hydrogen temperature is higher as the uranium surface temperature increases. At 1000 atm 

pressure and temperatures above 20,000 K, hydrogen can be considered a blackbody itself. The 

mass flow rates impact on the temperature is negligible but not on the engine performance. These 

hydrogen temperatures will be used in the calculation of the engine performances in the next 

sections. 

5.2 Nozzle 

Nozzle designed was optimized for a gas core nuclear rocket by using the chamber 

temperature and pressure. Hydrogen propellant temperature is taken as the chamber temperature 

for this calculation. The pressure was taken as 1000 atm. A converging-diverging nozzle was 

designed using basic rocket nozzle equations. The role of a nozzle in a rocket is to convert the 

random thermal energy of the hot propellant into directed kinetic energy. Figure 5.8 illustrates a 

converging-diverging nozzle configuration with the flow direction [55]. 

 

Figure  5.8: A converging-diverging nozzle configuration. 
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 To achieve high speed supersonic exhaust velocities, the nozzle must be designed to 

achieve Mach 1 (so-called choked flow) at the throat. This also determines the maximum flow 

rate. The throat area can be found using the isentropic relations using the chamber pressure, 

chamber temperature, and mass flow rate. The throat area equation is given as, 

   
  

  
 
   
 

 
   

 
 

   
      

 

(5.12) 

 Here A
*
 is the throat area,    is the mass flow rate, Pc is the chamber pressure, Tc is the 

chamber temperature and γ is the specific heat ratio. As the specific heat of hydrogen at constant 

pressure was obtained from the literature for the heat transfer analysis, the specific heat ratio for 

hydrogen at high temperature was obtained from Reference 25. The specific heat ratio can also 

be calculated using Equation 5.13 where specific heat constant is temperature dependent. 

     
  

        
 

  

 
(5.13) 

 Here    is the gas constant, CpH is the specific heat at constant pressure and    is the 

atomic mass of the hydrogen gas. The throat area was calculated for various hydrogen 

temperatures ranging from 3000 K to 40,000 K. For a mass flow rate of 5 kg/s, the throat radius 

ranged from 0.93 cm to 1.80 cm. This throat radius is very small to maintain 1000 atm pressure 

in a 4.3 m cavity diameter. If the pressure that needs to be maintained was 10 atm, the throat 

radius would have ranged from 9.3 cm to 18.0 cm. From this throat radius and area calculated, 

the area ratio of the nozzle can be calculated. Area ratio is the ratio of the exit area of a nozzle to 

the throat area of a nozzle. The area ratio can be calculated using Equation 5.14. 

  

  
 

 

  
 

 

   
   

   

 
  

   

   
      

 

(5.14) 
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 Here Ae is the nozzle exit area and Me is the exit Mach number. The exit Mach number is 

the ratio of exit velocity to the speed of sound in that medium. As a general rule, the area ratio 

needs to be at least greater than 4. From Equation 5.15, it can be seen that the maximum thrust is 

achieved when exit pressure is equal to the free stream pressure or the pressure outside the 

nozzle. The larger the area ratio, the higher the thrust will be. However, the mass increase from 

increasing the area ratio has to be taken into consideration. Given both the engine weight and 

thrust requirements, the nozzle’s area ratio is adjusted accordingly. In Poston’s thesis, the area 

ratio used was 100:1 [25] and in Reference 56 an area ratio of 300:1 was used for the nuclear 

thermal propulsion system. Here the nozzle design was conducted to achieve a Mach number of 

4. This Mach number change is varied as per the mission requirement. For a Mach number of 4, 

the area ratio ranged from 13:1 to 54:1 for different hydrogen temperatures. From this range of 

area ratios calculated, the nozzle exit radius was calculated to be in the range of 6.60 cm to 12.65 

cm. For the 300:1 area ratio, the exit radius goes up to 31 cm.  

 Nozzle design impacts the thrust level that can be achieved from this nuclear rocket 

engine. The thrust equation along with the correction fraction is given as  

                   (5.15) 

 Here λ is the correction factor, ve is the exit velocity, Pe is the pressure at the exit, and Po 

is the free stream pressure or the pressure outside the nozzle. The correction factor can be found 

using Equation 5.16. 

              (5.16) 

 Here θ is the angle of nozzle expansion. Best case scenario for best thrust is λ = 1 or θ = 

0. But the trade is the mass of the engine versus performance. At smaller angles, the efficiency is 

higher but the nozzle will have to be narrower and longer. At higher angles the efficiency is 
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lower. The optimum angle is between 12
0
 and 18

0
. At 15

0
, the efficiency is 98 percentage (λ = 

0.98). This is the range for nozzle expansion angle used in conventional rockets where it is a 

good balance between the engine mass and performance. Figure 5.9 obtained from Reference 57 

shows an example of nozzle design using normalized throat radius. For high altitude and better 

correction factor, the bell contour is used for the nozzle design. 

 

Figure  5.9: Example of nozzle designing using normalized throat radius.
 

 In Figure 5.9, the dimension of the location of injection right before the throat depends on 

the throat radius calculated. The length of the nozzle is calculated as
 
[57] 

      
                      

    
 

(5.17) 

 The initial, θi, and exit angle, θe, of the parabola contour of the nozzle can be found in 

Figure 5.10 from Reference 57. Here the length of the nozzle can be taken from 60 percent to 

100 percent of the Lcone calculated above. As the length increases, the mass increases. So the 

length taken for the nozzle design was 90 percent – hardly losing any efficiency at this length. 
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Figure  5.10: Inlet and exit angles as a function of expansion area ratio. 

 The nozzle length was calculated to be 0.44 m for an expansion ratio of 300:1. The inlet 

and exit angles obtained from Figure 5.10 were 30 degrees and 6 degrees. The throat radius and 

exit radius were also calculated for these conditions and a mass flow rate of 3 kg/s. The angle of 

nozzle expansion was chosen to be 15
0
. This gave a correction factor for thrust calculation as 

0.983. A nozzle was designed for these nozzle dimensions in ANSYS software. This nozzle 

design is shown in Figure 5.11. 

 

Figure  5.11: An optimized nozzle design for a gas core nuclear rocket engine. 
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5.3 Confinement 

The confinement of the uranium core was assumed in this thesis work using the 

hydrodynamic confinement technique. Figure 5.12 shows the base bleed hydrodynamic study 

conducted to see if a vortex can be made at the base of the uranium core in cylindrical geometry 

[33]. 

 

Figure  5.12: Base bleed hydrodynamic confinement. 

 This experimental study did show that a vortex region can be created to confine the 

uranium core or minimize the uranium loss considerably. This was tested on ANSYS Fluent 

software using Poston’s cylindrical engine model (shown in Figure 2.5 in chapter 2) to see if a 

vortex region can be produced at the core base if uranium is injected at the core base along with 

the propellant flows from the side. Figure 5.13 shows the result obtained from ANSYS Fluent for 

this test conducted for a single uranium injection at the core base. 
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Figure  5.13: Vortex formation at the core base with single uranium injection at the core base. 

 

Figure  5.14: Vortex formation at the core base with two uranium injections. 

 Figure 5.14 shows the case of two uranium injections and one hydrogen injection at the 

core base. In this analysis, it can also be seen that there are mixed regions where there is some 

volume of hydrogen and uranium present. The vortex formation can be found in both forms of 

injection at the core base. This is the confinement assumed in this thesis work to confine the 

uranium core or minimize the uranium loss from the system. 
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5.4 Rocket Performance 

The thrust and impulse were calculated for various hydrogen temperatures with the 

nozzle designed. The thrust equation given in Equation 5.15 was used to calculate the thrust. The 

exit velocity was calculated using Equation 5.18 for a Mach of 4. The exit temperature and 

pressure were calculated using Equations 5.19 and 5.20 respectively. 

            (5.18) 

        
   

 
  

  
  

 
(5.19) 

        
   

 
  

  
 

 
   

 

(5.20) 

 Here ve, Te, and Pe are the exit velocity, temperature, and pressure respectively, Tc and Pc 

are the chamber temperature and pressure, γ is the ratio of specific heat, RH is the gas constant 

for hydrogen, and Me is the Mach number. The specific impulse was calculated using Equation 

5.21. 

    
 

   
 

(5.21) 

 Here T is the thrust,    is the mass flow rate and g is the acceleration due to gravity. The 

results obtained for thrust and specific impulse are plotted against hydrogen temperature in 

Figure 5.15 and Figure 5.16. This is the case for mass flow rate at 5 kg/s and area ratio at 50:1. 

The thrust ranged from 51,000 N to 190,000 N while specific impulse ranged from 1058 s to 

3891 s. If the area ratio of the nozzle is increased to 300:1, the thrust ranged from 85,000 N to 

305,000 N and the specific impulse ranged from 1743 s to 6218 s. These numbers fall within the 

range of thrust and specific impulses estimated or calculated by past research work on gas core 

nuclear rocket engines [15] [23]. 
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Figure  5.15: Calculated thrust and impulse of a gas core nuclear rocket engine with a nozzle area 

ratio of 50:1. 

 

Figure  5.16: Calculated thrust and impulse of a gas core nuclear rocket engine with a nozzle area 

ratio of 300:1. 

 Table 5.7 provides the calculated engine performance for a gas core nuclear rocket. The 

total mass of the engine will be approximately 100,000 kg to 122,000 kg. This includes the 

weight of the reactor calculated in Chapter 4 and the mass of the nozzle.  
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Table  5.7: Gas core nuclear rocket performance specification. 

Hydrogen 

Temperature (K) 

Exit Velocity 

(m/s) 

Thrust (N) Specific 

Impulse (s) 

Thrust-to-

Weight 

40,000 34156 304693 6218 3.05 

35,000 24979 257743 5260 2.58 

28,000 33916 218213 4453 2.18 

21,000 25173 216069 4410 2.16 

7000 13596 136463 2785 1.36 

3000 9190 85429 1743 0.85 

 

Compared to a solid core nuclear rocket, the specific impulse and thrust are much higher. 

The specific impulse estimated for the solid core nuclear rocket is between 850 to 1000 s with a 

thrust of 100,000 N. Gas core nuclear rocket’s high thrust and impulse make them an attractive 

candidate for in-space human exploration to Mars and beyond. A full gas core engine model is 

shown in Figure 5.17. 

 

Figure  5.17: Full Gas Core Nuclear Rocket Schematic. 
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  Table 5.8 is the performance comparison between various rocket engines. It can 

be seen that the gas core nuclear rocket performance is higher compared to other engines. The 

centrifugal nuclear thermal rocket performance needs to be calculated once the heat transfer 

analysis of the engine is carried out.  

Table  5.8: Rocket Performance Comparison 

Propulsion System Specific 

Impulse (s) 

Thrust (N) Thrust-to-

Weight 

Chemical Propulsion 

(Space X Falcon Heavy)
58 

311 8,200,000 5.8 

NERVA
59 

~710 1,000,000 3.0 – 4.0 

Centrifugal Nuclear 

Thermal Rocket 

850 – 1600   

Nuclear Light Bulb
60 

1870 409,000 1.3 

Gas Core Nuclear Rocket 1000 - 6200 50,000 – 

1,340,000 

0.5 – 13.0 
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CHAPTER 6 Analysis of Centrifugal Nuclear Thermal Rocket (CNTR) 

 

The centrifugal nuclear thermal rocket (CNTR) has been investigated in the past and is of 

current interest to NASA. This engine, featuring a liquid core, is a natural intermediate 

development step along the way to a gas core engine. The CNTR engine is attractive because its 

performance goal is high thrust at a specific impulse of 1800 seconds using hydrogen propellant 

[61], and at a specific impulse up to 900 seconds using passively storable propellants such as 

ammonia (dissociated). The CNTR enables a roundtrip mission to Mars in 420 days [12]. 

Currently, both computational and non-nuclear experimental work is being carried out on this 

engine to advance its technology readiness level. 

 

6.1 Engine Design Concept 

The centrifuge nuclear thermal rocket engine, unlike the gas core nuclear rocket engine 

uses metallic liquid uranium fuel to heat the incoming hydrogen propellant. As the name 

suggests, the concept behind this engine involves centrifugal confinement of molten uranium. 

Such confinement is achieved using rapidly spinning fuel elements. In this manner, the molten 

fuel is kept attached to the inner surface of the rotating element. In a CNTR, there are multiple 

cylindrical spinning fuel elements called centrifuge fuel elements (CFEs) which are anchored to 

the system by bearings in the core block. The typical rotational speed is above 25,000 RPM. 

These CFEs are located within a moderator block that gives CFEs the necessary structural and 

neutronics support. Surrounding the moderator block are the neutron reflector block such as 

beryllium and control drums to control the reactivity of the engine. Figure 6.1 illustrate the 
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CNTR engine’s top view with 19 CFEs and also the radial propellant flow path into the center of 

the CFE [12]. 

 

Figure  6.1: Centrifugal Nuclear Thermal Rocket schematic with 19 CFEs and radial propellant 

inflow schematic.
 

 In this engine, any volatile material can be used as a propellant. The propellant is used 

for regenerative cooling of the engine parts before entering the CFEs. The propellant flows first 

through the neutron reflector and the nozzle before flowing through the moderator block 

material. Then the propellant flows radially into the porous cylindrical rotating CFEs’ walls. 

Inside the CFE, the propellant passes through the liquid uranium fuel and moves towards the 

center of the spinning cylinders. Due to the centrifuge force and the propellant incoming pressure 

into the CFEs, the lighter propellant moves towards the center of the cylinder while the heavier 

liquid uranium fuel moves towards the walls of the cylinder. Upon effusing through the molten 

fuel, the heated propellant is expelled out axially through a common plenum before being 

accelerated through a converging-diverging nozzle. This flow path is illustrated in Figure 6.2 

below [12].   
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Figure  6.2: CNTR Propellant Flow Path.
 

 It is estimated that the hydrogen at the center of CFE can reach temperatures around 

5,500 K in this engine while the moderator block will be at a modest temperature of around 600 

K. The heat transfer within this engine will be a combination of conduction and convectional 

heat transfer. All solid materials in the engine are maintained at less than 800 K except for the 

metallic uranium and a coating on the inside of the CFE [12]. The heat transfer from the liquid 

uranium to the propellant bubbles as it passes through the uranium fuel will have to be evaluated 

further to understand this engine’s performance better. Figure 6.3 illustrates the CFE cross-

section alongside the estimated temperatures of different regions in a CNTR engine [12]. 

 

Figure  6.3: Rotating Centrifuge Fuel Element cross-section and estimated temperatures.
 

 

6.2 Challenges of a Centrifugal Nuclear Thermal Rocket Engine 

A number of technical challenges must be addressed before a CNTR-based concept is 

viable as a propulsion option. These challenges include  
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1. CNTR technology involves machinery which adds to the overall system 

complexity. Failure analysis aimed at assessing the impact of the failure of one or more fuel 

elements on the neutronics and the overall engine stability has to be carried out. 

2. Reliable engine startup and shutdown methods have to be developed that 

minimize uranium fuel losses.  

3. Similar to a gas core nuclear rocket, the loss of uranium from the engine has to be 

minimized. Confinement techniques have to be implemented to confine the liquid uranium from 

exiting the engine. If there is a loss of uranium in the engine, methods to replenish the uranium 

fuel have to be designed. 

4. A porous cylinder wall has to be developed that allows hydrogen propellant into 

the cylinder while preventing the molten uranium fuel out of the cylinder. This wall should have 

adequate cooling to prevent melting alongside uranium. 

5. A coating within the CFE wall has to be developed that is compatible with liquid 

uranium and all propellants at high-temperature conditions [12].  

6. Heat transfer between the hydrogen propellant flowing through the uranium fuel 

and the molten uranium has to be understood to predict hydrogen temperatures and properties at 

the center of CFE. The bubble flow inside a molten metal and the surface interactions need to be 

understood better.  

7. Similar to the gas core engine, the ground testing of this engine will be a 

challenge due to the inevitable loss of some uranium fuel through the nozzle. 

8. The engine needs to be optimized to have a critical engine that is self-sustaining 

even with a small loss of uranium fuel from the system. Neutronics studies along with heat 

transfer work can give a better picture of the reactor’s criticality and stability. Experimental work 
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has to be conducted to validate the computation results obtained for heat transfer and neutronics 

within a CNTR.  

The purpose of this chapter is to tackle the neutronics challenge of this engine. Can 

CNTR be a critical engine and what is the minimum mass required for this critical engine? These 

questions will be answered in the following sections. 

6.3 Neutronic Analysis of Centrifugal Nuclear Thermal Rocket in MCNP 

Neutronics analyses were conducted using the MCNP code. When necessary, NJOY was 

used to calculate high-temperature neutronics cross-section for both fuel and propellant. Uranium 

was kept at 3000 K and hydrogen at 2500 K with a pressure of 500 psi. These studies were 

carried out for 19 CFEs and 37 CFEs CNTR models. These CFEs were placed within a 

hexagonal core block that is surrounded by a beryllium radial reflector. Axial beryllium reflector 

of 5 cm thickness was added to the top of the engine and Inconel 718 of 1 cm thickness was 

added to the bottom of the engine as a support plate. The side view of a 19 CFEs CNTR engine 

is illustrated in Figure 6.4. 

 

Figure  6.4: Centrifuge Nuclear Thermal Rocket engine side view produced from MCNP. 

Five neutronics studies were carried out to optimize the CNTR engine. The two major 

goals of these studies were to have a critical engine and to have a small mass engine. From these 
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studies, the engine criticality’s sensitivity to the engine geometry and materials was understood. 

These five studies are discussed in the following sub-sections. 

6.3.1  Uranium Volume Fraction Sensitivity Study 

In this study, the uranium fuel volume fraction was varied to understand its impact on the 

CNTR engine. The uranium volume fraction is defined as the ratio of the uranium fuel occupying 

volume present in the CFE fuel region to the total CFE fuel volume. Since hydrogen propellant 

gas is passing through the fuel radially to get to the CFE center, a percentage of volume in the 

uranium fuel region will be occupied by the propellant gas. Varying the hydrogen flow rate and 

the pressure of the hydrogen flow into the CFE, the hydrogen volume present in the uranium 

region can be varied. The total fuel region (illustrated in Figure 6.5 in blue as the molten uranium 

region) volume would be the sum of hydrogen volume and uranium volume in this region. This 

is given in equation 6.1 below. 

    

 
                                           

                                                             
 

( CHAPTER 

6.2) 

 The 19 CFEs were placed within SiC hexagonal core block. ZrH1.87 moderator material 

cylinders were added in between the CFEs. Figure 6.5 illustrates the engine model used in this 

study and Table 6.1 provides the dimensions and materials used in this engine in detail. 
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Figure  6.5: CNTR 19 CFEs model in SiC core block top view and CFE cross-section view. 

 

Table  6.1: Model dimensions and materials going radially outward from the CFE center. 

Parameter Dimensions (cm) Type 

Central 100% propellant region 3.0 OR 

19.75% Enriched Uranium 4.3 OR 

50% dense ZrC/UN coating 4.5 OR 

80% dense SiC inlet wall 5.0 OR 

100% propellant inlet 5.5 OR 

SiC core block Hexagonal Radius 25.1 OR 

CFE Pitch 11.2 Pitch 

ZrH1.87 moderator cylinder 0.64 OR 

Number of CFEs 19 No. 
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Number of ZrH1.87 cylinders 24 No. 

Beryllium radial reflector 8 T 

Core height 80 H 

Top Beryllium reflector 5 T 

Axial 50% dense SiC for propellant inlet 3 OR 

Bottom Inconel 718 support 1 T 

OR = Outer Radius; T = Thickness; H = Height; No. = Number 

 Table 6.1 parameters go from hot propellant at CFE center to outward. The remainder of 

the percentage dense materials in Table 6.1 is occupied by hydrogen flowing towards the center 

of CFE (80% dense SiC wall region has 20% volume fraction filled by hydrogen propellant gas). 

The keff and mass of the engine increased with the increase in volume fraction of uranium in the 

system. The results obtained from this study are shown in Figure 6.6 and Figure 6.7, 

 

Figure  6.6: Criticality change of CNTR with the change in uranium volume fraction. 
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Figure  6.7: Engine mass change of CNTR with the change in uranium volume fraction. 

 These results were expected since the amount of fissioning uranium in the system 

increases with the increase in the uranium volume fraction. This results in the engine mass and 

keff of the engine to increase. With this engine configuration, criticality was not achieved. This 

led to the second study discussed in the next section. 

6.3.2 Russian “Topaz” Reactor Model and CFE Pitch Sensitivity Study 

In this study, the volume fraction of uranium was kept at 50% and two model changes 

were made to the CNTR engine. First, the SiC core block was replaced by a ZrH1.87 moderator 

core block which is patterned after the Russian “Topaz” reactor model [62]. Since the core block 

itself is a ZrH1.87 moderator, the moderator cylinders were removed from this model while still 

keeping the 19 CFEs. It is estimated that this moderator block will be maintained at around 600 

degrees Celsius. Secondly, cylindrical SiC solid walls were added outside of the CFEs as 

support. In this study, the CFE pitch size was varied to understand its impact on the criticality 

and mass of the engine. CFE pitch is defined as the distance between the centers of two 
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neighboring CFEs. The web thickness between the cylinders was varied to change the CFE pitch. 

Figure 6.8 illustrates the CFE pitch and web thickness in this engine. 

 

Figure  6.8: CFE Pitch and web thickness in a CNTR Engine. 

 Other dimensional changes in this engine are listed in Table 6.2. Everything else in the 

model is kept similar to the uranium volume fraction sensitivity study model. 

Table  6.2: Model dimensional changes made in this study. 

Parameter Dimensions (cm) Type 

Central 100% propellant region 3.00 OR 

19.75% Enriched Uranium at 50% VF 4.50 OR 

50% dense ZrC/UN coating 4.55 OR 

80% dense SiC inlet wall 4.90 OR 

100% propellant inlet 5.10 OR 

SiC outer wall 5.50 OR 

ZrH1.87 hexagonal moderator block  25.1 to 26.5 OR 
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CFE Pitch 11.2 to 11.7 Pitch 

OR = Outer Radius 

 

 The result of this study is shown in Figure 6.9. As the CFE pitch is increased, the 

criticality of the engine increased too. This is due to the presence of more ZrH1.87 moderators in 

the engine. More neutrons are moderated to thermal energies resulting in more fission happening 

in the engine. This results in the criticality of the engine to increase. By increasing the web 

thickness, the overall engine size also increased to accommodate 19 CFEs while keeping the size 

of everything similar to the uranium fraction sensitivity study model. This led to the increase in 

the engine mass with the increasing CFE pitch. In this study, the CNTR engine achieved critical 

conditions. Using this material and model configuration, the next goal is to optimize the engine 

geometry. 

 

Figure  6.9: Criticality and engine mass change with the CFE Pitch in a CNTR engine. 
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6.3.3 Reflector Thickness and Core Length Sensitivity Study 

In this study, the CFE pitch was kept at 11.7 cm (ZrH1.87 hexagonal moderator block 

outer radius was kept at 25.5 cm) and the uranium volume fraction was kept at 50 percent. The 

radial beryllium thickness varied from 8 cm to 9.44 cm and the core length varied from 80 cm to 

84 cm. The results obtained from this geometry sensitivity study are given in Table 6.3. 

Table  6.3: Criticality and engine mass for various reflector thicknesses and core lengths. 

Radial Be 

Thickness (cm) 

Core Length 

(cm) 

keff Engine 

Mass (kg) 

8.00 80 1.02954±0.00118 1194.30 

9.00 80 1.03979±0.00117 - 

9.00 84 1.04996±0.00115 1292.57 

9.00 94 1.06831±0.00117 1436.83 

9.10 84 1.04984±0.00122 - 

9.44 80 1.04687±0.00117 - 

9.44 82 1.04792±0.00113 - 

9.44 83 1.05328±0.00120 1296.97 

9.44 84 1.05353±0.00125 - 

 

Increasing the radial beryllium thickness results in more neutrons reflected into the 

engine. The increase in neutron population in the engine increases the criticality of this model 

CNTR. The increase in core length not only increases the uranium fuel in the system available 
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for fission but also increases the amount of moderator and reflector mass in this engine. As a 

result of increased materials, the criticality of the engine increases too. Both reflector thickness 

increase and core length increase lead to mass increase which is also observed in the results 

calculated. A potential design solution is a 19 CFE CNTR engine with an approximate mass of 

1300 kg and an approximate keff of 1.05. The next study examined the 37 CFEs CNTR engine 

model. 

6.3.4 Thirty-Seven CFEs CNTR Engine 

In this study, everything was kept similar to the reflector thickness and core length used 

in the sensitivity study. The beryllium reflector thickness was kept at 9 cm and the core length 

was kept at 84 cm. The number of CFEs increased to 37. To accommodate all 37 CFEs in the 

hexagonal core block, the core block radius was increased to 37 cm. Figure 6.10 illustrates a 37 

CFEs CNTR engine.  

 

Figure  6.10: CNTR engine model with 37 CFEs top view and CFE cross-section view. 
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 Three sub-studies were conducted on this engine model. The major changes in these three 

studies were the hexagonal core block and the beryllium reflector thickness. These three studies 

and their results are given in Table 6.4 below. 

Table  6.4: Criticality of 37 CFEs CNTR engine with varying core block and reflector 

thicknesses. 

Core Block 

Material 

Moderator 

Cylinders with 1 cm 

outer radius 

Radial Be 

reflector 

thickness (cm) 

keff 

SiC ZrH1.87 9 0.90713±0.00107 

ZrH1.87  None 9 1.15410±0.00111 

ZrH1.87 None 1 1.07281±0.00120 

 

 The increased amount of moderator material in the engine increased the criticality due to 

the moderation of neutrons in the system. As seen before, the larger beryllium reflector gave 

higher keff due to the reflection of neutrons back into the engine. The 37 CFEs model achieved 

supercritical conditions due to the higher amount of uranium in this system. With the increased 

number of CFEs, the mass of this system is approximately 3750 kg.  

 The increased mass of this 37 CFEs engine model makes it less attractive as compared to 

the 19 CFEs model. This 37 CFEs engine model is attractive when the mission requires higher 

thrust. The goal of current CNTR work is to achieve critical reactor conditions with the mass of 

the engine around 1000 kg. The next study was conducted to obtain criticality while keeping the 

engine mass at approximately 1000 kg. 
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6.3.5 Mass Reduction Study 

The mass reduction study was conducted on 19 CFEs CNTR model by reducing the 

uranium fuel density. In this study, all dimensions and materials were kept similar to that used in 

the reflector thickness and core length sensitivity study. The reflector thickness was kept at 9 cm 

and the core length was kept at 84 cm. The uranium fuel density was reduced from 7.36 g/cm
3
 to 

1 and 2 g/cm
3
. The uranium fuel temperature was dropped from 2500 K to 1200 and 1500 K to 

increase the neutron cross-section of uranium fuel. The result of this study is shown in Figure 

6.11. 

The temperature drop only provided a small increase in the keff value. However, the fuel 

density drop reduced the keff considerably. This is because the amount of uranium available for 

fission in the same volume has gone down. The lower amount of uranium in the system results in 

lower keff values. Reducing the mass of the engine by reducing the uranium fuel density proved 

unsuccessful. As the continuation of this study, other parameters were varied while keeping the 

uranium fuel density at 2 g/cm
3
. The results of this study are shown in Table 6.5. 

 

Figure  6.11: Change in criticality with uranium fuel density and temperature change. 
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Table  6.5: Mass reduction study results of CNTR engine with 2 g/cm
3
 uranium fuel density. 

CFE Pitch 

(cm) 

Engine 

Radius (cm) 

Core Length 

(cm) 

keff (±0.00120) Mass (kg) 

11.8 40 84 0.92609 1015.42 

11.8 45 84 0.97099 1243.53 

11.8 40.95 84 0.92294 - 

12.0 40.95 84 0.94176 1091.07 

12.0 45 84 0.97118 1278.09 

12.5 45 84 0.96239 1365.13 

11.7 45 84 0.96466 1226.30 

11.5 45 84 0.95859 1192.25 

11.5 45 94 0.98765 1394.28 

12 45 94 0.99684 1433.43 

12 50 94 1.01964 1718.71 

12 45 100 1.00755 1518.16 

12 50 100 1.0308 1819.98 

 

 The best result for criticality still gave a mass of approximately 1518 kg. Reducing the 

fuel density method of mass reduction did not provide a critical self-sustaining engine. If the 

uranium temperatures are kept at 1200 K, the hydrogen temperature will be lower than this 
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which will lead to lower specific impulse in the range of 500 s to 600 s. Future heat transfer 

analysis can help in providing an accurate hydrogen temperature and specific impulse for the 

case of 1200 K uranium temperature.  

 From all these studies, it was calculated that the CNTR engine can achieve criticality 

while keeping the mass of the engine around 1300 kg and the hydrogen propellant temperature in 

the chamber around 3000 K. This will provide a specific impulse in the range of 850 s to 1000 s. 

These results are promising as it proves the feasibility of the CNTR engine in terms of just 

neutronics.  
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CHAPTER 7 Conclusion and Future Works 

 

7.1 Neutronic Analysis Conclusion 

7.1.1 Gas Core Nuclear Rocket 

A criticality analysis of an open cycle gas core nuclear rocket was conducted using the 

MCNP transport code. The material properties of hydrogen and uranium at high temperatures 

were calculated for input into the MCNP. The density of hydrogen was calculated using the Saha 

equation taking into consideration both dissociation and ionization at constant pressure as a 

function of temperature. Calculations suggest that the dissociation of hydrogen at 1000 atm is 0.2 

percent around 3000 K and is fully dissociated by 15,000 K. It follows also that at constant 

pressure in accordance with the ideal gas law, hydrogen density drops with increasing 

temperature. The density of gaseous core uranium was also determined using the ideal gas law 

and likewise was found to decrease with increasing temperature at constant pressure due to 

expansion. This analysis included the Doppler broadening of the resonance region owing to the 

high nuclear fuel temperature. At higher temperatures, the resonance cross-section spectrum 

flattens out and leading to a reduction in peak value. MCNP capability increased with the 

addition of high temperature neutron cross-sections. 

 The gas core nuclear rocket’s criticality work showed that the engine can achieve 

critical conditions for a spherical non-homogenous engine of 4.3 m in diameter. This engine’s 

criticality dropped as the core temperature increased. Analysis was conducted for uranium core 

temperatures up to 65,000 K. With the introduction of more uranium into the core, the criticality 

increases. The impact of the beryllium reflector on the engine was significant for realistic engine 
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geometries, particularly when the beryllium reflector is closer to the uranium core. It was also 

found that the criticality increases with the increase in hydrogen temperature at larger than 5 cm 

beryllium reflector thicknesses. This is promising as it improves the engine performance as the 

hydrogen temperature goes up. However, the downside is the mass of the engine increases 

considerably with the addition of more beryllium into the system. From the criticality study, it 

was concluded that an 80 percent uranium volume-occupying percentage and hydrogen at 50,000 

K can give a critical engine with a mass of 98,000 kg. 

The criticality of the engine was very sensitive to the inlet porous wall and the hydrogen 

coolant region. Additionally, the energy spectrum of the neutrons is very depended on the size of 

the uranium core. At smaller uranium size, the reactor is a thermal reactor and at larger uranium 

size, the reactor is an epithermal reactor. 

7.1.2 Centrifugal Nuclear Thermal Rocket 

The CNTR engine concept was also studied. This geometry was optimized to have a 

critical engine configuration in a low-mass package. Studies carried out in this thesis work 

featured 19 centrifuge fuel elements (CFEs) engines and showed that the engine is sub-critical 

when a core block of silicon carbide is used to hold the 19 CFEs in place. When the silicon 

carbide was replaced with ZrH1.87 and with larger web thicknesses, the engine achieved critical 

condition. An engine of approximately 84 cm core length with a radial beryllium reflector of 9 

cm thickness gave a keff of 1.05 with a mass of approximately 1,300 kg. However, the mass 

couldn’t further be reduced by changing the material composition or geometry without losing 

criticality. The engine’s specific impulse was calculated to be around 900 s.  
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7.2 Heat Transfer and Engine Performances Conclusion 

Heat transfer calculations on the gas core nuclear rocket were carried out using basic heat 

transfer equations. Radiative and convective heat transfer analysis was carried out initially. The 

heat source is the fission heat production in the fuel region. The heat travels out of the uranium 

fuel due to radiation and convection. At high temperatures of uranium, uranium was taken as a 

blackbody whose emissivity and absorptivity are taken as one. The temperature of hydrogen 

depended on the uranium sphere’s surface temperature. Depending on the surface temperature, 

the power within this uranium reactor ranged from 3000 MW to 7.6 TW.  

Hydrogen absorbed the heat that came from the uranium fissioning core to raise its 

internal energy. From the iterative process, it was calculated that hydrogen’s temperature can 

range from around 3000 K to 39,000 K for uranium core surface temperatures ranging from 

10,000 K to 55,000 K. It was also observed that the contribution of convective heat transfer is 

very small in the heating of hydrogen at higher uranium surface temperature. It was also 

calculated that with the increase in mass flow rate, the hydrogen’s temperature decreases due to 

the less time it spends in contact with the uranium core. This hydrogen goes to a converging-

diverging nozzle to convert its thermal energy into kinetic energy. 

A nozzle design was optimized for the gas core nuclear rocket engine with the high 

chamber temperatures calculated at a constant high pressure of 1000 atm. To get a choked flow, 

the throat radius has to range from 0.93 cm to 1.80 cm for this 1000 atm chamber pressure 

condition. The larger area ratio improves the engine performance but it adds extra weight to the 

gas core nuclear rocket. With the nozzle design and exit temperature and velocity known, the 

thrust and specific impulse were calculated. The mass of the engine was calculated to be in the 

range of 100,000 kg to 122,000 kg. The thrust of this engine ranged from 51,000 N to 305,000 N 
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with a specific impulse ranging from 1058 s to 6218 s. This finding proves this engine’s ability 

to give high thrust and specific impulses. 

7.3 Future Works 

7.3.1 Gas core Nuclear Rocket Engine 

There are still multiple challenges for the gas core nuclear rocket that needs to be tackled 

before this engine can take humans to Mars and beyond. Challenges like the confinement of the 

uranium core, engine components cooling, startup and shutdown, and ground testing have to be 

further researched and developed. Further computational work using modern computational tools 

to study the confinement of the gas core nuclear rocket by hydrodynamic confinement will 

enable an understanding of the best ways to confine this fuel core. Thermodynamic properties of 

materials at high temperatures need to be researched further. The sensitivity of the neutronics 

and heat transfer results to the change in thermodynamic properties needs to be understood 

better. Material cooling has to be done efficiently to reduce the engine components' temperature. 

Materials have to be developed that can withstand high temperature, pressure, and radiation from 

the uranium core. More work has to be conducted to come up with efficient ways to handle the 

spent fuel or by-products of fission present in this engine. The coupling mechanism between heat 

transfer and the neutronics can be in parallel. Other future work includes engine components 

such as hydrogen propellant storage and pressurizing the engine to the desired pressure. 

Throttling the power level in this engine and the shutdown of the engine has to be studied further 

too.  

At these high temperatures, the fuel and propellant are in the plasma state. The plasma 

instabilities arising from plasma interaction with heavy plasma supported by light flowing 

plasma have to be studied and controlled to make this fuel core stable. The nozzle design 
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engineering challenge has to be looked into further due to its narrow throat area. All these works 

have to be both computationally and experimentally studied further.  A simple experimental test 

that can be the next step for the gas core study is to have a gas such as argon flow around 

elevated ionic salt with secondary injection at its base. A model of this experimental setup is 

shown in Figure 7.1. 

 

Figure  7.1: Next step experimental work for a gas core nuclear rocket engine. 

 Here the goal is to study the confinement of the plasma as the propellant gas flows 

around it. The ionic salt has to be elevated both in static and gas flow conditions. Thermal 

imaging can be used to quantify the laser heating of the ionic salt. The fast camera and PIC laser 

will help to study the instabilities at the interface and will provide an understanding of the overall 

stability of the droplet. The differential pumped RGA can help to assess the erosion of salt in 

presence of the propellant gas. From this experimental study, the surface instabilities, fuel 

erosion, heat transfer to the fluid via enthalpy probe, and the thermal profile can be studied. This 

experimental setup will help as the next step in making gas core nuclear rockets a reality. 
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7.3.2 Centrifugal Nuclear Thermal Rocket 

Additional research needs to be carried out before CNTR becomes a reality for space 

flight. Many challenges are still left to be tackled for a CNTR engine. Heat transfer, fluid flow, 

uranium confinement, and hydrogen flow within the molten uranium studies have to be carried 

out to better understand the dynamics of this engine. Startup and shutdown of the engine and the 

ground testing of the engine before the flight has to be researched further. More experimental 

work needs to be conducted to validate the future computational findings. These include both 

non-nuclear and nuclear testing and fuel fabrication. The other engine components such as the 

turbomachinery and rotating cylinders have to be further analyzed. This includes analyzing the 

bearing lifetime, radiation tolerant blades, and other engineering components that help in 

achieving high RPMs for the CFEs. 

The immediate next step of experimental work includes understanding the flow of and 

heat transfer of hydrogen bubbles in heated liquid metal. An infrared camera can be used to 

study the flow of bubbles in this experiment. Current experimental and computational studies are 

being carried out at the University of Alabama –Huntsville [63] [64]. These studies can be 

expanded to include heating in their bubble study. Though there are daunting challenges to the 

development of this engine concept, this engine has the potential to transcend solid core nuclear 

rockets in terms of performance. 

7.4 Final Words 

 The studies performed in this dissertation demonstrate that the gas core nuclear rocket 

engine is potentially a promising engine for human exploration to Mars and beyond in a shorter 

time. This engine is capable of providing both high thrust and high specific impulses needed for 

shorter trip times. A critical engine with a very small amount of uranium loss from the system 
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can make this engine the next-generation nuclear rocket for space travel. To revive this engine, 

more research, development, and funding need to go in. With support and focus, the gas core 

nuclear rocket can indeed become a viable propulsion approach. 
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APPENDIX A MCNP Input File 

 

 A sample MCNP input file for calculating the criticality of a gas core nuclear rocket is 

provided below. 

c Gas Core Nuclear Thermal Rocket MCNP Transport Code Input File 

c 

c Defining Cell Cards 

c  

c Plasma Gaseous Fuel Core at 55,000 K 

1 10 -0.05160890 -100         imp:n=1 imp:p=1 

c  

c Hydrogen Propellant at 15,000 K 

3 12 -0.000822693 100 -300     imp:n=1 imp:p=1 

c 

c SiC 80% dense porous Wall with H at 2,500 K 

4 13 -2.56996364 300 -400     imp:n=1 imp:p=1 

c  

c Hydrogen Coolant at 1,200 K 

5 14 -0.02046285 400 -500     imp:n=1 imp:p=1 

c 

c Be reflector at 1,200 K 
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8 17 -1.84800000 500 -700     imp:n=1 imp:p=1 

c 

c Pressure Vessel at 900 K 

9 18 -4.43000000 700 -800     imp:n=1 imp:p=1 

c 

c Void Outside 

10 0 800                      imp:n=0 imp:p=0 $ Union of all the regions outside the reactor 

 

c 

c Defining Surface Cards 

c 

c Spherical Uranium Core Gases region 

100 so   124.7736849 

c 

c Cavity of 14 ft or 213.36 cm radius 

300 so   213.36000 

c 

c SiC/Hydrogen inflow region of 0.5 cm thickness 

400 so   213.86000 

c 

c Hydrogen Inflow Region of 1 cm thickness 

500 so   214.86000 

c  



 117 

c Be reflector of 1 ft or 30.48 cm thickness 

700 so   245.34000 

c  

c Outer Pressure Vessel Wall Cylinder 

800 so   275.82000 $ Pressure Vessel wall of 30.48 cm thickness 

 

c 

c Data Cards 

c 

c Defining materials 

c 

c Central Uranium Fuel Core 

m10 92233.94c -1.00 $ U-233 100% at 55,000 K 

c 

c Hydrogen Propellant 

m12 1001.93c -1.0 $ Hydrogen at 15000 K 

c 

c SiC wall with hydrogen inflow 80% dense at 2500 K 

m13 14028.74c -0.699917497 6000.74c -0.299318121 & 

    1001.74c -0.000764382 

c 

c Hydrogen Coolant 

m14 1001.73c -1.0 $ Hydrogen at 1200 K 
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c 

c Be reflector at 1200 K 

m17 4009.73c -1.0 

c 

c Ti-6Al-4V (Grade 5) Annealed Pressure Vessel at 900 K 

m18  8016.72c -0.002000 13027.72c -0.060000 & 

     23000.72c -0.040000 26056.72c -0.002500 & 

     22048.72c -0.895500 

c 

c physics mode having both neutrons and photons 

c 

mode n p 

c 

c kcode and kcode soure cards to calculate keff 

c source at 0 0 0 

kcode 10000 1 50 500 

ksrc 0 0 0 

c 

c total nuclear fission card 

c 

totnu 

print 

c 
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c Tally Specification 

c 

c Neutron Flux Calculation for the cells specified 

F4:n 1 3 4 5 8 9 

c Energy bins for the flux plotting 

E4 1E-9 40I 1E-8 40I 1E-7 40I 1E-6 40I 1E-5  

        40I 1E-4 40I 1E-3 40I 1E-2 40I 1E-1 40I 1 40I 10 

c 

c End of the Code 
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APPENDIX B NJOY Input File 

 

A sample NJOY input code used to Doppler broaden uranium neutron cross-section for 

55,000 K is given below. 

‘ Neutron Cross-section Calculation for uranium-233 at 55,000 K 

‘  

‘ Converting ENDF tapers back and forth to ASCII and Blocked Binary Modes 

moder 

  20 -30 / 

‘ 

‘ Resonance Reconstruction of uranium-233 

reconr  

  -30  -31 / 

9222 0 0 / 

0.001 0.0 0.01 5.0000000000000004e-08 / 

0 / 

moder 

  -31 21 / 

moder 

  -31 -41 / 

‘ 
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‘ Doppler Broadening 

broadr  

  -30 -31 -32 / 

  9222 1 0 0 0.0 / 

  0.001 1000000.0 0.01 5.0000000000000004e-08 / 

  55000 / 

  0 / 

broadr 

  -30 -41 -42 / 

  9222 1 0 0 0.0 / 

  0.001 -1000000.0 0.01 5.0000000000000004e-08 / 

  55000 / 

  0 / 

‘ 

‘ Heat Production Cross-section and radiation damage production cross-section 

heatr 

  -30 -32 -33 / 

  9222 3 0 0 0 2 / 

  442 

  443 

  444 

heatr 

  -30 -42 -43 / 
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  9222 3 0 0 0 2 / 

  442 

  443 

  444 

‘ 

‘ Generating gas production cross-section 

gaspr 

  -30 -33 -34 / 

gaspr 

  -30 -43 -44 / 

‘ 

‘ Scattering in thermal energy range 

thermr 

  0 -34 -35 / 

  0 9222 16 1 1 0 0 1 221 2 / 

  55000 / 

  0.001 10.0 / 

thermr 

  0 -44 -45 / 

  0 9222 16 1 1 0 0 1 221 2 / 

  55000 / 

  0.001 10.0 / 

moder 
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  -35 22 / 

moder 

  -45 23 / 

‘ 

‘ Unresolved region probability tables for MCNP 

purr 

  20 22 24 / 

  9222 1 1 16 64 1 / 

  55000 / 

  10000000000.0 / 

  0 / 

‘ 

‘ ACE creation for MCNP 

acer 

  20 24 0 25 26 / 

  1 0 1 0.94000 / 

  'U233 at 55,000 K' / 

  9222 55000 / 

  1 1 / 

  / 

acer 

  0 25 27 28 29 / 

  7 1 1 0.94000 / 
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  ’U233 at 55,000 K’ / 

‘ 

‘ Color Postscripts plots 

viewr 

  27 47/ 

stop 

‘ 

‘ End of code
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