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    An enabling technology for long duration, deep space missions is the availability of a 

high power, long-lived power supply. The goal of this work is the design of a self-

regulating Deep Space Nuclear Reactor. The design objectives are to produce 250 kWth 

for a 25-year period using the presence of a microgravity field to regulate power output.  

System reliability is optimized by eliminating the use of mechanical moving parts and the 

need for external input for operation – either from human or software controllers – while 

building on the foundation of previous technology developments.  To achieve the power 

output objective, a nuclear reactor is fueled with Uranium-Zirconium Hydride fuel with a 



 
 

coolant of sodium/potassium eutectic (NaK-78) circulated using electromagnetic pumps. 

Uranium-235 and burnable poison concentrations are adjusted to achieve the mission 

duration objective. Reactivity control is provided using an outer shield of liquid uranyl 

sulfate solution. This shield is thermally isolated from the reactor core to permit operation 

at a high temperature for thermodynamic efficiency while maintaining the reflector at a 

lower temperature for good power feedback.  

    The novel concept of using a liquid reflector has two advantages:  reactor operation is 

permissible only in the presence of a microgravity field and in the event of an inadvertent 

re-entry, the liquid reflector would volatize leaving the remaining structure inherently 

subcritical.  Once deployed to a microgravity environment, a wicking structure embedded 

in the reflector fills with uranyl sulfate solution and the reactor becomes slightly super 

critical.  Reactor power level increases until fuel temperature reactivity feedback limits 

power to the design goal of 250 kWth. Burnable poisons are used to compensate for the 

negative reactivity effects of fission product buildup over time.  In effect, the reactor can 

operate only in a microgravity field.      

    This work also details the construction of a model for validating the shut down margin 

criticality of TRIGA reactor storage racks. These racks are mounted in the reactor pools 

and are used to store the fuel that is not in use. TRIGA zirconium hydride fuel is similar 

to the fuel type that was ultimately calculated for use in the Self-Regulating Deep Space 

Nuclear Reactor. In both situations a very strong prompt negative reactivity coefficient is 

desirable. Zirconium hydride fuel is the most mature candidate for such applications.   
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1. General Introduction  

 

    This dissertation is presented in the manuscript format outlined by the Graduate School 

of Oregon State University.  There are three papers written in a format for submission to 

scientific publications.  The first entitled “Benchmarking Criticality Analysis of TRIGA 

Fuel Storage Racks” is presented in Chapter 2 and has been submitted for publication in 

the journal, Applied Radiation and Isotopes.  The overall intent of this work is to develop 

familiarity with the atypical neutronic characteristics of ZrH nuclear fuel and to develop 

proficiency using neutronic analysis codes by benchmarking measured subcritical data.  

Chapter 3 is the second paper, entitled “Neutronic Analysis of a Self-Regulating Two-

Phase Fuel Space Nuclear Reactor”, presents the methodology and results that lead to an 

original design for a self-regulating nuclear power reactor for deployment in micro-

gravity environments.  An inherently safe design, this reactor is subcritical if a gravity 

field is present, and in a microgravity environment its power level is controlled without 

any mechanical moving parts.  This paper is under review for publication in the journal, 

Nuclear Science and Engineering.  The third paper is entitled “Design of a Microgravity 

Controlled Reflector for a Self-Regulating Space Nuclear Reactor” and is presented in 

Chapter 4.  This paper presents the design validation for the a reactor where power level 

and criticality is controlled by capillary flow of a uranium sulfate solution from a 

reservoir to a position surrounding a nuclear reactor core thereby bringing the reactor 

slightly supercritical.  The reactor power level increases until fuel temperature induced 

negative reactivity brings the reactor to a stable reactor power of 250 kW.  Feasibility 
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models of the reflector and reservoir were constructed and tested in the Portland State 

University Drop Tower to show the fuel would indeed move from a reservoir to a channel 

surrounding a cylindrical inner chamber in a zero gravity environment.  The channel 

width is prescribed by the nuclear criticality analysis from the second paper.  This third 

paper is still in preparation for submittal.  

 

1.1. Project	Overview	

 

    The goal of this project is the development of a nuclear, thermal fission reactor for use 

in long duration space missions. The reactor will serve as a heat source for electrical 

power to run instrumentation and communication equipment, thermal heat source for 

spacecraft housekeeping, and provide power for ion engines for low thrust applications. 

The design objectives are as follows. It is a reactor capable of sustaining a steady level of 

power output for many years using no moving parts and is inherently subcritical in the 

event of re-entry into a gravity field. 

    These criteria are to be met by the use of a solid fueled thermal reactor with active 

liquid fueled reflector. This liquid reflector will be initially arranged in a subcritical 

configuration and when exposed to a microgravity field enriched aqueous uranyl sulfate 

will be pulled by capillary flow into the reflector causing the reactor to become critical. 

When the reactor returns to a gravity field the reflector geometry is rearranged by the 

increase in the ratio of acceleration to surface tension forces, causing the reactor to shut 
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down. Expansion and contraction of the reflector will also serve as control of the nuclear 

reaction because of its negative feedback coefficient.  This design will have no 

mechanical moving parts whatsoever in the reactor part of the space ship. The reactor 

heat will be removed by means of liquid metal coolant flow induced by electromagnetic 

pumps. This heat would then typically be used to fuel thermoelectric generators, which in 

turn power ion engines to guide the craft, experimental instrumentation, and 

communication equipment. Excess heat, which for current static electrical conversion 

systems will be on the order of 90-95% of the reactor power, will be removed by thermal 

radiation transfer. 

    The approach used to design this reactor is to break the process into project stages 

beginning with the basics of criticality analysis using zirconium-hydride-uranium 

metrics, benchmarked to experimental data. The next step is to build on this work and 

develop the physical and material specifications for a reactor based on past experiences 

of space reactor developers in both the United States and the Soviet Union. The final 

stage is the proof of concept measurements for microgravity induced capillary flow: that 

provides automatic reactivity feedback to regulate reactor power. 

    The first design stage was the construction of a model for validating the shut down 

margin criticality of TRIGA reactor storage racks. These racks are mounted in the reactor 

pools and are used to store the fuel when for some reason it is desirable to remove it from 

the core. They are also used to store spent fuel that has not yet been shipped to a final 

repository. The United States Geological Survey reactor in Denver, CO has a problem in 

that they have accumulated more spent fuel then expected due to political problems with 
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shipping the fuel back to the U.S. Department of Energy. For this reason benchmarking a 

Monte Carlo N-Particle (MCNP) criticality model for TRIGA storage racks is valuable to 

assure that the stored fuel does not exceed the regulatory multiplication factor. The 

zirconium hydride fuel used in the TRIGA reactors is very similar to the fuel type that 

was ultimately calculated for use in the Self Regulating Space Nuclear Reactor. In both 

situations a very strong prompt negative reactivity coefficient is desirable, and zirconium 

hydride fuel is the most mature candidate for such applications.   

    Below is a brief description of the history and current state of the space reactor 

technology field, various electrical and heat transfer balance of plant systems used in 

low g, and a description of pertinent calculation tools that were used to do the reactor 

calculations. 

   

1.2. The	Poetical	Motivation	

	

    So far the practical limits of space exploration have been the solar system. Manned 

space travel reached a highlight with the landing on the moon during the US Apollo 

project. Human exploration of Mars is currently feasible and likely to be accomplished in 

the not too distant future. Unmanned space probes have been sent much farther and are 

the precursors of human exploration. The farthest mankind has been so far able to send an 

object is the Voyager 1 spacecraft which was launched in 1977. It has travelled to a 

distance of 12 billion miles (37 light hours) away from earth, and continues to move 

away at a velocity of 38,142 mph. Having passed beyond the outer planets, Voyagers 1 
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and 2 now are exploring the Heliosheath. The Voyager spacecraft were propelled by 

chemical rockets and then were accelerated by gravity assist with the gas giant planets. 

The instruments are powered by Pu-238 radioisotope thermoelectric generators. The 

power output from these generators declines exponentially over time. These missions will 

end around 2025 when the power system is no longer able to provide enough power to 

operate probe instruments and communicate with Earth.  

 

Figure 1. The Goal: Deep Space Exploration (Credit: NASA) 

 

    The closest objects of high interest to mankind outside of the solar system are in the 

constellation Centauri. This constellation has three stars, Alpha Centauri A and B which 

are at a distance of about 4.36 light-yrs and Proxima Centauri at a distance of 4.22 light-

yrs. It would take a Voyager-like probe about 80,000 years to travel the distance between 

the Sun and Alpha-Centauri. Most scientists and engineers are not altruistic enough to 

seriously contemplate a project on that time scale.  Only among the musical could 
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motivation for a project on this time scale be found [1].  Therefore in order to reach this 

system in a time length of interest to us or our children, a different and faster approach 

will have to be taken.  

    That approach could be done by a space probe with an engine that provided a small but 

steady acceleration to the craft over a very long time. For example an acceleration that 

was a steady 0.01 m/s2 for 100 years would be sufficient. The first step to providing this 

acceleration is to have a power source that is reliable enough to provide constant power 

for the next century.  The reactor would need to have electrical generating capacity to 

power an ion engine that provides steady thrust on the order of 10 mN per kg of 

spacecraft mass. Both ion engine efficiency and nuclear power plant power to mass ratios 

will need to be substantially reduced before a thrust on this order of magnitude could be 

obtained.   

 

Figure 2. Voyager Probe (Credit: NASA) 
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    There are of course other ways of exploring the α-centauri system other than 

physically going there. A space craft sent to the edge of our solar system might be better 

able to explore this system by instrumentation alone. A substantial and long lasting power 

plant would be required to run its instruments, and also have sufficient signal strength for 

receipt on Earth. It would be much better to have a power system that not only has a 

significantly longer operational lifetime than the current Pu-238 based RTGs, but also 

can provide full power during the entire mission.   

    In the foreseeable future, with current technology, the exploration of the planets 

beyond Mars will be done by unmanned probes. The first requirement for these probes 

will be a reliable source of electric power so that they can run their instruments, steer 

themselves, and power transmission systems to send back to earth pictures and data 

detailing the wonders of the celestial creation. 

 

1.3. Space	Nuclear	Power	Overview	

 

    The first requirement of any space mission is a power system. Useable power is 

required not only for propulsion, but also for instrumentation, onboard environmental 

controls, and communications. There are several methods that have been studied and 

implemented for generation of power in space systems. These include chemical, solar, 

radioisotopes and fission reactors. Figure 3 is a schematic of these methods based on 

electrical power levels produced and the duration of workable life. For short, high power 

output requirements chemical rockets are still the dominant fuel.  If the mission is in the 
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inner solar system, solar power is extremely steady and reliable power source. Depending 

upon the mission one or more of these methods can be used. 

 

Figure 3. Power System Characteristics Based on Mission Need (Credit: NASA) [2]. 

 

    As the missions get further from the sun and longer in duration, the choices become 

more limited. Figure 4 shows the limitations of solar energy with increased distance from 

the sun. Once the mission is beyond the orbit of Jupiter a solar farm becomes essentially 

useless.  For space applications, other than achieving the necessary propulsion, the most 

important characteristic of a power system is reliability. Once sent out into space, 

maintenance and additional work on a system is most often not an option. For this reason 

it is important systems for space be designed to perform without failure for the desired 

life time of the project.  
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Figure 4. Limited solar flux as distances increase from the sun enables the need of nuclear space power systems 
(Credit: DOE) [3]. 

 

    Nuclear fission power is recognized as a vital part for long term schemes for the 

exploration of the outer solar system [4]. No other current technology provides the power 

density and reliability that will be needed for the future of manned and unmanned 

exploration of the outer reaches of our solar system. It is currently the only available 

technology that is capable of producing large amounts of continuous electric power for 

deep space missions. Both the United States and Russia have made substantial progress in 

the development of space reactor systems. The highlights of their accomplishments are 

reviewed in the next few sections.  
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1.1.1	US	Space	Reactor	Program	

 

    While there has been much research in the United States on the subject of using fission 

energy in space, only one functioning US reactor has been used in orbit. The fission 

reactor part of the Systems Nuclear Auxiliary Power (SNAP) program was started in 

1957 and went through three different incarnations, SNAP-2, SNAP-10A, and SNAP-8 

[5] [6]. A total of six prototype reactors were built over the course of the program - two 

of each type mentioned above. A high point was reached when a SNAP-10A reactor was 

launched into space in 1965 and became the only fission reactor to be put into space by 

the United States [7].  

    The fuel used in all of the SNAP reactors was 90-93% enrichment uranium zirconium 

hydride [8]. The coolant used was NaK-78 eutectic and was circulated by 

electromagnetic pump. Snap 10A used a thermoelectric pump of the type that is shown in  

Figure 5. Thermoelectric pumps are a type of electromagnetic pump which can be used to 

move highly conductive fluids like liquid metals without connection to external power. 

Electromagnetic pumps work by creating a current in the fluid that is perpendicular to a 

magnetic field operating on it. This causes a Lorentz body force to operate on the fluid 

and pushes it through the pump [9] [10] [11]. In a thermoelectric pump the current is 

generated by a thermoelectric power conversion system that uses the fluid passing 

through it as its hot leg. This causes the flow rate through the pump to be self-regulated 

by the temperature of the fluid coming from the reactor. The cold side of a thermoelectric 
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system in space consists of wings which radiate heat into space. The SNAP10A 

thermoelectric pump had four wings which provided a cold side to its power convertor.  

 
 

Figure 5. SNAP 10A Thermolectric Pump [12]. Electrical power is provide from the Seebeck electrical 
generation effect from the temperature difference between the reactor coolant and the pump radiators. (Credit: 
Atomic Energy Commission) 

 

    The SNAP10A reactor converted heat into electric power by thermoelectric  

convertors. These convertors were mounted on a system of radiators through which the 

NaK coolant flowed. The reactor system had a cone shape to reduce the amount of 

shielding required to protect the sensitive systems from the reactors radiation field. 

    Reactivity control of the SNAP 10A reactor was achieved by beryllium reflectors 

mounted on four control drums around the reactor as shown in Figure 6. These drums 

were rotated in order to increase or decrease the neutron population of the reactor. 
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Figure 6. US Space Nuclear Power: SNAP10A (Credit: Atomic Energy Commision) 

 

   The expected life of the SNAP 10A reactor was just over a year. The fuel used in the 

reactor core was U-ZrH and it had a thermal power output 39.9 kW and an electric power 

output of 550 W. The reactor was shut down 43 days after launching due to the apparent 

failure of a voltage regulator in the AGENA vehicle. No system for restarting the reactor 

remotely was included in the system. A picture of a complete SNAP10A assembly with 

its radiator is shown in Figure 7. 
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Figure 7. SNAP 10A power plant (Credit: Atomic Energy Commision) 

 

   Although the SNAP 10A reactor in 1965 was the first and only US nuclear power 

reactor to be successfully launched and operated, there have been many radioisotope 

thermoelectric generator (RTG) operated systems used in the American space program. 

The first space nuclear system of any kind, The SNAP-3B7 RTG, was successfully 

launched and operated in space in 1961. It generated 2.7 We on a Navy Transit 4A 

navigational satellite. Since 1961 the US has sent RTG power sources to the Moon, Mars, 

and deep space. In 1983 the SP-100 program was initiated to design and test the next 

generation of US space reactors. The SP-100 was to be largely a continuation of the 

reactor technology developed in the SNAP program. Unfortunately the program ended in 

the 1990s without a test launch. Table 1 summarizes all United States nuclear launches. 
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Table 1. Summary of US Space Nuclear Launches [13] [14] 

Spacecraft 
Designation 

Mission Type Launch 
Date 

Power Source            
 (# Sources/ Power) 

Status 

Transit 4A Navigation 29 Jun 61 SNAP-3B7 (1/2.7 We) Achieved orbit 

Transit 4B Navigation 15 Nov 61 SNAP-3B8 (1/2.7 We) Achieved orbit 

Transit 5BN-1 Navigation 28 Sep 63 SNAP-9A (1/25 We) Achieved orbit 

Transit 5BN-2 Navigation 5 Dec 63 SNAP-9A (1/25 We) Achieved orbit 

Transit 5BN-3 Navigation 21 Apr 65 SNAP-9A (1/25 We) Failed to achieve orbit; RTG burned up on 
reentry as designed 

SNAPSHOT Experimental 3 Apr 65 SNAP-10A (1/500 We) Successful orbit; spacecraft voltage 
regulator malfunction after 43 days 
resulted in reactor shutdown as designed 

Nimbus B-1 Meteorological 18 May 68 SNAP-19B2 (2/40 We) Vehicle destroyed during launch; RTGs 
retrieved intact; fuel used on later mission 

Nimbus III Meterological 14 Apr 69 SNAP-19B3 (2/40 We) Achieved orbit 

Apollo 12 Lunar Exploration 14 Nov 69 SNAP-27 (1/70 We) Placed on Moon 

Apollo 13 Lunar Exploration 11 Apr 70 SNAP-27 (1/70 We) Mission aborted en route to Moon, RTG 
survived reentry and sank in deep ocean 

Apollo 14 Lunar Exploration 31 Jan 71 TRANSIT-RTG (1/30 We) Placed on Moon 

Apollo 15 Lunar Exploration 26 Jul 71 SNAP-27 (1/70 We) Placed on Moon 

Pioneer 10 Outer Solar System 
Exploration

2 Mar 72 SNAP-19 (4/40 We ea.) Successfully powered mission 

Apollo 16 Lunar Exploration 16 Mar 72 SNAP-27 (1/70 We) Placed on Moon 

Transit Navigation 2 Sep 72 TRANSIT-RTG (1/30 We) Achieved orbit 

Apollo 17 Lunar Exploration 7 Dec 72 SNAP-27 (1/70 We) Placed on Moon 

Pioneer 11 Outer Solar System 
Exploration 

5 Apr 73 SNAP-19 (4/40 We ea.) Successfully powered mission 

Viking 1 Mars Exploration 20 Aug 75 SNAP-19 (2/40 We) Placed on Mars 

Viking 2 Mars Exploration 9 Sep 75 SNAP-19 (2/40 We) Placed on Mars 

LES 8 Communications 14 Mar 76 MHW (2/150 We ea.) Achieved orbit 

LES 9 Communications 14 Mar 76 MHW (2/150 We ea.) Achieved orbit 

Voyager 2 Outer Solar System 
Exploration 

20 Aug 77 MHW (3/150 We ea.) Successfully powered mission 

Voyager 1 Outer Solar System 
Exploration 

5 Sep 77 MHW (3/150 We ea.) Successfully powered mission 

Galileo Jovian Exploration 18 Oct 89 GPHS-RTG (2/275 We ea.) Successfully powered mission 

Ulysses Solar Polar 
Exploration 

6 Oct 90 GPHS-RTG (1/275 We ea.) Successfully powered mission 

Cassini Saturn Exploration Oct 97 GPHS-RTG (3/275 We ea.) Successfully powered mission  

New Horizons Pluto Exploration Jan 06 GPHS-RTG (1/240 We ea.) Successfully reached Pluto July 2015 

Curiosity Mars Exploration Nov 11 MMRTP (1/110 We) Placed on Mars 
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1.1.2	Russian	Space	Reactor	Program	

 

   While the USA orbited a number of RTGs but only one nuclear reactor, the Russians 

focused less on RTGs, orbiting only a small number of them, and more on nuclear 

reactors. The USSR orbited a total of 33 reactors of two different designs, the Buk (also 

called Romashka) and the TOPAZ. The USSR orbited 31 Buk reactors which were 

designed and used to provide electrical power for ocean reconnaissance satellites. The 

Buk reactors had electrical power generation of 3 kWe with lifetimes up to135 days. 

These reactors used a 90% enriched uranium carbide fuel operating at high temperatures 

with a fast neutron spectrum [15].  High temperature silicon-germanium thermoelectric 

power converters were used to generate electricity with these reactors. Initially designs 

had the heat conducted to the surface of the reflector where the thermoelectric converters 

were located. Later designs used liquid metal coolants and were thus able to operate at 

higher power levels [16]. 

    The TOPAZ reactors, of which the USSR only orbited two, launched in 1987 and 

1988, produced 5 KWe and were also fueled with U-235. The TOPAZ reactors were ZrH 

moderated and with the TOPAZ reactors thermionic power converters were used.  These 

reactors had longer lifespans of 6 months to a year. Table 2 shows a summary of the 

Russian space nuclear program launches.  
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Table 2. Summary of Soviet Space Nuclear Launches [13] [17]. 

Space Craft Designation Launch Date Lifetime System Type 
Cosmos 84 3 Sep 65 - Radioisotope Thermoelectric Generator
Cosmos 90 18 Sep 65 - Radioisotope Thermoelectric Generator
Cosmos 367 3 Oct 70 < 3 hours Buk-Reactor 

Luna 17 10 Nov 70 10 months Radioisotope Heater Unit 
Cosmos 402 1 Apr 71 < 3 hours Buk-Reactor 
Cosmos 469 25 Dec 71 9 days Buk-Reactor 
Cosmos 516 21 Aug 72 32 days Buk-Reactor 

Luna 21 8 Jan 73 - Radioisotope Heater Unit 
Cosmos 626 27 Dec 73 43 days Buk-Reactor 
Cosmos 651 15 May 74 71 days Buk-Reactor 
Cosmos 654 17 May 74 74 days Buk-Reactor 
Cosmos 723 2 Apr 75 43 days Buk-Reactor 
Cosmos 724 7 Apr 75 65 days Buk-Reactor 
Cosmos 785 12 Dec 75 < 3 hours Buk-Reactor 
Cosmos 860 17 Oct 76 24 days Buk-Reactor 
Cosmos 861 21 Oct 76 60 days Buk-Reactor 
Cosmos 952 16 Sep 77 21 days Buk-Reactor 
Cosmos 954 18 Sep 77 43 days Buk-Reactor 

Cosmos 1176 29 Apr 80 134 days Buk-Reactor 
Cosmos 1249 5 Mar 81 105 days Buk-Reactor 
Cosmos 1266 21 Apr 81 8 days Buk-Reactor 
Cosmos 1299 24 Aug 81 12 days Buk-Reactor 
Cosmos 1365 14 May 82 135 days Buk-Reactor 
Cosmos 1372 1 Jun 82 70 days Buk-Reactor 
Cosmos 1402 30 Aug 82 120 days Buk-Reactor 
Cosmos 1412 2 Oct 82 39 days Buk-Reactor 
Cosmos 1579 29 Jun 84 90 days Buk-Reactor 
Cosmos 1607 31 Oct 84 93 days Buk-Reactor 
Cosmos 1670 1 Aug 85 83 days Buk-Reactor 
Cosmos 1677 23 Aug 85 60 days Buk-Reactor 
Cosmos 1736 21 Mar 86 92 days Buk-Reactor 
Cosmos 1771 20 Aug 86 56 days Buk-Reactor 
Cosmos 1818 1 Feb 87 ~ 6 months TOPAZ-Reactor 
Cosmos 1860 18 Jun 87 40 days Buk-Reactor 
Cosmos 1867 10 Jul 87 ~ 1 year TOPAZ-Reactor 
Cosmos 1900 12 Dec 87 124 days Buk-Reactor 
Cosmos 1932 14 Mar 88 66 days Buk-Reactor 

	

1.1.3	Nuclear	Rockets	

 

    In order to get high specific impulses needed for rapid deep space transport many 

proposals have centered on the idea of thermal nuclear rockets. These are proposed as 

more efficient alternatives to the chemical fueled rockets that have been the mainstay of 
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the modern age of space exploration. The first active attempt at nuclear rocket 

development was in the United States. The US Nuclear Engine for Rocket Vehicle 

Application (NERVA) performed tests in Nevada starting in 1961 of the KIWI reactors 

[18] [19] [20]. These reactors consisted of a reactor core through which hydrogen was 

heated to temperatures in excess of 3000 ⁰C. The hydrogen was then ejected through a 

nozzle to provide propulsion.  Many tests of these reactors were conducted with the 

rocket nozzles upside down on stationary platforms. Thrust and propellant efficiency 

performance was measured for a total of 19 test reactors. The largest had a thrust of 1,110 

kN and a Isp of 840 s [21]. Thermal nuclear rockets are often considered for use in 

missions to Mars as a means of increasing cargo load and decreasing transit time [22] 

[23]. Similar methods were explored at the same time to design reactors that could 

potentially be used to propel airplanes [24]. 

    In the late 1950’s the Russians also started a thermal nuclear rocket development 

program which continued into the 1990s [23], [18]. The concept was very similar to that 

of the NERVA program. The fuel elements were made from uranium carbide fuel in a 

twisted configuration to give improved heat transfer to the gas. In tests they were able to 

achieve Isp values of up to 900 sec.  

    In 1958 the project Orion was started with the purpose of creating a spacecraft that was 

to be propelled by a series of small thermonuclear explosions. A major difficulty was to 

design the spacecraft so that it could withstand the repeated shocks. The project came to a 

close in 1963 with the signing of atmospheric test ban treaty that ended atmospheric 

testing of nuclear explosions [25]. 
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    Other theoretical proposals that have not been subjected to actual testing include 

gaseous core reactors, where the fuel is vaporized uranium plasma. This would have the 

potential advantage of allowing the heating of the hydrogen propellant to much higher 

temperatures which would greatly increase the efficiency of the propellant.  

    A novel proposal by Zubrin in 1991 is that of a nuclear salt water rocket [26]. This 

proposal involves an aqueous uranium salt solution which is ejected from a rocket nozzle 

at a rate and geometry that sustains continuously supercritical nuclear reaction. This 

reaction provides enormous thrust at Isp values of up to 10,000 sec. A major advantage of 

this approach over the Orion plan is that the spacecraft would be subjected to a 

continuous high thrust, and would not have to withstand a pulsing thrust from the 

repeated thermonuclear explosions.  

    A more efficient proposal for spacecraft propulsion is to use some form of ion engine 

as the propulsion mechanism and use a nuclear reactor to generate the electrical power to 

drive it [27]. Many of these have been developed with very high efficiencies [28] [29]. 

However the thrust-to-mass ratios of the current technology are too low to be practical for 

more than low thrust applications.  

    An even more ambitious proposal that would eliminate the need for propellant is the 

creation of magnetic sails that would push against the charged particles in space [30].  

Practical models of this type of technology have not yet been demonstrated. The 

Planetary Society in June 2015 completed the most advanced demonstration of this 

technology to date with a successful 25 day test of their LightSail mission, which 

deployed a small 344 ft2 solar sail [31].  
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1.4. Zirconium	Hydride	Fuel	

 

    Zirconium hydride fuel is composed of a zirconium hydride matrix in which there is a 

fine metallic dispersion of uranium metal [32]. Fuels are commonly made with Zr to H 

ratios between 1:1 and 1:1.7. 

    They were first developed by General Atomics for use in the TRIGA reactor [33]. 

Working for General Atomics when it was first starting, Edward Teller proposed 

manufacturing a reactor that would be so safe that students could use it without 

significant risk [34]. Teller wanted a reactor where even if all the engineering systems 

failed; the inherent physics of the reactor would shut it down without damage. With the 

aid of Freeman Dyson and others, the warm neutron principle was developed. They 

wanted a reactor design so that the neutrons speed increases rapidly with reactivity 

insertion. This increase in neutron speed reduces the effective neutron cross-section and 

results in a prompt negative feedback coefficient and the reactor would shut itself down 

before any damage was done. For this to work, it was necessary that there be a moderator 

in the fuel so that the moderator temperature would rise with the fuel. They did not want 

the moderator to be separate from the fuel because the fuel temperature would rise faster 

than the moderator and cause the neutrons to remain cold. With separated fuel and 

moderator, when the reactor becomes prompt critical, the fuel overheats before the 

moderator temperature rises enough to slow down the reaction [35].  

    In order to have these features, it was necessary to have a practical solid fuel that could 

contain both the fuel and the moderator in the proper proportions. This was accomplished 



 
 

20 
 

using the Zirconium hydride fuel making process developed by metallurgist Massoud 

Simnad [36]. Since zirconium has a low neutron cross section, and hydrogen is a good 

moderator, an ideal matrix can be formed. The uranium can then be added in the desired 

proportion. With this fuel the TRIGA reactor was designed [37] [38]. Since then General 

Atomics has sold 66 TRIGA reactors in 24 countries [39]. TRIGA reactors are designed 

so they can go prompt critical when a control rod is explosively removed from the reactor 

using compressed air on the order of 0.5 seconds. During these pulses the power level can 

rise from around 10 W to 1000 MW for a few thousandths of a second before the prompt 

temperature coefficient brings the reactivity back down. The plot in Figure 8 shows the 

pulse profile generated from pulsing the Oregon State TRIGA Reactor at four different 

reactivity insertions. As can be seen the power level is quickly brought under control. 

Zirconium hydride fuels were the fuel of choice in the SNAP reactor program. 

 

Figure 8. Power pulses of the Oregon State University TRIGA Reactor. Power profile is shown for reactivity 
insertions of $1 - $1.98 [40]. 
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    Zirconium hydride has many different phases. Figure 9 gives the temperature versus 

H/Zr ratio phase diagram. The phase transitions are important to consider when choosing 

the H/Zr ratio in a given fuel. For fuels that must undergo a wide temperature range, the 

H/Zr ratio of 1.65 is commonly chosen, as the fuel will not change phases in the course of 

operation. Frequent phase transition can lead to the migration of hydrogen in the fuel and 

are best avoided. 

 

Figure 9. H-Zr phase diagram with isobars of equilibrium H2 pressures superimposed [41]. 

 

    Zirconium deuteride fuels can also be constructed with similar properties [42] [43]. 

However, due to the much lower cross-section of deuterium, it is not a good choice for 

use in a space nuclear system because of the much higher mass required to give the 

necessary moderation. 
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1.5. Space	Reactor	Power	Conversion	Systems	

 

    A space nuclear electrical generating system has three basic components. These are the 

heat source, an electrical generator, and a radiator for removal of the waste heat. The heat 

source can be either a nuclear reactor or a radioisotope. Electrical generation is usually 

accomplished by a static power conversion system. Various dynamic power converters 

are also often proposed for space applications. These include heat engines that are based 

on the Rankine, Stirling, or Brayton cycles. While converters based on these cycles 

already exist that have very high efficiencies in the 30-40% range, they have the 

disadvantage of many moving parts. Not only is there a danger of failure from this, but 

they can also introduce vibrations and other complications to the space craft. In addition 

the power systems usually depends on one unit, instead of in the case of a series of 

thermoelectric modules were the failure of any one of them would result in a slight 

diminution in the power level rather than a complete station blackout.  

    Although much research has been done on dynamic power conversion systems, a 

successful application in outer space has not yet been accomplished [44]. For this reason 

dynamic power conversion systems were not considered as possibilities in this project.  

    Static conversion systems, the two most common of which are thermoelectric and 

thermionic, although they have a much lower efficiency (5-10%), have the advantage of 

being much more reliable in a space environment. The lower efficiency means that more 
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heat has to be removed, which results in larger radiator area, and a higher power reactor 

or radioisotopic source must be used. Both thermoelectric and thermionic power 

conversion system have been deployed in space. Their reliability makes them the most 

attractive option for long term use in space probes. A review of several different 

converters is given below. 

 

Figure 10. General Purpose Heat Source Radioisotope Generator [45]. 

 

    Thermoelectric convertors are static electrical conversion systems that use the Seebeck 

effect to generate electricity from heat. The Seebeck effect was first discovered by 

Thomas Johann Seebeck in 1821 when he observed that heating one side of the junction 

of two dissimilar metals created a magnetic field [46]. In 1834 Peltier discovered that if 

an electrical current was passed through this junction heating or cooling would occur 

[47]. This led Lord Kelvin in 1851 to discover that an electrical gradient was produced 

when a thermal gradient was applied across the junction [48]. The electrical gradient can 

be used to create small amounts of electrical power from a heat source such as a Pu-238 
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pellet, or a nuclear reactor. While the efficiency of these systems is very low, typically 

less than 5%, they are very reliable which has so far made them the system of choice for 

most heat to electric power conversion systems used in space applications [49] [44]. 

    In a thermionic converter a hot electrode is heated to a high enough temperature that 

electrons will flow across a potential energy barrier to a cooler electrode. This causes a 

flow of electric current. These converters typically operate at a high temperature range of 

1,500-2,000 K, which makes them ideal for certain in core reactor designs. They have 

also been used in out of core designs where the heat is transferred by means of heat pipes 

to the converters [50]. The potential efficiency of these devices ranges from 5-20%. 

Work on improving efficiency continues with theoretical efficiencies for the future 

reaching as high as 40% [51]. If practical efficiencies of this magnitude are ever reached, 

they would have much promise co-generating electricity in domestic heating systems 

[52]. Perhaps in the future, power lines will be obsolete, and each home will provide its 

own electricity using a nice little solid state gas generator.  

    Thermophotovoltaic generators are another technology also being considered for space 

applications. Here, the heat source causes an emission of infrared radiation which then in 

turn is absorbed by a photovoltaic cell. Estimates of the potential efficiencies of these 

systems are as high as 30%. However, these systems are still in the developmental stages 

and will need more work before they can be a contender for rugged and isolated missions 

[53]. 

    Among the more promising advanced static conversion systems being proposed is the 

Alkali Metal Thermal-to-Electric converter (AMTEC).  This was first proposed by 
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researchers at the Ford Scientific Laboratories in 1968 [54] [55] [56].  The central part is 

a β-alumina solid electrolyte (BASE) which is a ceramic material that allows the passage 

of sodium ions but does not conduct electricity [57]. This allows the creation of an ion 

gradient when heat is applied to one side. The heat vaporizes the sodium which causes it 

to cross the BASE where it then condenses on the cold side. The cooled sodium is then 

returned to the other side by means of capillary action. AMTECs can also use potassium 

as the working fluid [58]. Theoretical efficiency for these devices have the potential to be 

as high as 40%. Currently, however, practical AMTEC cells have reached up to 18% 

efficiency. The long term durability of these systems continues to be tested [59] [60]. 

Current problems include a substantial power and efficiency loss over time. This mostly 

has to do with degradation of the BASE and electrode [61].  Long term AMTEC cells 

have the potential to greatly increase the efficiency of space craft power plants [62]. Not 

only can they reduce power plant size but they also could have a much smaller converter 

mass to wattage ratio over current static electrical generating equipment.  

    AMTECs also have the potential to be useful in terrestrial applications such as small 

nuclear generating stations in remote areas [63] [64]. They could also be used in energy 

converters for solar power installations [65] [66]. Great potential is also to be had in co-

generation electrical generators for home gas or wood heaters [67]. 
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1.6. Heat	Pipes	

 

    The heat pipe is a devise for the passive transport of heat that is a strong contender in 

the space reactor energy moving business. Heat is transported through a phase change in 

which the working fluid is vaporized. The vapor then flows down the pipe to the cold end 

where it condenses back into a fluid. The fluid is then returned to the cold end via a 

capillary wick.  A simple heat pipe has three sections: The evaporator section where the 

heat is added and the working fluid is evaporated; the adiabatic section which carries the 

vapor to the cold end through the open channel, and the fluid to the hot end through the 

wick; and the condenser section where the heat is removed and the vapor is condensed. A 

schematic of this is shown in Figure 11. 

 

Figure 11 Heat Pipe Schematic [68] 
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    The driving force of the fluid through the heat pipe is the capillary force in the wick. A 

heat pipe functions when the capillary pressure is great enough to overcome the various 

resistances force encountered in the pipe. 

    The invention of the heat pipe started with Perkins tube which was patented by Angier 

March Perkins in 1831 [68]. The Perkins tube was a thermosyphon. Like a heat pipe, the 

thermosyphon also uses a two phase cycle to transfer heat, however the fluid is returned 

via buoyancy forces induced by gravity rather than capillary action. Perkins tubes were 

used extensively in baking ovens during the 19th century. The fire was below the oven 

and the heat was distributed around the oven with Perkins tubes. This provided a more 

uniform oven temperature with a substantial reduction in fuel consumption.  Since 

thermosyphons can only transfer heat upward in a gravitational field, they would be 

completely useless in a space environment.  

 

Figure 12. Comparison of a Heat Pipe versus a Thermosyphon [68]. 
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     The heat pipe proper was first invented by Richard Gaugler at General Motors in 1942 

[69]. At this point the heat pipe was not developed beyond the filing of Gaugler’s patent. 

In 1963 the heat pipe was reinvented by George Grover working for the Atomic Energy 

Commission in Los Alamos [70]. Following Grover’s reinvention, much work was done 

at Los Alamos to develop heat pipes practically, with a focus for use in space and with 

nuclear power. The first flight of a heat pipe in space was in 1967 [68]. Very quickly heat 

pipes were developed with many different kinds of working fluids and materials. It is 

now possible to construct heat pipes for use in temperatures ranging from 4 K to 2300 K, 

with working fluids that range from liquid helium to liquid silver. Liquid metal heat pipes 

with their high operating temperatures are often chosen for use in heat transfer in space 

nuclear power plant designs because of their passive operation [71] [72] [73]. Reactor 

designs that include heat pipes, also have the advantage of heat transfer redundancy, 

since failure of any individual heat pipe would only result in a slight reduction in the 

overall heat transfer rate.  

    Heat pipes are also used commercially in many practical everyday terrestrial 

applications. The most common everyday use is in cooling personal computer 

components. A more esoteric use is to speed up the cooking of large pieces of meat. In 

one of the earliest commercial uses of  the heat pipe technology, Energy Conversion 

Systems marketed the Thermal Magic Cooking Pin which could be inserted into a joint of 

meat, and according to their claim cut the cooking time in half [74].  A prime selling 

point was its origination in the space program.  
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1.7. Monte	Carlo	Theory	
 

    The criticality programs used for the neutronics calculations in this work are MCNP5 

and SCALE 6.2. These are both statistical sampling codes for solving problems in 

particle physics involving neutrons, electrons, and charged particles [75]. 

    To calculate the neutronic properties of a reactor it is necessary to solve the 

integrodifferential neutron transport equation. The Boltzmann transport equation is an 

exact statement of what is happening to the neutron flux as a function of position, energy, 

and time [76] [77]. There are six terms in the Boltzmann equation that are expressed 

functionally by Equation 1. 

 

	 	 	

	 	 	 						 1  

    Mathematically this can be expressed as an integrodifferential equation as shown in 

Equation 2. 

1
, , , ∙ , , , Σ , , , , ,  

, , , Σ , → , → , , , t dE Ω′	

4
Σ , , , , , 	dE Ω′											 2  
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    This equation expresses all possible factors on the neutron flux for a given area in 

terms of neutron energy, neutron direction and time. This results in a separate equation 

set for each neutron speed and direction group. The first term express the temporal 

change of the neutron flux for each direction and energy. The second term the rate change 

from neutrons entering and leaving the volume. The third term is the loss from all neutron 

scattering and absorption interactions with nuclei. The fourth term accounts for any 

neutron source that might be present, for example an AmBe neutron source would have 

multiple energy levels that correspond to neutron energy. The fifth term is a gain term 

from neutrons in different energy and direction groups scattering into the energy and 

direction group of interest. The last term reflects neutrons that are born in fission events.  

    If the time dependence is removed, the steady-state transport equation can be written as 

shown in Equation 3. In this approximation the neutron flux is assumed to not change as 

a function of time.  

Ω ∙ , , Ω Σ , , Ω , , Ω  

, , Ω Σ , → , Ω → Ω , , Ω dE Ω	

4
Σ , , , , , 	dE Ω′					 3  

    The transport equation can only be solved exactly in a few special cases. In order to 

obtain practical solutions, approximations must be used. One of the most common 

simplifications is diffusion theory. In the diffusion approximation scattering is assumed 

to be isotropic, with an approximation put in to allow for anisotropic scattering. This 
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enables the angular dependence of the terms to be accounted for and the gradient term 

replaced with the Fick’s law approximation. The modified equation can then be 

integrated over each energy group to obtain the multi-group diffusion equation. The one 

dimensional version of the multi-group diffusion is given in equation 4. 

Σ Σ → 0		 4  

    The diffusion approximation works well in mediums that have a low absorption cross-

section and where the neutron flux varies slowly with position. It is not as accurate 

around boundaries where there are sudden changes in the neutronic properties. It does 

however give good general results that can be calculated without too many operations. 

With the right assumptions, and knowledge of the physics, a good approximation of 

reactor properties can be obtained by hand with the diffusion equations. Even today, 

when cheap powerful computers are ubiquitous, simple diffusion calculations can serve 

as a useful check on a reactor design. 

    Another approximation to the transport equation is the discrete ordinates method. In 

this approximation, the spatial distribution of the neutron angular flux is assumed to vary 

linearly in a limited number of directions. These directions are denoted by SN where S 

stands for segment, and N is the number of directions. This method is used in criticality 

computer codes, and is good in many of the regions where the diffusion method gives 

inaccurate results, such as small reactors. 
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    The third common and widely used method is the Monte Carlo technique. In Monte 

Carlo the transport equation is solved exactly by running histories on single particles. By 

assigning a probability of occurrence to each event that could possibly happen to an 

individual neutron, the life of a representative neutron can be mimicked very accurately. 

By averaging a large number of particle histories the macroscopic behavior of a system 

can be solved. The first known application of this technique was by Enrico Fermi to 

calculate rough solutions to transport problems when going to sleep at night. 

Theoretically this approach is perfect since a more precise solution can be obtained by 

running more particles. The weakness with Monte Carlo is that it is computationally slow 

because it has an	 ∝
√

. Therefore, its accuracy is limited for large 

complicated problems. There are various theoretical patches that could be made. Recently 

work has been done to develop a hybrid quasi-diffusion Monte Carlo method that would 

combine some of the modeling accuracy of the Monte Carlo method with the speed of the 

diffusion theory [78]. 

    In this project two Monte Carlo nuclear codes were used. The first code was Monte 

Carlo N-Particle (MCNP) which was developed by Los Alamos National Laboratory 

[75]. This code is capable of calculating neutron transport problems for three dimensional 

problems with particle energies ranging from 10-11 MeV – 20 MeV. It is also capable of 

doing transport problems for photons, charged particles, and electrons. It is widely used 

to calculate radiation doses [79]. The MCNP5 version of this code was used. 

    The second code used was the Standardized Computer Analyses for Licensing 

Evaluation (SCALE) computer software system which was developed by Oak Ridge 
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National Laboratory [80] [81]. SCALE is a multi-component code. The KENO module 

performs criticality Monte Carlo transport calculations, while the coupled TRITON 

module will provide solutions to depletion and isotopic inventory problems. These two 

modules were the ones that were primarily used for the reactor criticality calculations in 

this work. The SCALE package also contains the ORIGEN Arp codes used for depletion 

analysis on standard power reactor fuels [82]. These and other modules are accessed 

through the Graphically Enhanced Editing Wizard (GeeWhiz) Windows interface. 

GeeWhiz has a particularly easy to use interface for entering the problem geometry. This 

makes it especially good for design work because it allows a problem to be quickly set up 

and a rough answer calculated.  

    MCNP5 and SCALE 6.2 models are the primary tools used in this project. These have 

both been extensively benchmarked over the years against experiments from the 

International Handbook of Evaluated Criticality Benchmark Experiments [83].  
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1.8. Capillary	Flow	

 

When using a fluid in a low gravitational environment it is important to consider the 

effects which capillary forces will play on the fluid. In low g environments the surface 

and viscous forces can become the dominating forces on a fluid and container design 

must be taken into consideration. The relative importance of surface tension and 

gravitational forces is described by the bond number (Bo) which is a ratio of gravitational 

force to surface tension forces [82]. It is given by Equation 5.  

							 5  

    In a space craft, it is necessary to deal with the effects of having a low bond number. A 

low bond number can arise from having either a low gravitational field, or by using a 

reduced length scale R. It is not only necessary to consider the equilibrium condition of 

the fluid but also dynamic effects from any sudden changes that might jostle the fluid 

[83]. The fluid tanks must be designed to come back to the necessary geometry without 

spending too much time in oscillatory motions.  

    Much work has been done to understand the effects of wetting and surface tension 

forces on liquids [84] [85] [86]. As can be seen from Equation 5, a small bond number 

can also be obtained by using reduced the length scale, R. Therefore, many of the 

relevant effects of a microgravity environment can be carried over from studies of fluid 
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behaviors in micro scale wicking structures [87] [88].  Relevent work has also been done 

using drop towers were geometric configuration can be exposed to a few seconds of very 

low gravity. For longer micro gravity experiments it is possible to use an airplane flying 

in a parabola which can provide a low g value for up to 30 seconds. Longer and more 

expensive experiments can be done using an orbital platform such as the International 

Space Station.  

    From theoretical and experimental work it is also possible to use computer simulations 

to model a given situation. One such tool that has been developed is the open source 

Surface Evolver – Fluid Interface Tool (SE-FIT) [89] [90]. SE-FIT uses finite element 

numerical methods to compute the minimum energy of the solid/liquid and liquid/liquid 

interfaces in the problem. This can been used to provide very accurate analysis of 

microgravity fluid behavior in different geometries.  
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1.9. Neutron	Reflector	Considerations	

 

    In any reactor system, the quantity of fissile material needed can be reduced by the 

proper use of neutron reflectors around the reactor to flatten the neutron flux. The ideal 

reflector is a material with a large scattering cross-section and a low absorption cross-

section. Deuterium , for example, is considered the best thermal neutron reflector, having 

a very low thermal neutron absorption cross-section of 0.52 mb at 2200 m/s [100]. In a 

space reactor setting the overall mass of the reflector is also an important factor, making 

it desirable to find a reflector that trades off the advantages of low mass with high 

reflectance.  

    The efficacy of a neutron reflector is usually expressed as its albedo (α), which is the 

ratio of neutrons exiting the surface to the neutrons entering. This can be expressed using 

diffusion theory for 1-speed neutrons as shown in equation 11. 

1
2

coth	

1
2 									 11  

    In equation 11, D is the diffusion coefficient, L is the diffusion length and a is the 

reflector thickness for a slab geometry. While the diffusion approximation is not perfect, 

especially for thin reflectors, it is quite useful for comparing the efficacy of different 

reflector materials as a function of reflector thickness. A plot of several different 

materials is shown in Figure 13. 
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Figure 13: Comparison of possible reflector materials versus reflector thickness 

 

    As can be seen, while graphite and heavy water are superior to beryllium, they are not 

superior until a thickness of 50 cm has been reached. In space and weight constrained 

environments, beryllium is often chosen as the material of optimum performance. In the 

self-regulating reactor design that is the subject of this dissertation, the primary reflector 

used is beryllium metal as the most efficient of the solid reflectors. The secondary 

reflector is aqueous uranyl sulfate liquid, this is based on light water which is the liquid 

with the most reflectance per unit weight. For a terrestrial application of this reactor 

design where a relatively minor increase in space and weight are not a factor, deuterated 

water would be a better choice because of its overall better performance. 
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Figure 14: Comparison of scattering mean free path of neutrons in different reflector materials. Vertical axis 
represents the average distance traveled to an elastic scattering collision 

 

    The self-regulated reactor core is surrounded by a fluid aqueous reflector which is 

composed of an aqueous uranyl sulfate solution. This acts as a neutronically active 

reflector that is designed to give the maximum negative temperature feedback possible to 

control the reaction. Because of the presence of uranium in the fluid the reflector is 

neutronically coupled to the reactor core. Therefore a prompt rise in the neutron level in 

the core will also result in a prompt rise in the reflector temperature. This is then used to 

provide prompt feedback to the reaction. The reflector therefore had to be designed with 

a negative feedback coefficient. This required balancing two of its competing neutronic 

temperature characteristics.  
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    The first and most obvious effect of temperature is a reduction in density. This reduces 

the number of neutron-nuclei interactions and thus would increase the neutron leakage. 

However, there is also a rise in neutron cross section with temperature which causes a 

competing decrease in neutron leakage. The driving cross-section in the reflectors 

neutronic behavior is the hydrogen elastic scattering cross section. The zero-temperature 

elastic scattering cross section can be corrected for temperature using the free gas thermal 

treatment [75]. This correction takes into account the interaction of the target nucleus 

with the surrounding atoms when computing its cross-section. The elastic cross-section is 

adjusted by the factor F which is given in equation 12. 

1
0.5

erf
exp

√
					 12  

 

    In equation 12, A = atomic weight, E = neutron energy, k = Boltzmann’s constant, and 

T = temperature. The temperature corrected elastic scattering cross-sections for hydrogen 

is given in Figure 15. 
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Figure 15. Comparison of the hydrogen differential energy dependent scattering cross section at 0, 300, and 
600 K. Also shown is the mean Boltzmann energy of a neutron at 300 and 600 K. For thin reflectors, the 
scattering cross section can increase with temperature of the hydrogen matrix.  

 

    For fast neutrons, the temperature dependence of the elastic scattering cross-section is 

insignificant. However, as the neutrons become thermalized through extensive collisions 

the temperature effect becomes large. Thus the thickness of the aqueous reflector is 

important to consider in assuring negative feedback over the entire temperature range of 

interest. For thin reflectors, entering neutrons will have few collisions before reflecting 

back into the core or escaping from the system altogether. Thus the spectrum of the 

neutrons interacting with the aqueous reflector at higher energies far from thermal 

equilibrium and the temperature effect will be negligible. If, on the other hand the 
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reflector is thick, the neutron spectrum will become more thermalized, and the 

temperature effects will be significant. The aqueous reflector thickness was chosen by 

calculating reactivity insertion value as a function of temperature in the reactor model for 

different reflector thickness. A plot of reactivity insertion as a function of aqueous 

reflector temperature for the self regulating reactor is given in Figure 16. 

 

Figure 16. Reactivity insertion with increasing aqueous reflector temperature at three different aqueous 
reflector thicknesses 

 

    As can be seen at the optimum reflector thickness is a balance. Too thin, a reflector has 

small negative feedback, and too thick, a reflector has positive feedback over some 

temperature ranges. For this reactor system an average reflector thickness of about 3 cm 

was chosen. 
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ABSTRACT 

    A criticality analysis was benchmarked to sub-criticality measurements of the 

hexagonal fuel storage racks at the United States Geological Survey TRIGA MARK I 

reactor in Denver. These racks, which hold up to 19 fuel elements each, are arranged at 

0.61 m (2 feet) spacings around the outer edge of the reactor. A 3-dimensional model was 

created of the racks using MCNP5, and the model was verified experimentally by 

comparison to measured subcritical multiplication data collected in an approach to 

critical loading of two of the racks. The validated model was then used to show that in the 

extreme condition where the entire circumference of the pool was lined with racks loaded 

with used fuel the storage array is subcritical with a k value of about 0.71; well below the 

regulatory limit of 0.8. A model was also constructed of the rectangular 2 x 10 fuel 

storage array used in many other TRIGA reactors to validate the technique against the 

original TRIGA licensing sub-critical analysis performed in 1966. The fuel used in this 

study was standard 20% enriched (LEU) aluminum or stainless steel clad TRIGA fuel. 
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2.1. Introduction	

 

   The goal of this work is to develop and report a critical experiment for TRIGA research 

reactor spent fuel facilities that can be used as a computational benchmark.   In the 

United States, research reactors were constructed and licensed at many universities, 

research laboratories and commercial industrial sites during 1960’s and 1970’s.  Over 

time, these facilities have either shutdown or the reactor cores have been refueled to 

maintain sufficient reactivity excess to fulfill the facility science, production and 

education missions.   In most cases the spent fuel from these reactors was returned to the 

U.S. - Department of Energy.   However, uncertainties of funding, availability of suitable 

shipping casks  and  political decisions towards the shipment or receipt of spent nuclear 

fuel have delayed fuel transfer for periods of time measured in years, occasionally 

decades.   This forces the licensees to develop spent fuel storage facilities that can 

accommodate a much larger inventory of spent fuel than was projected during the initial 

licensing of the reactors.  A conservative licensing approach is to design and fabricate 

new racks that are replicas of the original, vendor supplied spent fuel racks.  Thereby the 

licensee can reference the original vendor criticality and structural analysis to comply 

with the specifications of the facility’s operating license from the U.S. Nuclear 

Regulatory Commission. 

    The nuclear power reactor community has been facing a similar problem over the past 

two-decades, with the exception that no spent fuel will be shipped from the reactor for the 

foreseeable future.  The problem of spent fuel storage has been straightforward from an 
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operational point of view,  first fill all the original plant spent fuel facilities, then redesign 

the spent fuel racks to permit a closer packing of the fuel bundles, while still adhering to 

license requirements on sub-criticality, then repackage the fuel for on-site, above ground 

long term storage.  These “repacking” designs utilize current computational tools to 

determine keff for the redesigned spent fuel racks.  However, recent NRC reviews have 

revealed the expectation that licensees shall adhere to the Knopp Memorandum [84] 

which states: 

    “…analysis methods and neutron cross-section data should be benchmarked, by the 

analyst or organization performing the analysis, by comparison with critical experiments.  

The critical experiments used for benchmarking should include, to the extent possible, 

configurations having neutronic and geometric characteristics as nearly comparable to 

those of the proposed facility as possible.” 

This expectation is consistent with NUREG-0800, Section III.2.D [85] which reads:  

    “The reviewer evaluates the computational method validation to verify that the 

validation study is thorough and uses benchmark critical experiments that are similar to 

the normal-conditions and credible-abnormal conditions models…Typically, the 

validation study involves modeling critical experiments that are similar to one or more of 

the critically analysis cases.” 

Disagreement continues between the power reactor community and the NRC over the 

interpretation of the two phrases “…to the extent possible…” and “…that are similar 

to…”. From the perspective of the power reactor community the critical experiments 

performed by the fuel vendors during the original fuel licensing is sufficient to comply 
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with both phrases.  From the NRC perspective, current fuel designs are sufficiently 

different from the original fuel in the values of enrichment, fuel loading, cladding 

thickness and cladding composition that compliance with these two phrases warrants a 

new set of benchmark critical experiments.    

    While this licensing issue has yet to be extended to the research reactor community, 

prudence dictates a licensee conduct a gap analysis for the phase of research reactor fuel 

cycle encompassing interim on-site storage for decadal time frames based on the 

assumption the current moratorium on shipment of spent reactor fuel to the DOE storage 

facilities will continue for the long term. 

 

Figure 17. USGS TRIGA reactor pool with reactor core and spent fuel storage racks 
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    The U.S. Geological Survey (USGS) reactor in Denver is a 1 MW TRIGA Mark I 

which achieved initial criticality in 1969. It is used primarily for neutron activation 

analysis and geochronology of geological samples. The reactor sits at the bottom of a 

2.44 m (8 foot) diameter below ground pool filled with de-mineralized water.  Around the 

edges of this pool are fuel storage racks available for storage of fuel of various types from 

the reactor.  Four of the fuel racks have a hexagonal shaped lattice and hold a total of 19 

fuel elements each. Rack positioning is 0.61 m (2 feet) spacings around the edge of the 

tank.  

    In this study MCNP models of this rack system were constructed to determine keff of 

these subcritical assemblies. The method was validated with experimental results using 

measured 1/M data and by comparison with the licensing criticality analysis conducted 

for similar racks.  The goal is to show that the keff of the fuel arrangement remains well 

below the regulatory limit of 0.8 even under the situation where the entire inner 

circumference of the USGS reactor tank holds hexagonal storage racks filled with fuel.   

This condition could exist in the future if the reactor was inoperable and the core was 

completely defueled. 

    Many TRIGA reactors also use rectangular geometry storage racks typical of those 

found at the Oregon State University TRIGA Reactor (OSTR). These racks are common 

in both 1 x 10 and 2 x 10 arrays with a 5.08 cm pitch. A schematic of all three rack types 

is given in Figure 18. 
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2.2. USGS	TRIGA	Storage	Rack	Approach‐to‐Critical	Experiment	

	

    An approach to critical flux experiment entails measuring the neutron flux of the 

subcritical system at increasing levels of reactivity insertion. The subcritical 

multiplication factor (M) for each level of reactivity insertion is computed from the 

measured neutron flux, and the initial starting neutron flux. M is the ratio of the neutron 

flux ( ) to the initial reference neutron flux ( 0). This is customarily plotted as 1/M 

according to Equation 1. 

1
				 1  

    For a system with a uniform neutron source, the relationship between M and the 

effective neutron multiplication factor (keff) is given by Equation 2 [86]. 

1
1
				 2  

    The reactor approaches a self-sustaining reaction, keff  1.0 as 1/M goes to zero, 1/M 

 0. This method was first used to reach a sustained nuclear reaction by Enrico Fermi on 

the Chicago Pile 1 [87]. 

The scope of this project entailed modeling the hexagonal storage racks used in the 

USGS TRIGA reactor in Denver with MCNP. The results were then compared with 

subcritical approach to critical results obtained experimentally at the facility by the USGS 

reactor operations team. After validating the model, it was used to calculate the criticality 

of the storage racks in various configurations.  
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    The subcritical data was obtained by starting with an empty 19 position hexagonal fuel 

storage rack and loading it with fuel. This fuel consisted of both the 8.0 wt% aluminum 

clad fuel, as well as 8.5 wt% stainless steel clad fuel. The fuel burnup varied between 1 

and 36 %. The identity of each element, its position in the loading sequence, and its 

current 235U content are all given in Table 4. 

Table 4: Fuel Rod Properties for TRIGA Fuel elements used in the approach to critical storage rack 
loading experiment  
 
Rack Loading 
Sequence  

Fuel Element 
 Serial No. 

235U Content 
(grams) 

wt% 
Burnup 

Type of 
element 

0 none 0    
1 5744 26.8228 34.6 SS-8.5  
2 5715 26.0602 35.3 SS-8.5  
3 5690 25.244 35.1 SS-8.5  
4 5720 25.506 34.2 SS-8.5  
5 5723 25.506 34.2 SS-8.5  
6 5676 26.0602 32.7 SS-8.5  
7 5689 25.244 36.4 SS-8.5  
8 5688 25.244 36.4 SS-8.5  
9 5700 25.244 36.4 SS-8.5  
10 5685 25.6599 34.5 SS-8.5  
11 5695 25.244 36.4 SS-8.5  
12 779 37.25 1.3 Al-8.0 
13 778 35.59 1.3 Al-8.0 
14 423 33.94 1.5 Al-8.0 
15 788 37.49 1.3 Al-8.0 
16 790 37.30 1.3 Al-8.0 
17 973 37.36 1.3 Al-8.0 
18 546 35.23 1.4 Al-8.0 
19 420 34.82 1.4 Al-8.0 
 
   

  The experimental configuration is shown in Figure 19. The fuel rack is attached to the 

side of the reactor pool which is a cylindrical tank filled with water with an inner 

diameter of 2.4 m. The wall consists of a 13 mm aluminum liner, inside a concrete vessel. 

There is a 9 cm air gap between the aluminum and the concrete. An amercium-beryllium 
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(AmBe) neutron source is attached to one side of the rack, and the neutron flux is 

measured by a fission chamber detector on the other side. 

 

Figure 19. Arrangement of rack, Am-Be source, and fission chamber in reactor tank. 

 

    Initial neutron flux measurements are taken with the rack empty to obtain the reference 

flux. The rack is loaded with the fuel elements according to the order given in Table 4 

and the positions shown in Figure 20. Additional flux measurements are taken at seven 

different levels of fuel loading. Each measurement consists of measuring fission counts 

for 990 minutes. Between one to three measurements were taken at each position.  The 

raw data results are given in Table 5. 
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Table 5: Approach to critical neutron flux data 
 

Rods Count time (min) Count 1 Count 2 Count 3 

0 990 35340 35041 34266 
5 990 43685 50100 44368 
9 990 64401 65686 66816 
12 990 79804     
14 990 109709 112618   
16 990 135914 131270 129625 
18 990 148674 161359 161481 
19 990 168487 160010 162799 

 

 

2.3. 			MCNP	Model	of	Hexagonal	Fuel	Racks	

  

    A MCNP model of two hexagonal fuel racks placed two feet apart along the edge of 

the spent fuel pool was constructed. The hexagonal lattice had a centerline to centerline 

vertical spacing of 3.89 cm (1.53 inches) and a horizontal spacing of 4.45 cm (1.75 

inches). The rack which was made of 6061 aluminum was included in the model. The top 

and bottom end fittings were not modeled. 
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Figure 20. MCNP model of fuel elements relative to the wall, source and detector. The numbering 
denotes the position each of the fuel rods given in Table 3.  

 

    When constructing the MCNP model of the experimental set up, the exact positioning 

of the source and fission chamber relative to the fuel is important because of the spatial 

distortion of the neutron flux at low k values. The positions assigned to them in the model 

relative to the storage rack and vessel wall are given in Table 6. 

 

Table 6: Fission chamber detector and Am-Be neutron source tube positions 
 
 Distance from center of 

fuel storage rack (cm) 
Distance from tank 
wall (cm) 

Fission Chamber  20.40 116.95 
AmBe neutron source tube 14.24 100.92 

     

    The fission chamber was modeled as an f4 tally that counted every neutron entering a 

cylinder 5.5 cm in diameter, and 35.56 cm long, and positioned tangent to the active part 

of the fuel elements. This ignored any energy dependent response function of the fission 
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chamber. The source tube was also modeled cylinder, this time 2.7 cm in diameter the 

bottom of which starts at the base of the graphite in the fuel elements and go to the top of 

the rack. The source itself was assumed to be a 9.14 cm long Am-Be source in the bottom 

of the tube. The energy spectrum used to sample the source is given in Figure 21. From 

this spectrum a thirteen energy level histogram was used in the SP1 source term in the 

MCNP deck. Burn-up was estimated by replacing spent U-235 with U-238. 

 

Figure 21. Neutron energy spectrum of AmBe source [88] 

 
 

2.4. Comparison	of	Calculated	versus	Measured	1/M	for	Hexagonal	

Racks	

 
    A comparison for the MCNP runs was done by the calculation of a 1/M plot for the 

loading of an empty fuel rack. An americium-beryllium source was placed on one side of 

the rack, and a fission chamber on the other to measure the neutron flux. Starting on the 

side of the racks away from the fuel the racks were load horizontally. With loading 
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varying from zero to 19 fuel rods in the rack, measurements of ion chamber current were 

obtained. In order to be able to make a comparison, the MCNP flux data was normalized 

with the experimental data using the six configurations for which three counts had been 

taken. The results are given in Table 7. 

 

Table 7: Comparison of experimental and MCNP flux data at the detector for each measured fuel 
loading configuration 
 

Rods 
Experiment neutron flux 
(counts per sec) 

MCNP calculated neutron flux 
(counts per second) 

0 0.587 +/- 0.005 0.566 +/- 0.011 
5 0.775 +/- 0.006 0.796 +/- 0.01 
9 1.105 +/- 0.007 1.12 +/- 0.008 
12 1.344 +/- 0.005 1.537 +/- 0.007 
14 1.871 +/- 0.008 1.915 +/- 0.006 
16 2.227 +/- 0.011 2.317 +/- 0.006 
18 2.646 +/- 0.012 2.587 +/- 0.006 
19 2.757 +/- 0.012 2.712 +/- 0.006 
 
 
This is also displayed graphically in Figure 4. 

 

Figure 22. Comparison of experimental fission chamber neutron flux data with calculated results 
from the MCNP model 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 5 10 15 20

N
e
u
tr
o
n
 F
lu
x 
(c
o
u
n
ts
 p
e
r 
se
co
n
d
)

Number of fuel elements in hexagonal rack

MCNP Detector Model

Fission Chamber



 
 

56 
 

    The data can also be displayed by converting it into a 1/M plot. This assumes that the 

zero rod points are the same, and so the data is essentially normalized from this single 

point. This is shown in Figure 23. In this case the experimental values are an average of 

the different counts. Note that the case of 12 rods, for which we only have one count, is 

the furthest from the MCNP result. 

 

Figure 23. Comparison of 1/M values from the experimental fission chamber neutron flux data, and 
the calculated results from the MCNP model. 

 
    These results can be converted into keff values. These values will not be quite accurate 

because the source is localized outside the fuel and creates a distortion expected 

neutronic profile.  A comparison of the keff calculated by MCNP for the model with those 

derived from the calculated and measured neutron flux, is given in Figure 24. This shows 

that for this system the 1/M derived k values actually become conservative as the number 

of rods increases. 
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Figure 24. Comparison of results as multiplication factors 

 

2.5. MCNP	Analysis	of	Proposed	USGS	Fuel	Storage	Configurations		

     

    The validated MCNP model can then be used to determine the criticality of various 

rack configurations in the USGS TRIGA reactors storage tanks. The first problem 

examined was the effect of stacking the rack in a vertical column along the tank wall. The 

MCNP calculated multiplication factors for the stacking of one, two and three racks are 

given in Table 8. These values were calculated using the fuel measured in the criticality 

experiment. 
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Table 8: Calculated results showing effect of stacking racks with mixed fuel 
 

Configuration keff 

Single Rack on wall 0.7185 +/- 0.0003 
Two racks stacked vertically on wall 0.7192 +/- 0.0003 
Three racks stacked vertically on wall 0.7187 +/- 0.0003 
 
 
    As can be seen from the results, for the case of stacking the racks, each set of fuel 

elements is an isolated assembly that has little neutronic coupling with the others and 

stacking the fuel racks in a vertical configuration is not an issue. 

    The other way that more storage space can be obtained is to hang more racks at the 

same level all the way around the core. The MCNP results for 1, 2, 3, 4, 6, 8, and 20 

racks with an 20 cm spacing between racks is given in Table 9. 

   All configurations had keff values on the order of 0.7. The effect of going above 3 racks 

was minimal. This is because the racks are far enough apart that the neutron coupling is 

very loose from rack to rack, and the effect of being two racks apart is even less. 

Table 9: Calculated results of having fuel storage racks 8 inches apart around the core 
 
Number of Racks  
(8 inch spacing between) 

keff 

1 0.7056 +/- 0.0001 
2 0.7075 +/- 0.0001 
3 0.7082 +/- 0.0001 
4 0.7085 +/- 0.0001 
6 0.7085 +/- 0.0001 
8 0.7085 +/- 0.0001 
20 0.7087 +/- 0.0001 
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2.6. MCNP	Model	of	Rectangular	Fuel	Racks	

	

    Many TRIGA reactors use rectangular geometry storage racks typical of those found at 

the Oregon State University TRIGA Reactor (OSTR). These racks are 2 x 10 arrays 

placed along the side of the pool with a 5.08 cm (2 inch) pitch, shown in Figure 18.  

According to calculations made by General Dynamics in 1966 [89] the keff of one row of 

these racks would be no greater than 0.5096, while that of a two row rack would be 

0.7227, values which are within the acceptable range. In this study MCNP model was 

used to calculate keff for these rack geometries and the results are compared with the 

previous General Dynamics values.   

   The fuel of interest in this analysis is 8.0 wt% uranium aluminum clad TRIGA fuel. 

The enrichment of the 235U was approximately 20%. The fuel rod was 92 weight percent 

ZrH1. The fuel was 0.356 m (14 inches) long and 3.76 cm (1.48 inches) in diameter. The 

cladding on the fuel was 1.27 mm (0.03 inches) thick and composed of Type 1100 

aluminum. At either end of the fueled section was a 1.27 mm (0.05 inches) thick 

samarium/aluminum burnable poison wafer as which was 1% Sm and 99% Al by weight. 

At each end of the rod on the other side of the burnable poison were 10.2 cm (4 inches) 

long graphite reflectors.     

   The 2 x 10 rectangular fuel racks used in the OSTR have a spacing of 0.61 m (2 feet) 

apart lengthwise, and 6.35 cm (2.5 inches) laterally. The criticality of this rack was 

examined in a 1966 by Fabian Foushee for General Dynamics to verify that it fell below 

the regulatory value of 0.8. Foushee used infinite planar 6 energy group GAZE 



 
 

60 
 

calculations to calculate the k value for the racks. GAZE is an early one dimensional 

diffusion theory code that accounts for scatter-transfer of neutrons between energy levels. 

These calculations assumed that the fuel in the racks and the surrounding water were a 

homogenous mixture and solved the problem as a homogeneous infinite 1-dimensional 

slab of a given thickness. The nuclear density data used for the homogenous slab is given 

in Table 10. 

Table 10: Composition of Homogenized TRIGA Fuel Storage System used by Foushee [1] 
 

Constituent Nuclear Density x 10-24 (nuclei/cm3) 

H – in ZrH1.65 3.088  10-2 
H – in H2O 2.614  10-2 
Oxygen 1.307  10-2 
Zirconium 1.939  10-2 
U-235 1.278  10-4 
U-238 5.111  10-4 
Stainless Steel 2.64  10-3 
 
 
    Foushee performed two calculations with this method, one for a single wide rack and 

one for a double wide rack. For the system he assumed that the single array was 3.73 cm 

(1.47 inches) wide and the double array was twice that. An assumption used with this 

method is that the fuel is homogeneous mixture and hence an analysis of the factors that 

would influence the calculated keff was performed.  Correction factors were introduced to 

ensure a conservative calculation.  With the assumption of a homogeneous fuel mixture, 

the absorption in the 238U resonance integral will be higher than when the fuel is 

separated from the moderator, a non-conservative effect because the true k value would 

trend higher than the calculated value. There will be less self-shielding in a homogeneous 

mixture, so Foushee added a correction by modeling the double array with a pitch of 3.73 

cm (1.47 inches) instead of the actual value of 6.35 cm (2.5 inches). The final factor that 
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lends a measure of conservatism to the calculation is Foushee use of an infinite array 

model in two-dimensions.  

    With the more modern computational tool, MCNP, the impact of assumptions such as 

homogeneity of the fuel and infinite arrays can be determined.  In this work two MCNP 

models were developed – the first using a homogenized planar array using the rack 

dimensions used by Foushee and a second which used the actual 3-dimensional spacing 

and material composition of the fuel, cladding, and water for 8% TRIGA fuel.  

    Comparisons of all three methods are given in Table 11. As can be seen the 

assumptions made by Foushee resulted in conservative values of rack criticality 

compared to the results given by the 3-dimensional MCNP model. 

Table 11: Comparison of MCNP models with the Foushee GAZE results 
 

 

Foushee 
Homogenized 
Planar Array 

MCNP 
Homogenized 
Planar Array  

MCNP 3-dimensional 
model 

Single Rack 0.5096 0.5213 +/- 0.0006 0.3984 +/- 0.0006 

Double Rack 0.7227 0.7401 +/- 0.0007 0.6024 +/- 0.0007 

 
 
    Another useful application of MCNP is to predict the keff of the storage rack as fuel is 

loaded into the rack.  Starting at one corner opposite a detector location, elements were 

added to the model one by one until the first row was filled. Then fuel was added to the 

second row starting at one end and going to the other. The resulting multiplication factor 

curve versus loading is given in Figure 3. 
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Figure 25. Multiplication factor of rectangular rack assembly as aluminum clad fuel elements are 
loaded. 

 

2.7. Conclusion	

	

    The results of this study showed that the criticality analysis conducted in 1966 for 2 x 

10 rectangular TRIGA fuel storage racks is very conservative compared with a critically 

analysis using the computational tool MCNP,  0.72 verses 0.60 respectively.   For the 

hexagonal arrangement of the TRIGA fuel storage rack used at the USGS reactor, the k 

value remains below 0.71 even under the situation where the entire inner circumference 

of the USGS reactor tank holds hexagonal storage racks filled with fuel a condition that 

could be present if the reactor was inoperable, the core was completely defueled and all 

fuel on site was stored in the reactor tank.  This analysis concludes that this configuration 

would have keff below the regulatory limit of 0.8.   
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ABSTRACT 

    Safe, reliable heat and power is necessary for space missions. A new kind of self-

regulating nuclear reactor is introduced as a possible substitute for radioisotope 

generators on deep space probes. This reactor relies on a dual phase fuel to provide stable 

reactor control in the absence of any moving parts. The reactor has a solid fuel high 

temperature core and a neutronically linked, although thermally separated, lower 

temperature aqueous uranyl sulphate layer that provides passive reactivity control. The 

liquid core shape is controlled by surface tension effects which only operate in the 

absence of a gravitational field. This additional safety feature leaves the reactor 

subcritical on earth. 
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3.1. Introduction	

 

    An enabling technology for long duration, deep space missions is the availability of a 

large, long lived power supply. Currently deep space probe missions rely on radioisotope 

generators (RTG), which have a low energy output and very expensive Pu-238 fuel which 

is currently in short supply [3]. The design objectives for this project were to produce 250 

kWth for a 25-year period using the presence of a microgravity field to regulate power 

output.  System reliability is optimized by eliminating the use of mechanical moving 

parts and external input for operation – either from human or software controllers – while 

building on the foundation of previous technology developments.  To achieve the power 

output objective, the reactor is fueled with Uranium-Zirconium hydride fuel with a 

coolant of sodium/potassium eutectic (NaK-77) being circulated using electromagnetic 

pumps. The fuel must contain enough uranium and burnable poison concentrations to 

achieve the mission duration objective. Reactivity control is provided using an outer 

shield of liquid uranyl sulfate solution. This shield is thermally isolated from the reactor 

core to permit operation at a high temperature for good thermodynamic efficiency while 

maintaining the reflector at a lower temperature for good power feedback.  

    The novel concept of using an actively fueled liquid reflector to control the reactor has 

several advantages. The reactor operation is permissible only in the presence of a 

microgravity field and on the launch pad or in the event of an inadvertent re-entry; the 

liquid reflector is configured to make the reactor subcritical.  Once deployed to a 

microgravity environment, a wicking structure embedded in the reflector rearranges the 
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uranyl sulfate solution and the reactor becomes slightly super critical.  Reactor power 

level increases until fuel temperature reactivity feedback limits power to the design goal 

of 250 kWth. Burnable poisons are used to compensate for the negative reactivity effects 

of fission product buildup and fuel burnup.  Properly configured, the reactor can only 

operate in a microgravity field.  

 

3.2. Reactor	Layout	

 

    The main power generating section of the reactor is a high temperature, high power 

solid fueled core that is cooled by sodium potassium eutectic (NaK-77).  NaK-77, which 

is 77% potassium/ 23% sodium by weight, is used in these applications because it 

maintains a liquid state at atmospheric conditions from 257 to 1058 K. The NaK-77 is 

transferred to the electrical generating equipment by means of an electromagnetic pump. 

The rate of power generation is a function of pumping rate, which also serves as 

reactivity control. Increasing/decreasing the pumping rate increases/decreases the power 

output. Average reactor core coolant temperature will be about 880 K. The core is 

composed of 55 zirconium hydride fuel rods. These are connected at the top and bottom 

by a gridplate through which the NaK coolant flows. Each fuel rod is 54 cm long with a 

50 cm long active portion and a 2 cm long beryllium neutron reflector plug on either end. 

The fuel composition is 20 wt% uranium enriched to 95% in a ZrH1.65 matrix. This fuel 

matrix is used because it has a strong prompt negative feedback coefficient caused by the 

warm neutron effect of mixing fuel with moderator [90] [37] [38] [91] [92]. The rods are 
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clad in zircaloy 2.  Fuel rod properties are summarized in Table 12. The core is 

surrounded on all sides by an approximately 6 cm thick beryllium reflector to increase 

neutron economy and flatten the power profile at the edges. This reflector is surrounded 

in the radial dimension by a reservoir that contains a 0.15 wt% aqueous uranyl sulfate 

solution.  Between the reservoir and the beryllium reflector is a 3 cm void exposed to the 

vacuum of space, with a reflective coating on either side to minimize radiative heat 

transfer.  Because of the fission occurring within the liquid reflector, its bulk properties 

will respond instantly to a sharp power increase in the overall system, and provide strong 

prompt negative feedback. The reservoir is split into two identical compartments that are 

joined at the reactor center. Around the core is an interior vane that holds the liquid 

around the core when the reactor is in a microgravity field. In the presence of a gravity 

field the liquid column collapses and the reactor is turned off. This provides an additional 

safety feature, in that the reactor can theoretically only form a critical configuration when 

it is in outer space and the associated risk to humans is low. [93].  At one end of the 

reactor is a lithium hydride shadow shield. This provides a low radiation area for space 

probe electronics and other radiation sensitive components. The axial arrangement of the 

fuel elements is shown in Figure 27. 
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Figure 26. Schematic of two-phase fueled space reactor. The reactor consists of a solid fueled zirconium hydride 
core that is thermally isolated from a liquid fueled aqueous uranyl sulphate part that operates at a much lower 
temperature. 

 
 
Table 12. Properties of Zirconium Hydride Fuel Elements 

Fuel Element 
Properties 

Value 

Rod Length 54 cm 

Rod diameter 3.2 cm 

Uranium (wt%) 20 

Enrichment (wt%) 95 

Burnable poison  1.7 wt% Er, 0.016 wt% Sm 

Fuel matrix ZrH1.65 

Active rod length 50 cm 

Rod Reflector 2 cm Be plug on top and bottom 

Fuel cladding  Zircaloy 2 
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Figure 27. Solid fuel elements are in a 55 rod hexagonal grid with 8 neutronically unique locations. Rods are 
cooled and heat is transferred to its destination by eutectic NaK coolant flowing between the rods. 

 

3.3. Aqueous	Reflector	

 

    The reactor core is surrounded by a fluid reflector which is composed of an aqueous 

uranyl sulfate solution. This reflector was designed to give the maximum negative 

temperature feedback possible so that it can provide as much control as possible. Because 

of the presence of uranium in the fluid, the reflector is neutronically coupled to the 

reactor core. Therefore a prompt rise in the neutron level in the core will also cause a 

simultaneous rise in the reflector temperature. This is then used to provide prompt 

feedback to the reaction. The reflector must have a negative feedback coefficient at every 

temperature level. This requires a balance between two unique neutronic temperature 

characteristics of any aqueous solution. 
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    The first and most obvious effect of increased reflector temperature is a reduction in 

density. This diminishes the number of neutron-nuclei interactions and increases the 

neutron leakage. However, there is also a rise in the hydrogen neutron cross section with 

the temperature increase which causes a decrease in neutron leakage. The driving cross-

section involved is the hydrogen nuclei elastic scattering cross section, which can be 

corrected for temperature using the free gas thermal treatment [94]. This correction takes 

into account the interaction of the target nucleus with the surrounding atoms when 

computing its cross-section. The microscopic elastic cross-section is adjusted by 

multiplication with the factor F which is given by Equation 1. 

 

1 . erf exp / √          (1) 

 

    In Equation 1, A = atomic weight, E = neutron energy, k = Boltzmann’s constant, and 

T = temperature. The temperature corrected elastic scattering cross-sections for hydrogen 

are shown in Figure 15. Also shown is the mean energy of a thermal neutron at 300 and 

600 kelvin.  
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Figure 28. Comparison of the hydrogen differential energy dependent scattering cross section at 0, 300, and 
600 K. Also shown is the mean Boltzmann energy of a neutron at 300 and 600 K. For thin reflectors, the 
scattering cross section can increase with temperature of the hydrogen matrix. 

 

    For fast neutrons, the dependence of the elastic scattering cross-section on matrix 

temperature is insignificant. However, as the neutrons become more thermalized through 

extensive collisions, the temperature effect increases. Thus the thickness of the aqueous 

reflector is very important in assuring negative feedback in all ranges. For thin reflectors 

the neutrons will have very few collisions before either reflecting or escaping, and thus 

they will interact with the aqueous reflector at higher energies and the temperature effects 

will be negligible. If, on the other hand the reflector is thick, the neutrons will become 

more thermalized, and the temperature effects will be significant. The aqueous reflector 
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thickness was chosen by calculating its reactivity insertion value as a function of 

temperature in the reactor model. A plot of reactivity insertion as a function of aqueous 

reflector temperature for three different reflector thicknesses is given in Figure 16. The 

optimum reflector thickness is a balance. Using the calculation data an average reflector 

thickness of 3 cm was chosen to give the largest possible consistent negative temperature 

feedback coefficient for the reflector. 

 

Figure 29. Reactivity insertion with increasing aqueous reflector temperature at three different aqueous 
reflector thicknesses. It is necessary to find the maximum negative temperature feedback possible without 
having a period of positive feedback. 
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3.4. Scale	Criticality	Model	

 

    A criticality model of the reactor system was constructed using SCALE 6.1.  This 

model is used to analyze power profiles and temperature feedback behavior of the reactor 

operating with fresh fuel at 250 kWth. The model accounts for all the major material 

components in the reactor. It is particularly important that the model accurately describe 

the materials in the neutronically active part of the reactor. The module consists of 55 

fuel rods in the eight neutronically different positions shown in Figure 27. Each rod is 

modeled with Zircaloy 2 cladding. The rod bundle is enclosed by a stainless steel liner 

and surrounded by the NaK coolant. The solid beryllium metal reflector circumscribes 

the steel liner. The aqueous reflector is modeled as an open cylinder separated from the 

beryllium reflector by a void. Because of Zircaloys low neutron cross-section, the 

structural components of the aqueous reflector were not modeled. The eight fuel rod 

types were also subdivided axially into 13 sections. This allows separate flux and fission 

density results to be calculated for each of the eight different radial rod positions and at 

13 axial positions. The three dimensional grid of the fuel elements in this reaction is 

therefore 13x8. The fluid fuel was treated as neutronically homogenous because of fluid 

mixing.  

    A vertical cross sectional cut of the SCALE criticality model is shown in Figure 30. 

This view shows the top and bottom beryllium metal plugs in each fuel element. Also 

modeled is a simplified construction of the top and bottom outer beryllium reflectors and 
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the lithium hydride shield on the bottom of the reactor to protect any radiation sensitive 

equipment the spacecraft might be carrying.  

 

Figure 30. Cross Cut of Scale Criticality Model 

 

    For operation at 250 kWth, the axial linear power profiles of the eight different rod 

positions are shown in Figure 31. The feedback and power profiles of the reactor were 

computed using the final fuel mix of 1.7% Erbium, 0.016% Samarium, 19%U-235, 1%U-

238, in a ZrH1.6 matrix. 
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Figure 31. Axial linear power profiles for the eight different rod positions with a reactor power of  250 kWth. 

 

    These power data justify the simplification used in the depletion analysis of reducing 

the number of neutronically unique rods to four, and reducing the axial slices to three. 

Axial slice reduction was done on the assumption that first the power profile is relatively 

symmetric across the axial center of the rod, and second that the rod could then be 

divided into three different fission slices that accurately represent the flux shape of the 

entire rod.  Axial flux symmetry is affected most by neutrons reflected from the lithium 

hydride shadow shield at one end of the reactor. This will have a very small affect on fuel 

burnup and can be safely neglected for the depletion analysis.   
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3.5. Maximum	Rod	Temperature	

 

    The heat transfer coefficient for the NaK-77 coolant was computed using the 

Skupinski-Tortel-Vautrey (STV) correlation for constant wall heat flux given in Equation 

2  [95]. 

                                                4.82 0.0185 .     (2) 

In Equation 2, Pe = Peclet number, and Nu = Nusselt number. The STV correlation is 

valid for NaK flowing through cylindrical rods with the fluid poperties described by 0 < 

Pr < 0.1 and 104 < Re < 5x106. 

    Using the STV correlation and solving for the conduction of the heat through the 

cladding and fuel elements, centerline fuel temperatures were computed. Fuel rod 

centerline temperature for the average, hottest, and coldest rods are given in Figure 32. 

The centerline temperature profiles for the average fuel rod, the hottest center rod and the 

coldest outer rod, are given in Figure 32. It is desirable to keep the temperature of the 

ZrH1.65 below about 1300 K under standard operating conditions in order to prevent 

phase changes that could result in hydrogen mobilization. For these operating conditions 

the maximum fuel temperature is well below this limit. 
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Figure 32. Fuel rod centerline temperature as a function of position for three different rods. The center rod, ring 
5 rods, and a composite of the average rod. This is for a NaK coolant inlet temperature of 850 K and outlet 
temperature of 900 K. 

 

    As the NaK-77 cooling fluid temperature rises, it expands, and its linear velocity 

through the core increases. The coolant velocity varies from 0.86 to 1.02 m/s in the core 

when operating at the maximum power output of 250 kW. Velocity profiles for the 

coolant are given in Figure 33. 
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Figure 33. NaK coolant velocity as a function of position for three different rods. The center rod, ring 5 rods, 
and a composite of the average rod. This is for a NaK coolant inlet temperature of 850 K and outlet temperature 
of 900 K. 

 

3.6. Reactor	Feedback	

 

    The reactivity temperature feedback of each major component was computed by 

adjusting the SCALE reactor model to vary the temperature of each material while 

holding the other material properties constant. The model was also corrected for density 

changes that occur over the temperature range in question. The reactivity change of the 

NaK-77 coolant in the core is shown in Figure 34. The density of the NaK-77 coolant 

was adjusted using a parabolic fit for the density of sodium and potassium with 

temperature and calculating the density of the NaK-77 from addition of the weight 

fractions [96]. Because both sodium and potassium neutron have small neutron cross-
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sections the temperature feedback effect of the NaK-77 coolant is negligible, and its 

neutronic contribution can be completely neglected.  

 

Figure 34. NaK coolant temperature feedback. 

 

    The temperature response of the beryllium reflector was computed in the 300-1200 K 

temperature range. The reactivity insertion change in cents from 300 K is displayed in 

Figure 35. The reactivity variation is negligible until a temperature of about 600 K is 

reached. In the 600-1200 K range a negative feedback coefficient of -0.06 ¢/K is 

observed. This is a delayed negative reactivity effect since it takes time for increases in 

the fuel temperature to affect the reflector temperature. Therefore, it will only provide 

stabilization to reactivity changes that are within the delayed neutron range. Delayed 

feedback will help stabilize long-term reactivity changes. 
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Figure 35. Temperature feedback response of reactor to the beryllium reflector material. In the temperature 
range of 600-1200K a -0.06 ¢/K feedback coefficient is computed. 

 

    The feedback of the zirconium hydride fuel with temperature was computed in the 

200-2800 K temperature range. The results are given in Figure 36. This is a prompt 

negative feedback from the warm neutron effect of mixed fuel and moderator.   

  

Figure 36. Zirconium hydride fuel temperature feedback curve 
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    The prompt temperature feedback of the aqueous uranyl nitrate reflector was computed 

from 273 K to the triple point. The resulting reactivity curve is shown in Figure 37. 

  

Figure 37. Aqueous reflector temperature feedback in the liquid phase region of the fuel. 

 

    A matter of primary concern with the aqueous reflector is the strength of the pressure 

vessel containing the fluid. For this reason it is also useful to view the feedback in terms 

of the vessel pressure exerted on the walls. This is shown in Figure 38. 
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Figure 38. Aqueous reflector pressure feedback 

 

    The model was used to calculate the total reactivity worth of each of the main 

components. This was done by running the criticality program minus each of the different 

materials. The reactivity worth of the materials is given in Table 13. 

Table 13. Reactivity worth of each major reactor material 

Material Reactivity Insertion 

NaK Coolant -$0.01 ± 0.02 
Beryllium Slugs in Fuel Rods $0.88 ± 0.02 
Beryllium Reflector $5.15 ± 0.02 
Lithium Hydride Shield $0.06 ± 0.02 
Stainless Steel Core Liner -$0.5 ± 0.02 
Solid Fuel $152.89 ± 0.02 
Aqueous Reflector $5.54 ± 0.02 
Erbium Poison -$24.71 ± 0.02 
Samarium -$1.44 ± 0.02 
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3.7. SCALE/TRITON	Depletion	Model	

 

    A depletion analysis was done to examine the reactor behavior over time and to 

calculate the optimum burnable poison concentrations to achieve the most constant 

reactivity profile over time. Since there are no mechanical control adjustments that can be 

made, a constant and predictable reactivity is necessary. With no poison, the reactivity 

follows a sharp decay as uranium is burned up and replaced with fission products. This is 

the main effect on the reactivity. This is countered by the insertion of a low cross-section 

burnable poison; in this case erbium was used, to counter this effect over time. Erbium 

does affect the feedback coefficient of the fuel. This effect is shown for five different 

erbium concentrations in Figure 39. 

 

Figure 39. Effect of erbium concentration on the prompt  temperature feedback coefficient of the Zirconium 
hydride fuel. Increased erbium reduces the reactor control. 
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    A second effect is the buildup of high cross section fission fragments in the fuel. The 

total macroscopic absorption cross-section of these fragments rises quickly in a reactor 

and causes a sharp initial decrease in the reactivity. However, they also very soon reach 

the point at which they are burned up at the same rate as they are created. This initial 

reactivity change was corrected for by including samarium in the fuel, which has a very 

high absorption cross section, as a burnable poison. The total cross-section for high 

absorption burners starts at an approximate equilibrium.  

 

Figure 40. Radial view of depletion model showing the four different fuel equivalence positions. 

 

    The depletion model used was operated from the GeeWhiz module of the SCALE 6.1 

program. The depletion sequence was T6-DEPL with the v7-238 cross section library. 

The model is a three dimensional one. The 55 fuel rods were distributed among 4 

different groups, which according to the power profile of the reactor, experience very 

similar neutron fluxes. The rods were then discretized into three sections and the 



 

 

d

w

an

in

ra

T

th

sh

ap

re

 

 B

d

F

epletion for 

was essential

nd 20 cm fr

ncreases the 

adial view of

The amount o

he reactivity

hape is the 

pproximate 

eactivity cha

Based on th

epletion wa

Figure 41: Tem

each section

ly symmetri

from the cen

speed of ea

f this discret

of two burna

y change ov

largest, calc

erbium lev

ange of each 

e erbium ca

as calculate

poral reactivity

n was treated

cal in the ax

nter of the r

ch calculatio

tization is giv

able poisons

ver time. Sin

culations we

vel. The res

erbium conc

alculations, 

ed holding 

y changes at five

85 

d separately.

xial direction

rod.  Reduc

on and allow

ven in Figur

s chosen wa

nce the effe

ere run at fi

sults of the

centration ar

an initial va

the erbium

e different erbiu

.   Since the 

n, the discret

ction of unn

ws for a mor

re 40. 

as optimized

ct of erbium

five different

ese calculat

re given in F

alue of 2% 

m level co

um concentrati

power profi

tization was 

necessary sp

re precise ov

d by depletio

m on the cr

t erbium lev

tions showin

Figure 41. 

erbium was

onstant and 

ions 

file for the re

 lumped as 0

patial refinem

verall answe

on calculatio

iticality tran

vels to obta

ng the tem

s chosen an

using diff

 

eactor 

0, 10, 

ments 

er. An 

ons of 

nsient 

ain an 

mporal 

nd the 

ferent 



 
 

86 
 

concentrations of Sm-149. Sm-149 is the principle isotope of samarium that will affect 

the reactivity. The results of this are given in Figure 42. 

    SCALE/TRITON calculations are very computationally intensive since a complete 

Monte Carlo criticality calculation must be done for each time step. Therefore, the 

number of particles used per time step is reduced to the minimum to decrease the 

computation time. This results in criticality calculations that have a high individual error. 

Data smoothing is useful to more accurately see the changes in the different depletion 

calculations. This data set was smoothed using a Haar wavelet transform to average out 

the error from the individual criticality calculations. Haar wavelets are often used for the 

reduction of high frequency noise in raw data [97]. In a Haar wavelet transform the raw 

data is converted to wavelet and father wavelets. A set of wavelets is created which is the 

same length as the original series but is a representation of every variation in the series. 

These are then compared to a threshold to determine whether the variation is noise or real 

data. The thresholded wavelets are then converted back to data points, sans the removed 

noise. The resulting smoothed depletion data are shown in Figure 42. 
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Figure 42. Haar wavelet smoothed data for the multiplication factor change over time for 2% Erbium 
concentration at eight different Samarium concentrations. 

    

    Using the samarium level obtained from the previous run, the erbium level was again 

varied and a final erbium concentration of 1.7% was chosen. The separate effect of each 

burnable poison is shown in Figure 43, which shows temporal criticality calculations with 

both poisons, each poison separately, and with no poison.  
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Figure 43. Effect of each poison on multiplication factor 

 

    The reactor power profiles change over time because of uneven burning. The changes 

in the radial and axial power profile starting from fresh fuel and going to 40 years of 

burnup at 250 kWth are given in Figure 44 and Figure 45. These changes are relatively 

minor in the axial dimension. In the radial dimension the profile changes by a maximum 

of about 2% in the center of the core. 
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Figure 44. Change in radial fission density profile over time. Reactor is assumed to produce 250 kWth. 

 

 

Figure 45. Change in axial fission density profile over time. Reactor is assumed to produce 250 kWth. 
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3.8. Conclusion	

 

    The two-phased fuel reactor design has potential for use in deep space applications 

where long term power reliability is essential for mission success. This same approach 

could also be applied to surface reactors by reconfiguring the liquid reflector reservoir to 

work in a gravitational environment. Surrounding effects would also need to be taken into 

consideration, in the absence of the clean unreflective vacuum of space.  

    The advantage for this design is the absence of moving parts that wear out or 

malfunction. This reactor design should run until the fuel burnup limits are reached. The 

only reactor control is the speed of the electromagnetic pump. This would be controlled 

electronically, if more power is needed, the pumping speed is increased and vice versa. 

Electronic input to the pump must be assumed reliable, since the loss of the probes 

electrical system is a mission ending scenario.  
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ABSTRACT 

    The design of a self-regulated space nuclear reactor requires a neutronically active 

liquid reflector that reduces neutron leakage from the core during spaceflight, but has a 

greatly reduced effect should the spacecraft enter a gravity field. A diabolo-shaped 

container design is proposed with an interior structure that wicks fluid around the reactor 

core in a microgravity field, but cannot maintain a uniform covering in a gravitational 

environment. The container design dimensions were scaled and 3D printed using 

transparent stereolithography (SLA), and tested using 0.65 cS polydimethylsiloxane 

(PDMS) in the Portland State University Dryden Drop Tower. The test cells were sized to 

reach an equilibrium configuration within the tower’s 2.1 seconds of microgravity. The 

desired fluid reorientation for successful reactor performance was demonstrated from any 

initial orientation. 

. 

 

 

 

KEYWORDS 

Space Reactor, Zirconium Hydride Fuel 

  



 

93 
 

 

4.1. Introduction	

 

    Deep space probes that travel far from the sun need a reliable source of electric power 

and heat. This power source must be compact, low mass, and reliable. Solar power, for 

example, while very useful in the inner solar system, has a power output that drops with 

the square of the distance from the sun and becomes impractical for missions beyond the 

orbit of Jupiter. Currently the best technology for deep space use is radioisotopic 

thermoelectric generators (RTGs) that rely on the decay heat from Pu-238. These were 

used in the Voyager missions launched in the 1970’s which are still exploring the outer 

edges of the solar system. More recently, a RTG was used to power the Mars Curiosity 

Rover which landed on the red planet August 6, 2012. While these power systems are 

extremely reliable, they have a low power density and require Pu-238 fuel which is 

expensive and currently in very short supply [3].  

    The most promising technology for powering future deep space exploration is nuclear 

fission reactors, which have the highest power to mass ratio of any currently deployable 

power system. The most important criterion for a space reactor is total reliability. Loss of 

the power usually means loss of mission; especially for deep space unmanned missions 

where repairs are impossible. Therefore, it is desirable to reduce the number of moving 

parts that can wear out or break to a minimum.   
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    A self-regulating space nuclear reactor has been designed that has a double-phased fuel 

[98]. It is a reactor that regulates power output without any mechanical moving parts and 

in the absence of human intervention by using feedback mechanisms based entirely on 

material properties. 

    To achieve this, very large, prompt negative temperature feedback is required. Prompt 

feedback arises from the neutronic properties of the reactor and dampens the response to 

power surges or other macroscopic events on the order of the lifetime of a neutron 

generation. This is necessary if there is the possibility of a reactivity change that is 

greater than that represented by the delayed neutron fraction of the reactor. Liquid fueled 

reactor cores have very large prompt negative feedback because the core volume expands 

instantly due to a net heat input. This also occurs to a lesser extent in a solid core. 

Another common prompt feedback is the warm neutron effect, where the fuel and 

moderator are mixed in a single matrix. Increase in fuel/moderator temperature decreases 

the moderator neutron cross section and hardens the neutron spectrum, leading to a 

decrease in reactivity [92]. The most common demonstration of this technique is in 

research TRIGA reactors [37]. The Oregon State University TRIGA reactor, for example, 

is designed to pulse. In pulsing a pneumatic actuated control rod is shot out of the reactor 

and in less than 50 milliseconds the power increases from 100 W to over 1000 MW and 

back down because of only prompt negative feedback. 

    There are currently no liquid nuclear fuels that are practical for use in a space 

environment. Current liquid fuels fall into two categories. Aqueous fuels that are well 

behaved and easily understood, such as uranyl nitrate, and uranyl sulfate solutions. 
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Experimental systems using these fuels were tested and validated in the 1950s [99]. 

These fuels, however, are ineffective because the only heat loss mechanism for a space 

craft is radiative loss, which rises with T4, therefore a radiator operating at aqueous fuel 

temperatures would be too large for practical use in a spacecraft.  The other alternatives 

are high temperature molten salts which currently have too many material problems for 

an environment where 100% reliability for long time spans is essential to mission 

success. A solution to this problem is a reactor with two fuel phases. One phase is an 

internal high temperature solid-fueled core, and the second phase is a thermally isolated 

lower temperature aqueous fuel that is used as a neutron reflector for the solid core. 

These two regions only interact by neutron interchange.  

    The bulk of the heat is generated in the internal core of the reactor in a solid phase 

zirconium hydride fuel matrix that operates around 900 K. A lower temperature container 

that is thermally isolated from the internal core contains uranyl sulfate fuel in liquid form. 

This portion of the reactor will operate in the 350 K range. These two systems while both 

operating at different temperatures are linked by neutron interchange, and the liquid 

reflector provides prompt reactivity feedback control to the entire system. An additional 

feature is that by making the liquid only cover the reactor in a low g environment, the 

reactor can only operate after it has reached outer space 

.  
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Figure 46. Schematic of the diabolo like two-phase fueled space reactor. The reactor consists of a solid-fueled 
zirconium hydride core that is thermally isolated from a liquid fueled aqueous uranyl sulphate part that 
operates at a much lower temperature. 

 

    A schematic of this reactor design is shown in Figure 46. There is a central core that 

contains 55 fuel elements that are 54 cm long by 3.2 cm in diameter. These elements each 

contain an active area composed of a 50 cm long, 3.1 cm diameter zirconium-hydride-

uranium matrix. This matrix is 20 wt% uranium enriched in the fissile element U-235 to 

95 wt%. There is 1.7 wt% erbium, and 0.016 wt% samarium included as burnable 

poisons to provide temporal criticality stability over the life of the reactor. The remainder 

of the matrix is composed of ZrH1.65 which is the most thermally stable ratio of zirconium 

hydride. This fuel mix provides the reactor with prompt feedback control from the warm 

neutron effect [92]. 
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    The reactor core is cooled by sodium potassium eutectic (NaK-77).  NaK-77, which is 

77% potassium, 23% sodium by weight, is commonly used in ground based fast reactor 

applications because it has a low neutron cross-section, and it maintains a liquid metal 

state at atmospheric pressure from 257 to 1058 K. The NaK-77 is transferred to the 

electrical generating equipment by means of an electromagnetic pump. The rate of power 

generation is a function of pumping rate. Increasing/decreasing the pumping rate also 

causes an increase/decrease the power output. Average reactor core coolant temperature 

is 880 K.  

    Surrounding the inner reactor core is a beryllium metal neutron reflector. This provides 

flux flattening across the reactor and decreases the amount of fissile heavy metal 

required. A lithium hydride shadow shield is located at the inlet end of the reactor to 

provide a low radiation area for probe electronics and other sensitive components. 

    The reactor is circumscribed by a liquid reservoir containing an aqueous uranyl sulfate 

solution. This solution is contained in a Zircaloy container that is thermally isolated from 

the main reactor body. Thermal isolation is achieved by the vacuum of space to eliminate 

convection and conduction, and reflective surface coatings that reduce radiative heat 

transfer. The liquid reflector thickness must be on the order of 3 cm.  

    The reactor is designed to operate for 25 years at about 250 kWth before fuel burnup 

reaches the point where the passive control margin is used up and the reactor can no 

longer reach criticality. Longer missions at reduced power output are an option.  

    The novel concept of using an actively fueled liquid reflector has two advantages:  

reactor operation is permissible only in the presence of a microgravity field and in the 
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event of inadvertent re-entry; the liquid reflector is configured to make the reactor 

subcritical.  Once deployed to a microgravity environment, the reflector structure 

rearranges the uranyl sulfate solution and the reactor becomes slightly super critical.  

Reactor power level increases until fuel temperature reactivity feedback limits power to 

the design goal of 250 kWth. Properly configured, the reactor can only operate in a 

microgravity field. 

4.2. Reflector	Design	Consideration	

 

    The reactor core is surrounded by a fluid reflector composed of an approximately 3 cm 

thick layer of a 0.15 wt% aqueous uranyl sulfate solution. This design gives the 

maximum negative temperature feedback possible to provide reactor control. Because of 

the presence of uranium in the fluid, the reflector is neutronically coupled to the reactor 

core. Therefore an instantaneous rise in the neutron level in the core will also result in 

simultaneous rise in the reflector temperature. This provides prompt negative feedback to 

the overall reactor. The reflector must have a negative feedback coefficient at every 

temperature level. This requires a balance between two unique neutronic temperature 

characteristics of any aqueous solution. 

    The first and most obvious effect of increased temperature is a reduction in density, 

diminishing the number of neutron-nuclei interactions and increasing the neutron 

leakage. However, there is also a rise in hydrogen neutron cross section with increased 

temperature which causes a decrease in neutron leakage. The driving cross-section 
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involved is the hydrogen nuclei elastic scattering cross section, which can be corrected 

for temperature using the free gas thermal treatment [94] as shown in Figure 47. 

 

 

Figure 47. Hydrogen differential energy dependent scattering cross section at 0, 300, and 600 K. 

 

    For fast neutrons, the temperature dependence of the elastic scattering cross-section is 

insignificant. However, as the neutrons become more thermalized through extensive 

collisions, the temperature effect increases. Thus the thickness of the aqueous reflector is 

important in assuring negative feedback. For thin reflectors, the neutrons will have very 

collisions before either reflecting or escaping, and thus they will interact with the aqueous 

reflector at higher energies and the cross-section temperature effect is negligible. If on the 
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other hand the reflector is thick, the neutron spectrum will be more thermalized and the 

temperature effect will be significant. A Monte Carlo model of the reactor was 

constructed using SCALE 6.2. The aqueous reflector thickness was chosen by calculating 

the reactors reactivity insertion value as a function of temperature in the model. A plot of 

reactivity insertion as a function of aqueous reflector temperature for 3 different reflector 

thicknesses is given in Figure 16. The optimum reflector thickness is a balance. Using the 

calculation data an average reflector thickness of 3 cm was chosen to give the largest 

consistent negative temperature feedback coefficient for the reflector. 

 

 

Figure 48. Reactivity insertion with increasing aqueous reflector temperature at three different aqueous 
reflector thicknesses. It is necessary to find the maximum negative temperature feedback possible without 
having a period of positive feedback. 
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4.3. Reflector	Design	

	

    The diabolo-shaped reflector divided in two compartments is depicted schematically in 

Figure 49. Each compartment is shaped with straight edges expanding away from the 

central core of the reactor at a 27° angle. This ends in a curve which sweeps back over to 

the straight edge next to the reactor. A secondary opened vane starts half-way between 

the edges of the small end of the container goes up at a 12° angle. The internal wall of the 

container is covered with small vanes that are 0.5 cm high with a 36° angle between each 

one. This container design should trap the fluid between the interior vane and the wall. 

Any large bubble that is formed in this channel will be slightly distorted and advance to 

the wider part of the channel to achieve a more energetically favorable spherical shape, 

and will eventually be expelled to the outer section of the tank. This cause all the gas to 

rejoin in the larger part of the container, and the liquid will be maintained along the 

interior of the small partition and in the lower region of the large one. The container 

material is zirconium metal. Since the fluid is an aqueous liquid, even at elevated 

temperature, the contact angle should be less than 20° [100]. The absence of oxygen and 

bombardment with gamma radiation should keep the contact angle low over the life of 

the reactor. The expected fluid behavior is given in the schematic of Figure 49.  
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Figure 49. Schematic of gravitational field effect active reflector. A) Fluid position in the presence of a gravity 
field tangent to the axial core of the reactor. B) Fluid in microgravity. 

 

    Since the reactor is expected to be launched into space in a rocket undergoing very 

high accelerations before operation, it is necessary that the reflector’s container be 

designed to passively reconfigure to the desired equilibrium position of Figure 49 from 

any initial orientation. The results of the drop tower experiments are described below that 

provide a validation for the efficacy of the present design. 

4.4. Dryden	Drop	Tower	

	

   The Dryden Drop Tower (DDT) is located in the Maseeh College of Engineering and 

Computer Science building at Portland State University is a unique facility for studying 

microgravity phenomena. The tower is 31 m tall with a free fall distance of 22 m. 
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Samples are exposed to a microgravity field of less than 10-4 go for 2.13 seconds. The 

experiment rig falls inside a secondary drag shield that minimizes air resistance. The drag 

shield brake is a channel of permanent magnets inducing eddy current forces on the 

shield. This results in a relatively low peak deceleration of 15 go and prevents the 

destruction of experiment hardware. The DDT has an automatic retrieval system that will 

return the drag shield back to the top of the tower in about 3 minutes. The system 

routinely drops at least 6 experiments an hour, allowing designs to be quickly tested with 

minimal expense.  

4.5. Model	Scaling	

 

    The miniaturization of the capillary fluidic reflector was accomplished to reduce the 

driving dimension of the container to the point where the system would achieve 

equilibrium in the 2.13 second free fall time-span.  

    Two sizes of test cells were used in the tests. In the large model the container 

dimensions were scaled by a factor of 11. In addition since the curvature of the core has 

little effect on the experiment, the core diameter was scaled down a factor of 55 to reduce 

the overall model size. Since the ersatz 0.65 cS PDMS is a wetting fluid, interior grooves 

along the core were deemed unnecessary and eliminated to increase model clarity and 

simplify printing. Subsequent testing of this model showed that the outer reservoir 

dimension of the container was the controlling dimension to reach equilibrium, and the 

2.1 second drop time was insufficient. Therefore, two additional models were constructed 

that reduced every dimension by a factor of 2. In one of the smaller models, four 
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symmetrical vanes were added to the large end of the diabolo bell to enhance draining 

into the tapered annular core.  These were shown to be a necessary addition to provide 

complete draining of the bell for all initial conditions tested.  

 

Figure 50. Scaled Test cells: Large model with 1:11 scaling is shown in the center. The two smaller models with 
1:22 scaling are on either side. The model on the right shows a top view with four vanes to assist in draining the 
bell of the reservoir.  

The properties of the 0.16 wt% uranyl sulfate solution proposed as a neutronically active 

neutron reflector are given in Table 14 for the temperature range of interest.  

Table 14: Density, viscosity, and surface tension properties of 0.16 wt% uranyl sulfate [101]. 

T (C°)  ρ (g/mL)  μ (cp)  σ (N/m) 

5  1.013  1.641  0.075

30  1.013  0.851  0.071

75  0.985  0.401  0.064

100  0.975  0.294  0.059

150  0.931  0.194  0.049

200  0.876  0.141  0.038

250  0.814  0.112  0.026
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4.6. Drop	Tower	Experiment	

 

   The test fluid used was 0.65 cS polydimethylsiloxane (PDMS). The transparent acura-

60 polycarbonate models were made by Stratasys Direct Manufacturing using 

Stereolithography (SLA) 3D printing. The cells were then polished on the outside using 

NOVUS 1,2,3 plastic polishes to increase model clarity. To perform testing, these scaled 

reflector models were placed on an aluminum experiment drop rig as shown in Figure 51.  

 

Figure 51. The drop rig holds the camera in a fixed position to the test cell. A backlight located behind the test 
cell illuminates the reflector. Batteries and wiring for the backlight are located on the lower deck. Balance 
weights are also located on the lower deck to balance the rig and eliminate rotation during free fall. 
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   The rig has a high resolution digital camera on one side and a white backlight on the 

other. A battery pack for the backlight is placed on the lower deck of the rig. The 

experimental test cell is affixed to the deck in front of the backlight with two sided tape. 

Prior to the drop tests the rig is carefully balanced to reduce rotational moments during 

the 2.1 second free fall.  

 

4.7. Results	

 

    The experiments validated the reflector design. A total of 18 drop tower tests were 

completed in support of this investigation. The large model was tested in four basic initial 

conditions to demonstrate its re-orientation behavior. Figure 52 shows the model 

behavior with the initial gravitational field normal to the small end of the reservoir. This 

was expected to be the easiest starting configuration. As expected the fluid quickly 

wicked into and along the interior vane, and the expected equilibrium condition was 

reached in less than one second. 
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Figure 52. Model 1 with vertical gravity initial condition. Low g equilibrium condition is reached within 1 
second. 

 

   A second configuration tested is shown in Figure 53. The model starts with the gravity 

vector normal to the reactor core. Fluid rapidly wicks into the interior vane or the 

reservoir. Again since the interior vane is the main driving dimension, the reconfiguration 

happens very quickly. Although, the fluid did not quite reach the equilibrium condition 

within the 2 second time frame of the drop, it came close enough that its ultimate 

destination is assured.  

\ 
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Figure 53. Temporal fluid behavior of large model (time is in seconds) 

 

    The last configuration that showed success is shown in Figure 54. This is a limiting 

condition where the gravitational field is at an approximate 45° angle to the interior core. 

This configuration is also a bulk flow that is driven mostly by fluid movement in the 
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interior vane. This resulted again in a rather quick re-orientation, with the equilibrium 

position being again mostly reached in 2 seconds.  

 

 

Figure 54. Model 1 with angular initial position 

 

   The last configuration tested for the big model was the limiting one. In this case the 

fluid begins at the large end of the bell with the gravitational vector tangent to the interior 

core. When the drop is released, the fluid shoots up the interior vane. Because of the 

inward taper of the vane, the flow accelerates as it advances. This leads to a broken 

meniscus between the fluid in the vane, and the fluid in the bell. The dominating 

dimension now becomes the distance between the vane and the outside of the bell. This 

prevents the fluid from achieving near-equilibrium in the 2.1 s test.  
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   It was to validate this last configuration that led to the construction of the smaller two 

models. One of the models was made exactly like the larger model only exactly half the 

size in all three dimensions. The other model was the same, except for the addition of 

four interior vanes to help drain the inside of the vane. These two models were each 

tested in three different configurations. Two of these were the same as those shown for 

the large model in Figure 53 and Figure 54. The results for these validated the large 

model results. The third configuration was the limiting one, with the liquid starting in the 

big end of the bell. The results for these are shown in Figure 55 and Figure 56. In both 

models ample time is allowed for a stable low Bond number, Bo  ρgR2/σ << 1, 

configuration to be established. In the model without drains, the fluid reaches a point 

where there is fluid remaining on the inside of the large bells. There is not sufficient 

activation energy to enable it to reach the rest of the liquid in the small end of the 

container. However, in the vaned model, the liquid is drained out from the bell regions to 

the optimum configuration within the 2 second drop time. This emphasizes the need for 

draining channels or vanes on the interior of the bell. Without the channels, the reflector 

could potentially achieve an undesirable metastable subcritical interface configuration, 

the reactor would shutdown, and in the absence of external inputs, the power system 

would be lost. With enough of the right draining channels the fluid would always return 

to the optimum configuration surrounding the reactor core.  
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Figure 55. Test results of the small model in the most unfavorable starting position without draining vanes. 
Liquid reaches a meta-stable position with fluid trapped in the bell. 

 

Figure 56. Test Results of small model in the limiting starting orientation with draining vanes in the bell. The 
vanes allow the bell to drain completely and the fluid reaches the equilibrium condition.                              

                                                                                                                                                                                                                                

4.8. Conclusion	

 

   The two-phase fuel reactor design has potential for use in deep space applications 

where long term power reliability is essential for mission success. This design is 

dependent on having an actively fuelled fluid neutron reflector that surrounds the solid 

generating core. This work proposes a container that fulfills the design requirements for 

this system. Initial drop tower testing attests to the potential of the passive capillary 
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fluidics design exploiting solely the surface tension, wetting conditions, and vessel 

geometry. The results demonstrated in a relevant g-enviroment suggest that this type of 

control reflector could be successfully used to regulate the power output of a space 

nuclear reactor. 

   The main advantage of this system is the absence of moving parts that can wear out or 

malfunction. The reactor should operate until the fuel burn-up limits are reached. The 

only control is the flow rate of the electromagnetic pump. This would be controlled 

electronically, if more power is needed, the pumping rate is increased, and vice versa. 

Reliable electronic input to the pump is assumed a priori, since loss of the probes 

electrical system is a mission ending scenario.  
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5. General Conclusion  

 

    The feasibility of a using a fissile liquid reflector to control a solid-fueled zirconium 

hydride space nuclear reactor has been demonstrated. A reactor of this type has 

advantages and disadvantages.  The advantages are the self-regulating control 

mechanism, the absence of mechanical moving parts, and the ability to tie the reactor’s 

operational condition to a gravitational field. Zirconium hydrides fuel’s main advantage 

is its strong negative feedback coefficient that makes it easy to control. This is what 

makes attractive for both the research reactor field and initial space reactor proposals. Its 

disadvantage is the large amounts of excess weight in the fuel. The proposed fuel in the 

design is 80% by weight elements that will not fission. And this is extra weight that will 

not diminish proportionally in scaled-up reactor systems for large missions. By adding 

mechanical controls to the system this weight could be eliminated.  The absence of large 

reactivity changes in the controls, also requires the system when shutdown to exist at a 

state near criticality. This would not be much of a problem if prior to launch a safety 

control pin were added which would then be permanently removed after orbit was 

achieved, or the reactor is launched in segments that are assembled in orbit.  However, in 

the event of an inadvertent reentry if the central complete reactor core itself were to fall 

in water intact, an inadvertent criticality condition could be achieved. 

    It is also of interest to consider the depletion of individual isotopes in the reactor. The 

concentration of U-235 over time for both the hottest and coldest regions of the reactor 
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core is shown in Figure 57 for the bounding condition of a 50 year run at 250 kWth. A 

high heavy metal burn-up is what is desired in any reactor system. In this case roughly 

10% of the available heavy metal is used in the 25 year expected lifetime. This is much 

lower than could be achieved with more conventional means of control, since the system 

is limited in available excess reactivity and thus must have a very flat temporal reactivity 

profile to compensate. 

 

Figure 57. U-235 concentration of the most active and least active regions of the solid fuel core as a function of 
time 

 

    The change in the level of the Erbium poison levels are given in Figure 58. As can be 

seen the principle absorber is burnable erbium isotope is Er-167 which is gradually 

converted to Er-168. This demonstrates erbium’s ideal burning characteristics. Er-167 has 

a relatively high neutron absorption cross section (σa(273 K) = 670 b). Neutron 
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absorption leads to the creation of Er-168 which as a low cross-section (2.3 b) and thus 

effectively removing the poison. 

 

 

Figure 58. Erbium isotope concentration over time 

 

     Also of interest is the concentration of the high cross-section burners. A plot of the 

concentration versus time of the four largest contributors normalized for thermal neutron 

cross section is given in Figure 59. Sm-149 is the most prominent absorber in this reactor, 

which is why a small amount of samarium was added as a burnable poison to start the 

high absorbers at a cross-section close to equilibrium. Xe-135 for power reactors usually 

has the highest equilibrium cross-section components. However, when the system has a 

low power density, the short half-life of Xe-135 (9.2 hrs) prevents it from reaching 

significant concentrations. 
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Figure 59. High absorbers normalized to thermal cross-section 

 

    The self-regulating deep space reactor design is compared in Table 15 to the 

parameters of two systems that have deployed in space, the SNAP10A reactor used in the 

1965 SNAPSHOT mission and the Multi-Mission Radioisotope Generator which is 

currently deployed on the Mars Curiosity Rover. Also shown is the theoretical maximum 

for U-235 fuel which assumes unachievable complete burn-up.  
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Table 15. Comparison of the thermal output of the Self-Regulating Deep Space Reactor with proven deployed 
technologies 

Reactor  Thermal 
Generating 
System 
mass (kg) 

Heavy 
Metal 
(kg) 

System 
Thermal 
Output 
(kW) 

Thermal 
output per 
system 
mass 
(kW/kg) 

Design 
Lifetime 
(years) 

Total 
Output 
(MWd/kg 
system) 

Total 
Output 
(MWd/kg 
heavy 
metal) 

SNAP10A 
Reactor 

295  5.2  43.8  0.1454  1  0.054  3.1 

Multi-Mission 
Radioisotope 
Generator* 

45  4.8  21 0.044  252  0.37  3.5 

Self Regulating 
Deep Space 
Reactor 

362  257  250  0.69  25  6.3  89 

Theoretical 
Max for U-235 

    250    25    910 

1Initial Output 
2Calculated for first 25 years for comparison purposes 
3Limiting assumption that all fission energy is recoverable 
 
 

    The capillary controlled self-regulating reactor has superior design characteristics to 

both of the deployed systems. Its superiority over the RTG system is due to the much 

higher energy release of the fission process to nuclear decay. It also has the advantage 

that it can be put in a lower energy mode and conserve fuel, which is something that a 

decay heat system cannot do. The SNAP reactor was designed for 1 year, although it 

probably could have greatly exceeded that.  

    The capillary controlled self-regulating nuclear reactor is at 10% of the theoretical 

power output for U-235 fuel. For missions where weight is an issue it would be best to 

use a reactor design with a much higher burn-up. The low mass/energy reactors of the 

future that will power spaceships to Jupiter with ion engines will probably have fast 

energy spectrums and mechanical controls. This eliminates the need for massive 
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zirconium hydride moderators. But at the same time, for communication satellites and 

other low energy environments, a simple passive reactor with no moving parts offers 

payoffs in reliability that should not be overlooked. 
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6. Appendices 

6.1. Solid	Liquid	Fueled	Reactor	SCALE	Criticality	Deck	

'Input generated by GeeWiz SCALE 6.1 Compiled on Tue Sep  6 15:23:32 2011 
'batch_args \‐x 
=csas6 
vwr_no_radial_be 
v7‐238 
read composition 
 wtptfuel        1  6.2  6 
                                 92235 19 
                                 92238 1 
                                 1001 1.409435 
                                 40000 76.87457 
                                 68000 1.7 
                                 62000 0.016 
                       1 900   end 
 wtptliquid_fuel 2  0.934842  5 
                                 92238 0.005001 
                                 92235 0.095 
                                 16000 0.013639 
                                 1001 11.09546 
                                 8016 88.7909 
                       1 403.15   end 
 be          3 1 1000   end 
 zirc2       4 1 900   end 
 ss316       5 1 900   end 
 wtptnak         6  0.749  2 
                                 11023 23 
                                 19000 77 
                       1 823.15   end 
 wtptnofuel      7  0.9978  2 
                                 1001 11.09546 
                                 8016 88.90454 
                       1 300.14   end 
 wtptlih         9  0.82  2 
                                 1001 14.3 
                                 3006 85.7 
                       1 300   end 
end composition 
read parameter 
 gen=830 
 npg=100000 
 nsk=30 
 htm=yes 
 amx=yes 
 xap=yes 
 xs1=yes 
 xs2=yes 
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 pki=yes 
 p1d=yes 
end parameter 
read geometry 
unit 1 
com="fuel rod 1" 
 cylinder 1     1.55      ‐21      ‐25 
 cylinder 2     1.55      ‐17      ‐25 
 cylinder 3     1.55      ‐13      ‐25 
 cylinder 4     1.55       ‐9      ‐25 
 cylinder 5     1.55       ‐5      ‐25 
 cylinder 6     1.55       ‐1      ‐25 
 cylinder 7     1.55        1      ‐25 
 cylinder 8     1.55        5      ‐25 
 cylinder 9     1.55        9      ‐25 
 cylinder 10     1.55       13      ‐25 
 cylinder 11     1.55       17      ‐25 
 cylinder 12     1.55       21      ‐25 
 cylinder 13     1.55       25      ‐25 
 cylinder 14     1.55       27      ‐27 
 cylinder 15      1.6       27      ‐27 
 hexprism 16      1.8       27      ‐27 
 media 1 1 1 
 media 1 1 2 ‐1 
 media 1 1 3 ‐2 
 media 1 1 4 ‐3 
 media 1 1 5 ‐4 
 media 1 1 6 ‐5 
 media 1 1 7 ‐6 
 media 1 1 8 ‐7 
 media 1 1 9 ‐8 
 media 1 1 10 ‐9 
 media 1 1 11 ‐10 
 media 1 1 12 ‐11 
 media 1 1 13 ‐12 
 media 3 1 14 ‐13 
 media 5 1 15 ‐14 
 media 6 1 16 ‐15 
 boundary 16 
unit 2 
com="nak" 
 hexprism 1      1.8       27      ‐27 
 media 6 1 1 
 boundary 1 
global unit 3 
com="global" 
 cylinder 1       15       27      ‐27 
 cylinder 2     15.2     27.2    ‐27.2 
 cylinder 3     15.2     37.2    ‐37.2 
 cylinder 4     21.7     37.2    ‐37.2 
 cylinder 5     25.2     37.2    ‐37.2 
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 array 1 1  place 6 6 1 0 0 0 
 cylinder 6     28.2     37.2    ‐37.2 
 cylinder 7     28.2     37.2    ‐47.2 
 media 5 1 2 ‐1 
 media 3 1 3 ‐2 
 media 3 1 4 ‐3 
 media 0 1 5 ‐4 
 media 2 1 6 ‐5 
 media 9 1 7 ‐6 
 boundary 7 
unit 4 
com="fuel rod 2" 
 cylinder 1     1.55      ‐21      ‐25 
 cylinder 2     1.55      ‐17      ‐25 
 cylinder 3     1.55      ‐13      ‐25 
 cylinder 4     1.55       ‐9      ‐25 
 cylinder 5     1.55       ‐5      ‐25 
 cylinder 6     1.55       ‐1      ‐25 
 cylinder 7     1.55        1      ‐25 
 cylinder 8     1.55        5      ‐25 
 cylinder 9     1.55        9      ‐25 
 cylinder 10     1.55       13      ‐25 
 cylinder 11     1.55       17      ‐25 
 cylinder 12     1.55       21      ‐25 
 cylinder 13     1.55       25      ‐25 
 cylinder 14     1.55       27      ‐27 
 cylinder 15      1.6       27      ‐27 
 hexprism 16      1.8       27      ‐27 
 media 1 1 1 
 media 1 1 2 ‐1 
 media 1 1 3 ‐2 
 media 1 1 4 ‐3 
 media 1 1 5 ‐4 
 media 1 1 6 ‐5 
 media 1 1 7 ‐6 
 media 1 1 8 ‐7 
 media 1 1 9 ‐8 
 media 1 1 10 ‐9 
 media 1 1 11 ‐10 
 media 1 1 12 ‐11 
 media 1 1 13 ‐12 
 media 3 1 14 ‐13 
 media 5 1 15 ‐14 
 media 6 1 16 ‐15 
 boundary 16 
unit 5 
com="fuel rod 3" 
 cylinder 1     1.55      ‐21      ‐25 
 cylinder 2     1.55      ‐17      ‐25 
 cylinder 3     1.55      ‐13      ‐25 
 cylinder 4     1.55       ‐9      ‐25 
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 cylinder 5     1.55       ‐5      ‐25 
 cylinder 6     1.55       ‐1      ‐25 
 cylinder 7     1.55        1      ‐25 
 cylinder 8     1.55        5      ‐25 
 cylinder 9     1.55        9      ‐25 
 cylinder 10     1.55       13      ‐25 
 cylinder 11     1.55       17      ‐25 
 cylinder 12     1.55       21      ‐25 
 cylinder 13     1.55       25      ‐25 
 cylinder 14     1.55       27      ‐27 
 cylinder 15      1.6       27      ‐27 
 hexprism 16      1.8       27      ‐27 
 media 1 1 1 
 media 1 1 2 ‐1 
 media 1 1 3 ‐2 
 media 1 1 4 ‐3 
 media 1 1 5 ‐4 
 media 1 1 6 ‐5 
 media 1 1 7 ‐6 
 media 1 1 8 ‐7 
 media 1 1 9 ‐8 
 media 1 1 10 ‐9 
 media 1 1 11 ‐10 
 media 1 1 12 ‐11 
 media 1 1 13 ‐12 
 media 3 1 14 ‐13 
 media 5 1 15 ‐14 
 media 6 1 16 ‐15 
 boundary 16 
unit 6 
com="fuel rod 4" 
 cylinder 1     1.55      ‐21      ‐25 
 cylinder 2     1.55      ‐17      ‐25 
 cylinder 3     1.55      ‐13      ‐25 
 cylinder 4     1.55       ‐9      ‐25 
 cylinder 5     1.55       ‐5      ‐25 
 cylinder 6     1.55       ‐1      ‐25 
 cylinder 7     1.55        1      ‐25 
 cylinder 8     1.55        5      ‐25 
 cylinder 9     1.55        9      ‐25 
 cylinder 10     1.55       13      ‐25 
 cylinder 11     1.55       17      ‐25 
 cylinder 12     1.55       21      ‐25 
 cylinder 13     1.55       25      ‐25 
 cylinder 14     1.55       27      ‐27 
 cylinder 15      1.6       27      ‐27 
 hexprism 16      1.8       27      ‐27 
 media 1 1 1 
 media 1 1 2 ‐1 
 media 1 1 3 ‐2 
 media 1 1 4 ‐3 
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 media 1 1 5 ‐4 
 media 1 1 6 ‐5 
 media 1 1 7 ‐6 
 media 1 1 8 ‐7 
 media 1 1 9 ‐8 
 media 1 1 10 ‐9 
 media 1 1 11 ‐10 
 media 1 1 12 ‐11 
 media 1 1 13 ‐12 
 media 3 1 14 ‐13 
 media 5 1 15 ‐14 
 media 6 1 16 ‐15 
 boundary 16 
unit 7 
com="fuel rod 5" 
 cylinder 1     1.55      ‐21      ‐25 
 cylinder 2     1.55      ‐17      ‐25 
 cylinder 3     1.55      ‐13      ‐25 
 cylinder 4     1.55       ‐9      ‐25 
 cylinder 5     1.55       ‐5      ‐25 
 cylinder 6     1.55       ‐1      ‐25 
 cylinder 7     1.55        1      ‐25 
 cylinder 8     1.55        5      ‐25 
 cylinder 9     1.55        9      ‐25 
 cylinder 10     1.55       13      ‐25 
 cylinder 11     1.55       17      ‐25 
 cylinder 12     1.55       21      ‐25 
 cylinder 13     1.55       25      ‐25 
 cylinder 14     1.55       27      ‐27 
 cylinder 15      1.6       27      ‐27 
 hexprism 16      1.8       27      ‐27 
 media 1 1 1 
 media 1 1 2 ‐1 
 media 1 1 3 ‐2 
 media 1 1 4 ‐3 
 media 1 1 5 ‐4 
 media 1 1 6 ‐5 
 media 1 1 7 ‐6 
 media 1 1 8 ‐7 
 media 1 1 9 ‐8 
 media 1 1 10 ‐9 
 media 1 1 11 ‐10 
 media 1 1 12 ‐11 
 media 1 1 13 ‐12 
 media 3 1 14 ‐13 
 media 5 1 15 ‐14 
 media 6 1 16 ‐15 
 boundary 16 
unit 8 
com="fuel rod 6" 
 cylinder 1     1.55      ‐21      ‐25 
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 cylinder 2     1.55      ‐17      ‐25 
 cylinder 3     1.55      ‐13      ‐25 
 cylinder 4     1.55       ‐9      ‐25 
 cylinder 5     1.55       ‐5      ‐25 
 cylinder 6     1.55       ‐1      ‐25 
 cylinder 7     1.55        1      ‐25 
 cylinder 8     1.55        5      ‐25 
 cylinder 9     1.55        9      ‐25 
 cylinder 10     1.55       13      ‐25 
 cylinder 11     1.55       17      ‐25 
 cylinder 12     1.55       21      ‐25 
 cylinder 13     1.55       25      ‐25 
 cylinder 14     1.55       27      ‐27 
 cylinder 15      1.6       27      ‐27 
 hexprism 16      1.8       27      ‐27 
 media 1 1 1 
 media 1 1 2 ‐1 
 media 1 1 3 ‐2 
 media 1 1 4 ‐3 
 media 1 1 5 ‐4 
 media 1 1 6 ‐5 
 media 1 1 7 ‐6 
 media 1 1 8 ‐7 
 media 1 1 9 ‐8 
 media 1 1 10 ‐9 
 media 1 1 11 ‐10 
 media 1 1 12 ‐11 
 media 1 1 13 ‐12 
 media 3 1 14 ‐13 
 media 5 1 15 ‐14 
 media 6 1 16 ‐15 
 boundary 16 
unit 9 
com="fuel rod 7" 
 cylinder 1     1.55      ‐21      ‐25 
 cylinder 2     1.55      ‐17      ‐25 
 cylinder 3     1.55      ‐13      ‐25 
 cylinder 4     1.55       ‐9      ‐25 
 cylinder 5     1.55       ‐5      ‐25 
 cylinder 6     1.55       ‐1      ‐25 
 cylinder 7     1.55        1      ‐25 
 cylinder 8     1.55        5      ‐25 
 cylinder 9     1.55        9      ‐25 
 cylinder 10     1.55       13      ‐25 
 cylinder 11     1.55       17      ‐25 
 cylinder 12     1.55       21      ‐25 
 cylinder 13     1.55       25      ‐25 
 cylinder 14     1.55       27      ‐27 
 cylinder 15      1.6       27      ‐27 
 hexprism 16      1.8       27      ‐27 
 media 1 1 1 
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 media 1 1 2 ‐1 
 media 1 1 3 ‐2 
 media 1 1 4 ‐3 
 media 1 1 5 ‐4 
 media 1 1 6 ‐5 
 media 1 1 7 ‐6 
 media 1 1 8 ‐7 
 media 1 1 9 ‐8 
 media 1 1 10 ‐9 
 media 1 1 11 ‐10 
 media 1 1 12 ‐11 
 media 1 1 13 ‐12 
 media 3 1 14 ‐13 
 media 5 1 15 ‐14 
 media 6 1 16 ‐15 
 boundary 16 
unit 10 
com="fuel rod 8" 
 cylinder 1     1.55      ‐21      ‐25 
 cylinder 2     1.55      ‐17      ‐25 
 cylinder 3     1.55      ‐13      ‐25 
 cylinder 4     1.55       ‐9      ‐25 
 cylinder 5     1.55       ‐5      ‐25 
 cylinder 6     1.55       ‐1      ‐25 
 cylinder 7     1.55        1      ‐25 
 cylinder 8     1.55        5      ‐25 
 cylinder 9     1.55        9      ‐25 
 cylinder 10     1.55       13      ‐25 
 cylinder 11     1.55       17      ‐25 
 cylinder 12     1.55       21      ‐25 
 cylinder 13     1.55       25      ‐25 
 cylinder 14     1.55       27      ‐27 
 cylinder 15      1.6       27      ‐27 
 hexprism 16      1.8       27      ‐27 
 media 1 1 1 
 media 1 1 2 ‐1 
 media 1 1 3 ‐2 
 media 1 1 4 ‐3 
 media 1 1 5 ‐4 
 media 1 1 6 ‐5 
 media 1 1 7 ‐6 
 media 1 1 8 ‐7 
 media 1 1 9 ‐8 
 media 1 1 10 ‐9 
 media 1 1 11 ‐10 
 media 1 1 12 ‐11 
 media 1 1 13 ‐12 
 media 3 1 14 ‐13 
 media 5 1 15 ‐14 
 media 6 1 16 ‐15 
 boundary 16 
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unit 11 
com="flue rod 9" 
 cylinder 1     1.55      ‐21      ‐25 
 cylinder 2     1.55      ‐17      ‐25 
 cylinder 3     1.55      ‐13      ‐25 
 cylinder 4     1.55       ‐9      ‐25 
 cylinder 5     1.55       ‐5      ‐25 
 cylinder 6     1.55       ‐1      ‐25 
 cylinder 7     1.55        1      ‐25 
 cylinder 8     1.55        5      ‐25 
 cylinder 9     1.55        9      ‐25 
 cylinder 10     1.55       13      ‐25 
 cylinder 11     1.55       17      ‐25 
 cylinder 12     1.55       21      ‐25 
 cylinder 13     1.55       25      ‐25 
 cylinder 14     1.55       27      ‐27 
 cylinder 15      1.6       27      ‐27 
 hexprism 16      1.8       27      ‐27 
 media 1 1 1 
 media 1 1 2 ‐1 
 media 1 1 3 ‐2 
 media 1 1 4 ‐3 
 media 1 1 5 ‐4 
 media 1 1 6 ‐5 
 media 1 1 7 ‐6 
 media 1 1 8 ‐7 
 media 1 1 9 ‐8 
 media 1 1 10 ‐9 
 media 1 1 11 ‐10 
 media 1 1 12 ‐11 
 media 1 1 13 ‐12 
 media 3 1 14 ‐13 
 media 5 1 15 ‐14 
 media 6 1 16 ‐15 
 boundary 16 
end geometry 
read array 
ara=1 nux=11 nuy=11 nuz=1 typ=shexagonal 
 com='' 
 fill 
    2    2    2    2    2    2    2    2    2    2    2 
    2    2    2    2   11   10   11    2    2    2    2 
    2    2    2   11    9    8    8    9   11    2    2 
    2    2   10    8    7    6    7    8   10    2    2 
    2    2   11    8    6    5    5    6    8   11    2 
    2    2    9    7    5    1    5    7    9    2    2 
    2    2   11    8    6    5    5    6    8   11    2 
    2    2   10    8    7    6    7    8   10    2    2 
    2    2    2   11    9    8    8    9   11    2    2 
    2    2    2    2   11   10   11    2    2    2    2 
    2    2    2    2    2    2    2    2    2    2    2  end fill 
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end array 
read plot 
 scr=yes 
 ttl='tet' 
 pic=mixtures 
 xul=‐28.2 
 yul=28.2 
 zul=0 
 xlr=28.2 
 ylr=‐28.2 
 zlr=0 
 nax=500 
 clr=1 255 0 0 
     2 0 0 205 
     3 0 229 238 
     4 0 238 0 
     5 205 205 0 
     6 238 0 0 
     7 145 44 238 
     9 240 200 220 
 end color 
 uax=1 vdn=‐1 
  end 
end plot 
end data 
end 
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6.2. Solid	Liquid	Fueled	Reactor	Depletion	Deck	

 
'Input generated by GeeWiz SCALE 6.1 Compiled on Tue Sep  6 15:23:32 2011 
=t6‐depl 
dep_01.inp 
v7‐238 
read composition 
 wtptliquid_fuel 2  0.934842  5 
                                 92238 0.005001 
                                 92235 0.095 
                                 8016 88.7909 
                                 1001 11.09546 
                                 16000 0.013639 
                       1 403.15   end 
 be          3 1 900   end 
 zirc2       4 1 900   end 
 ss316       5 1 900   end 
 wtptnak         6  0.749  2 
                                 11023 23 
                                 19000 77 
                       1 823.15   end 
 wtptlih         7  0.82  2 
                                 1001 14.3 
                                 3006 85.7 
                       1 300   end 
 wtptfuel        100  6.2  6 
                                 92235 19 
                                 92238 1 
                                 1001 1.409435 
                                 68000 1.7 
                                 40000 76.88832 
                                 62149 0.00225 
                       1 900   end 
 wtptfuel        101  6.2  6 
                                 92235 19 
                                 92238 1 
                                 1001 1.409435 
                                 68000 1.7 
                                 40000 76.88832 
                                 62149 0.00225 
                       1 900   end 
 wtptfuel        102  6.2  6 
                                 92235 19 
                                 92238 1 
                                 1001 1.409435 
                                 68000 1.7 
                                 40000 76.88832 
                                 62149 0.00225 



 

129 
 

                       1 900   end 
 wtptfuel        200  6.2  6 
                                 92235 19 
                                 92238 1 
                                 1001 1.409435 
                                 68000 1.7 
                                 40000 76.88832 
                                 62149 0.00225 
                       1 900   end 
 wtptfuel        201  6.2  6 
                                 92235 19 
                                 92238 1 
                                 1001 1.409435 
                                 68000 1.7 
                                 40000 76.88832 
                                 62149 0.00225 
                       1 900   end 
 wtptfuel        202  6.2  6 
                                 92235 19 
                                 92238 1 
                                 1001 1.409435 
                                 68000 1.7 
                                 40000 76.88832 
                                 62149 0.00225 
                       1 900   end 
 wtptfuel        300  6.2  6 
                                 92235 19 
                                 92238 1 
                                 1001 1.409435 
                                 68000 1.7 
                                 40000 76.88832 
                                 62149 0.00225 
                       1 900   end 
 wtptfuel        301  6.2  6 
                                 92235 19 
                                 92238 1 
                                 1001 1.409435 
                                 68000 1.7 
                                 40000 76.88832 
                                 62149 0.00225 
                       1 900   end 
 wtptfuel        302  6.2  6 
                                 92235 19 
                                 92238 1 
                                 1001 1.409435 
                                 68000 1.7 
                                 40000 76.88832 
                                 62149 0.00225 
                       1 900   end 
 wtptfuel        400  6.2  6 
                                 92235 19 
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                                 92238 1 
                                 1001 1.409435 
                                 68000 1.7 
                                 40000 76.88832 
                                 62149 0.00225 
                       1 900   end 
 wtptfuel        401  6.2  6 
                                 92235 19 
                                 92238 1 
                                 1001 1.409435 
                                 68000 1.7 
                                 40000 76.88832 
                                 62149 0.00225 
                       1 900   end 
 wtptfuel        402  6.2  6 
                                 92235 19 
                                 92238 1 
                                 1001 1.409435 
                                 68000 1.7 
                                 40000 76.88832 
                                 62149 0.00225 
                       1 900   end 
end composition 
read depletion 
  2 100 101 102 200 201 202 300 301 302 400 401 402 
end depletion 
read burndata 
  power=9.71 burn=73 end 
  power=9.71 burn=73 end 
  power=9.71 burn=73 end 
  power=9.71 burn=73 end 
  power=9.71 burn=73 end 
  power=9.71 burn=182.5 end 
  power=9.71 burn=182.5 end 
  power=9.71 burn=735 end 
  power=9.71 burn=735 end 
  power=9.71 burn=1825 end 
  power=9.71 burn=3650 end 
  power=9.71 burn=3650 end 
  power=9.71 burn=3650 end 
end burndata 
read timetable 
end timetable 
read opus 
  symnuc=ac‐228 ag‐109 am‐241 am‐242m am‐243 cm‐242 cm‐243 cm‐244 cm‐245 
cs‐133 er‐162 er‐164 er‐166 er‐167 er‐167m er‐168 er‐170 eu‐153 gd‐155 
mo‐95 nd‐143 nd‐145 pu‐238 pu‐239 pu‐240 pu‐241 pu‐242 pu‐243 rh‐103 
ru‐101 sm‐147 sm‐149 sm‐150 sm‐151 sm‐152 tc‐99 u‐234 u‐235 u‐236 u‐238 
  end 
  units=grams 
  time=years 
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  matl=2 100 101 102 200 201 202 300 301 302 400 401 402 end 
end opus 
read model 
read parameter 
 gen=200 
 npg=10000 
 nsk=10 
 htm=yes 
end parameter 
read geometry 
unit 2 
com="nak" 
 hexprism 1      1.8       27      ‐27 
 media 6 1 1 
 boundary 1 
global unit 3 
com="global" 
 cylinder 1       15       27      ‐27 
 cylinder 2     15.2     27.2    ‐27.2 
 cylinder 3     15.2     37.2    ‐37.2 
 cylinder 4     21.5     37.2    ‐37.2 
 cylinder 5     25.2     37.2    ‐37.2 
 cylinder 6     28.2     37.2    ‐37.2 
 cylinder 7     28.2     37.2    ‐47.2 
 array 1 1  place 6 6 1 0 0 0 
 media 5 1 2 ‐1 
 media 3 1 3 ‐2 
 media 3 1 4 ‐3 
 media 0 1 5 ‐4 
 media 2 1 6 ‐5 
 media 7 1 7 ‐6 
 boundary 7 
unit 4 
com="fuel rod 1" 
 cylinder 1     1.55        5       ‐5 
 cylinder 2     1.55       15      ‐15 
 cylinder 3     1.55       25      ‐25 
 cylinder 4     1.55       27      ‐27 
 cylinder 5      1.6       27      ‐27 
 hexprism 6      1.8       27      ‐27 
 media 100 1 1 
 media 101 1 2 ‐1 
 media 102 1 3 ‐2 
 media 3 1 4 ‐3 
 media 4 1 5 ‐4 
 media 6 1 6 ‐5 
 boundary 6 
unit 5 
com="fuel rod 2" 
 cylinder 1     1.55        5       ‐5 
 cylinder 2     1.55       15      ‐15 
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 cylinder 3     1.55       25      ‐25 
 cylinder 4     1.55       27      ‐27 
 cylinder 5      1.6       27      ‐27 
 hexprism 6      1.8       27      ‐27 
 media 200 1 1 
 media 201 1 2 ‐1 
 media 202 1 3 ‐2 
 media 3 1 4 ‐3 
 media 4 1 5 ‐4 
 media 6 1 6 ‐5 
 boundary 6 
unit 6 
com="fuel rod 3" 
 cylinder 1     1.55        5       ‐5 
 cylinder 2     1.55       15      ‐15 
 cylinder 3     1.55       25      ‐25 
 cylinder 4     1.55       27      ‐27 
 cylinder 5      1.6       27      ‐27 
 hexprism 6      1.8       27      ‐27 
 media 300 1 1 
 media 301 1 2 ‐1 
 media 302 1 3 ‐2 
 media 3 1 4 ‐3 
 media 4 1 5 ‐4 
 media 6 1 6 ‐5 
 boundary 6 
unit 7 
com="fuel rod 4" 
 cylinder 1     1.55        5       ‐5 
 cylinder 2     1.55       15      ‐15 
 cylinder 3     1.55       25      ‐25 
 cylinder 4     1.55       27      ‐27 
 cylinder 5      1.6       27      ‐27 
 hexprism 6      1.8       27      ‐27 
 media 400 1 1 
 media 401 1 2 ‐1 
 media 402 1 3 ‐2 
 media 3 1 4 ‐3 
 media 4 1 5 ‐4 
 media 6 1 6 ‐5 
 boundary 6 
end geometry 
read array 
ara=1 nux=11 nuy=11 nuz=1 typ=shexagonal 
 com='' 
 fill 
    2    2    2    2    2    2    2    2    2    2    2 
    2    2    2    2    7    7    7    2    2    2    2 
    2    2    2    7    6    6    6    6    7    2    2 
    2    2    7    6    5    5    5    6    7    2    2 
    2    2    7    6    5    4    4    5    6    7    2 
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    2    2    6    5    4    4    4    5    6    2    2 
    2    2    7    6    5    4    4    5    6    7    2 
    2    2    7    6    5    5    5    6    7    2    2 
    2    2    2    7    6    6    6    6    7    2    2 
    2    2    2    2    7    7    7    2    2    2    2 
    2    2    2    2    2    2    2    2    2    2    2  end fill 
end array 
end data 
end model 
end 

 
 
 

6.3. USGS	TRIGA	Reactor	Storage	Rack	MCNP	Deck	

 

$$Denver Reactor Storage racks (Two Racks) 
C Cell Cards 
C Tank Cell Cards 
1 0 ‐6:5:7 imp:n=0            $ Out Side Problem (Universe) 
c 1 0 ‐6:5:1 imp:n=0            $ Out Side Problem (Universe) 
2 1 ‐2.35 6 ‐5 2 ‐7 imp:n=1   $ Concrete Wall 
3 0 6 ‐5 ‐2 3 ‐7 imp:n=1         $ Air Pocket 
4 2 ‐7.92 6 ‐5 ‐3 4 ‐7 imp:n=1   $ Stainless Steel Tank 
c Detector and Source Cards 
2001 6 ‐1 65 ‐66 ‐501 imp:n=1 $Detector 
2002 6 ‐1 63 ‐70 ‐502 imp:n=1 $Source 
C Water Cell Cards 
c 50 6 ‐1 6 ‐5 ‐4 ‐7 imp:n=1 
51 6 ‐1 6 ‐5 ‐4 ‐7 #6 #7 #8 #9 #10 #11 (‐81:41:91) (‐81:42:91) (‐81:43:91) 
     (‐81:44:91) (‐81:45:91) (‐81:46:91) (‐81:47:91) (‐81:48:91) (‐81:49:91) 
     (‐81:50:91) (‐81:51:91) (‐61:52:71) (‐61:53:71) (‐61:54:71) (‐61:55:71) 
     (‐61:56:71) (‐61:57:71) (‐61:58:71) (‐61:59:71) #2001 #2002 imp:n=1 
C Strut Cell Cards For Rack 1 
6 3 ‐2.7 ‐21 22 ‐23 24 11 ‐17 imp:n=1 $Front Strut 
7 3 ‐2.7 ‐25 26 27 ‐28 11 ‐17 imp:n=1 $Right Strut 
8 3 ‐2.7 ‐29 30 31 ‐32 11 ‐17 imp:n=1 $Left Strut 
C Grid Cell Cards For Rack 1 
9 3 ‐2.7 23 ‐27 ‐31 ‐16 15 ‐33 (34:‐35) (34:36) 41 42 43 44 45 46 47 48 49 
     50 51 52 53 54 55 56 57 58 59 imp:n=1 $Top Grid 
10 3 ‐2.7 23 ‐27 ‐31 ‐14 13 ‐33 (34:‐35) (34:36) 41 42 43 44 45 46 47 48 49 
     50 51 52 53 54 55 56 57 58 59 imp:n=1 $Middle Grid 
11 3 ‐2.7 23 ‐27 ‐31 ‐12 11 ‐33 imp:n=1 $Bottom Plate 
C Rack 1 Fuel Pin 1 (Comment out when not in use) 
101 3 ‐2.7 81 ‐82 ‐251 imp:n=1       $ Bottom Pin 
102 6 ‐1 81 ‐82 251 ‐111 imp:n=1     $ Bottom Water Fill 
103 3 ‐2.7 82 ‐83 ‐111 imp:n=1       $ Bottom Cap 
104 7 ‐2.2 83 ‐84 ‐151 imp:n=1       $ Bottom Graphite 
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105 5 ‐2.7 84 ‐85 ‐151 imp:n=1       $ Bottom Sm 
106 11 ‐5.984417967 85 ‐86 201 ‐151 imp:n=1 $ Fuel  
107 5 ‐2.7 86 ‐87 ‐151 imp:n=1       $ Upper Sm 
108 7 ‐2.2 87 ‐88 ‐151 imp:n=1       $ Upper Graphite 
109 0 88 ‐89 ‐151 imp:n=1            $ Void 
110 3 ‐2.7 89 ‐90 ‐111 imp:n=1       $ Upper Cap 
111 6 ‐1 90 ‐91 251 ‐111 imp:n=1     $ Upper Water Fill 
112 3 ‐2.7 90 ‐91 ‐251 imp:n=1       $ Upper Pin 
113 3 ‐2.7 83 ‐89 151 ‐111 imp:n=1   $ Cladding 
114 6 ‐1 81 ‐91 111 ‐41 imp:n=1      $ Water 
115 10 ‐6.511 85 ‐86 ‐201 imp:n=1    $ Zr Rod 
C Rack 1 Fuel Pin 2 (Comment out when not in use) 
201 3 ‐2.7 81 ‐82 ‐252 imp:n=1       $ Bottom Pin 
202 6 ‐1 81 ‐82 252 ‐112 imp:n=1     $ Bottom Water Fill 
203 3 ‐2.7 82 ‐83 ‐112 imp:n=1       $ Bottom Cap 
204 7 ‐2.2 83 ‐84 ‐152 imp:n=1       $ Bottom Graphite 
205 5 ‐2.7 84 ‐85 ‐152 imp:n=1       $ Bottom Sm 
206 12 ‐5.984417967 85 ‐86 202 ‐152 imp:n=1 $ Fuel  
207 5 ‐2.7 86 ‐87 ‐152 imp:n=1       $ Upper Sm 
208 7 ‐2.2 87 ‐88 ‐152 imp:n=1       $ Upper Graphite 
209 0 88 ‐89 ‐152 imp:n=1            $ Void 
210 3 ‐2.7 89 ‐90 ‐112 imp:n=1       $ Upper Cap 
211 6 ‐1 90 ‐91 252 ‐112 imp:n=1     $ Upper Water Fill 
212 3 ‐2.7 90 ‐91 ‐252 imp:n=1       $ Upper Pin 
213 3 ‐2.7 83 ‐89 152 ‐112 imp:n=1   $ Cladding 
214 6 ‐1 81 ‐91 112 ‐42 imp:n=1      $ Water 
215 10 ‐6.511 85 ‐86 ‐202 imp:n=1    $ Zr Rod 
C Rack 1 Fuel Pin 3 (Comment out when not in use) 
301 3 ‐2.7 81 ‐82 ‐253 imp:n=1       $ Bottom Pin 
302 6 ‐1 81 ‐82 253 ‐113 imp:n=1     $ Bottom Water Fill 
303 3 ‐2.7 82 ‐83 ‐113 imp:n=1       $ Bottom Cap 
304 7 ‐2.2 83 ‐84 ‐153 imp:n=1       $ Bottom Graphite 
305 5 ‐2.7 84 ‐85 ‐153 imp:n=1       $ Bottom Sm 
306 13 ‐5.984417967 85 ‐86 203 ‐153 imp:n=1 $ Fuel  
307 5 ‐2.7 86 ‐87 ‐153 imp:n=1       $ Upper Sm 
308 7 ‐2.2 87 ‐88 ‐153 imp:n=1       $ Upper Graphite 
309 0 88 ‐89 ‐153 imp:n=1            $ Void 
310 3 ‐2.7 89 ‐90 ‐113 imp:n=1       $ Upper Cap 
311 6 ‐1 90 ‐91 253 ‐113 imp:n=1     $ Upper Water Fill 
312 3 ‐2.7 90 ‐91 ‐253 imp:n=1       $ Upper Pin 
313 3 ‐2.7 83 ‐89 153 ‐113 imp:n=1   $ Cladding 
314 6 ‐1 81 ‐91 113 ‐43 imp:n=1      $ Water 
315 10 ‐6.511 85 ‐86 ‐203 imp:n=1    $ Zr Rod 
C Rack 1 Fuel Pin 4 (Comment out when not in use) 
401 3 ‐2.7 81 ‐82 ‐254 imp:n=1       $ Bottom Pin 
402 6 ‐1 81 ‐82 254 ‐114 imp:n=1     $ Bottom Water Fill 
403 3 ‐2.7 82 ‐83 ‐114 imp:n=1       $ Bottom Cap 
404 7 ‐2.2 83 ‐84 ‐154 imp:n=1       $ Bottom Graphite 
405 5 ‐2.7 84 ‐85 ‐154 imp:n=1       $ Bottom Sm 
406 14 ‐5.984417967 85 ‐86 204 ‐154 imp:n=1 $ Fuel  
407 5 ‐2.7 86 ‐87 ‐154 imp:n=1       $ Upper Sm 
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408 7 ‐2.2 87 ‐88 ‐154 imp:n=1       $ Upper Graphite 
409 0 88 ‐89 ‐154 imp:n=1            $ Void 
410 3 ‐2.7 89 ‐90 ‐114 imp:n=1       $ Upper Cap 
411 6 ‐1 90 ‐91 254 ‐114 imp:n=1     $ Upper Water Fill 
412 3 ‐2.7 90 ‐91 ‐254 imp:n=1       $ Upper Pin 
413 3 ‐2.7 83 ‐89 154 ‐114 imp:n=1   $ Cladding 
414 6 ‐1 81 ‐91 114 ‐44 imp:n=1      $ Water 
415 10 ‐6.511 85 ‐86 ‐204 imp:n=1    $ Zr Rod 
C Rack 1 Fuel Pin 5 (Comment out when not in use) 
501 3 ‐2.7 81 ‐82 ‐255 imp:n=1       $ Bottom Pin 
502 6 ‐1 81 ‐82 255 ‐115 imp:n=1     $ Bottom Water Fill 
503 3 ‐2.7 82 ‐83 ‐115 imp:n=1       $ Bottom Cap 
504 7 ‐2.2 83 ‐84 ‐155 imp:n=1       $ Bottom Graphite 
505 5 ‐2.7 84 ‐85 ‐155 imp:n=1       $ Bottom Sm 
506 15 ‐5.984417967 85 ‐86 205 ‐155 imp:n=1 $ Fuel  
507 5 ‐2.7 86 ‐87 ‐155 imp:n=1       $ Upper Sm 
508 7 ‐2.2 87 ‐88 ‐155 imp:n=1       $ Upper Graphite 
509 0 88 ‐89 ‐155 imp:n=1            $ Void 
510 3 ‐2.7 89 ‐90 ‐115 imp:n=1       $ Upper Cap 
511 6 ‐1 90 ‐91 255 ‐115 imp:n=1     $ Upper Water Fill 
512 3 ‐2.7 90 ‐91 ‐255 imp:n=1       $ Upper Pin 
513 3 ‐2.7 83 ‐89 155 ‐115 imp:n=1   $ Cladding 
514 6 ‐1 81 ‐91 115 ‐45 imp:n=1      $ Water 
515 10 ‐6.511 85 ‐86 ‐205 imp:n=1    $ Zr Rod 
C Rack 1 Fuel Pin 6 (Comment out when not in use) 
601 3 ‐2.7 81 ‐82 ‐256 imp:n=1       $ Bottom Pin 
602 6 ‐1 81 ‐82 256 ‐116 imp:n=1     $ Bottom Water Fill 
603 3 ‐2.7 82 ‐83 ‐116 imp:n=1       $ Bottom Cap 
604 7 ‐2.2 83 ‐84 ‐156 imp:n=1       $ Bottom Graphite 
605 5 ‐2.7 84 ‐85 ‐156 imp:n=1       $ Bottom Sm 
606 16 ‐5.984417967 85 ‐86 206 ‐156 imp:n=1 $ Fuel  
607 5 ‐2.7 86 ‐87 ‐156 imp:n=1       $ Upper Sm 
608 7 ‐2.2 87 ‐88 ‐156 imp:n=1       $ Upper Graphite 
609 0 88 ‐89 ‐156 imp:n=1            $ Void 
610 3 ‐2.7 89 ‐90 ‐116 imp:n=1       $ Upper Cap 
611 6 ‐1 90 ‐91 256 ‐116 imp:n=1     $ Upper Water Fill 
612 3 ‐2.7 90 ‐91 ‐256 imp:n=1       $ Upper Pin 
613 3 ‐2.7 83 ‐89 156 ‐116 imp:n=1   $ Cladding 
614 6 ‐1 81 ‐91 116 ‐46 imp:n=1      $ Water 
615 10 ‐6.511 85 ‐86 ‐206 imp:n=1    $ Zr Rod 
C Rack 1 Fuel Pin 7 (Comment out when not in use) 
701 3 ‐2.7 81 ‐82 ‐257 imp:n=1       $ Bottom Pin 
702 6 ‐1 81 ‐82 257 ‐117 imp:n=1     $ Bottom Water Fill 
703 3 ‐2.7 82 ‐83 ‐117 imp:n=1       $ Bottom Cap 
704 7 ‐2.2 83 ‐84 ‐157 imp:n=1       $ Bottom Graphite 
705 5 ‐2.7 84 ‐85 ‐157 imp:n=1       $ Bottom Sm 
706 17 ‐5.984417967 85 ‐86 207 ‐157 imp:n=1 $ Fuel  
707 5 ‐2.7 86 ‐87 ‐157 imp:n=1       $ Upper Sm 
708 7 ‐2.2 87 ‐88 ‐157 imp:n=1       $ Upper Graphite 
709 0 88 ‐89 ‐157 imp:n=1            $ Void 
710 3 ‐2.7 89 ‐90 ‐117 imp:n=1       $ Upper Cap 
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711 6 ‐1 90 ‐91 257 ‐117 imp:n=1     $ Upper Water Fill 
712 3 ‐2.7 90 ‐91 ‐257 imp:n=1       $ Upper Pin 
713 3 ‐2.7 83 ‐89 157 ‐117 imp:n=1   $ Cladding 
714 6 ‐1 81 ‐91 117 ‐47 imp:n=1      $ Water 
715 10 ‐6.511 85 ‐86 ‐207 imp:n=1    $ Zr Rod 
C Rack 1 Fuel Pin 8 (Comment out when not in use) 
801 3 ‐2.7 81 ‐82 ‐258 imp:n=1       $ Bottom Pin 
802 6 ‐1 81 ‐82 258 ‐118 imp:n=1     $ Bottom Water Fill 
803 3 ‐2.7 82 ‐83 ‐118 imp:n=1       $ Bottom Cap 
804 7 ‐2.2 83 ‐84 ‐158 imp:n=1       $ Bottom Graphite 
805 5 ‐2.7 84 ‐85 ‐158 imp:n=1       $ Bottom Sm 
806 18 ‐5.984417967 85 ‐86 208 ‐158 imp:n=1 $ Fuel  
807 5 ‐2.7 86 ‐87 ‐158 imp:n=1       $ Upper Sm 
808 7 ‐2.2 87 ‐88 ‐158 imp:n=1       $ Upper Graphite 
809 0 88 ‐89 ‐158 imp:n=1            $ Void 
810 3 ‐2.7 89 ‐90 ‐118 imp:n=1       $ Upper Cap 
811 6 ‐1 90 ‐91 258 ‐118 imp:n=1     $ Upper Water Fill 
812 3 ‐2.7 90 ‐91 ‐258 imp:n=1       $ Upper Pin 
813 3 ‐2.7 83 ‐89 158 ‐118 imp:n=1   $ Cladding 
814 6 ‐1 81 ‐91 118 ‐48 imp:n=1      $ Water 
815 10 ‐6.511 85 ‐86 ‐208 imp:n=1    $ Zr Rod 
C Rack 1 Fuel Pin 9 (Comment out when not in use) 
901 3 ‐2.7 81 ‐82 ‐259 imp:n=1       $ Bottom Pin 
902 6 ‐1 81 ‐82 259 ‐119 imp:n=1     $ Bottom Water Fill 
903 3 ‐2.7 82 ‐83 ‐119 imp:n=1       $ Bottom Cap 
904 7 ‐2.2 83 ‐84 ‐159 imp:n=1       $ Bottom Graphite 
905 5 ‐2.7 84 ‐85 ‐159 imp:n=1       $ Bottom Sm 
906 19 ‐5.984417967 85 ‐86 209 ‐159 imp:n=1 $ Fuel  
907 5 ‐2.7 86 ‐87 ‐159 imp:n=1       $ Upper Sm 
908 7 ‐2.2 87 ‐88 ‐159 imp:n=1       $ Upper Graphite 
909 0 88 ‐89 ‐159 imp:n=1            $ Void 
910 3 ‐2.7 89 ‐90 ‐119 imp:n=1       $ Upper Cap 
911 6 ‐1 90 ‐91 259 ‐119 imp:n=1     $ Upper Water Fill 
912 3 ‐2.7 90 ‐91 ‐259 imp:n=1       $ Upper Pin 
913 3 ‐2.7 83 ‐89 159 ‐119 imp:n=1   $ Cladding 
914 6 ‐1 81 ‐91 119 ‐49 imp:n=1      $ Water 
915 10 ‐6.511 85 ‐86 ‐209 imp:n=1    $ Zr Rod 
C Rack 1 Fuel Pin 10 (Comment out when not in use) 
1001 3 ‐2.7 81 ‐82 ‐260 imp:n=1       $ Bottom Pin 
1002 6 ‐1 81 ‐82 260 ‐120 imp:n=1     $ Bottom Water Fill 
1003 3 ‐2.7 82 ‐83 ‐120 imp:n=1       $ Bottom Cap 
1004 7 ‐2.2 83 ‐84 ‐160 imp:n=1       $ Bottom Graphite 
1005 5 ‐2.7 84 ‐85 ‐160 imp:n=1       $ Bottom Sm 
1006 20 ‐5.984417967 85 ‐86 210 ‐160 imp:n=1 $ Fuel  
1007 5 ‐2.7 86 ‐87 ‐160 imp:n=1       $ Upper Sm 
1008 7 ‐2.2 87 ‐88 ‐160 imp:n=1       $ Upper Graphite 
1009 0 88 ‐89 ‐160 imp:n=1            $ Void 
1010 3 ‐2.7 89 ‐90 ‐120 imp:n=1       $ Upper Cap 
1011 6 ‐1 90 ‐91 260 ‐120 imp:n=1     $ Upper Water Fill 
1012 3 ‐2.7 90 ‐91 ‐260 imp:n=1       $ Upper Pin 
1013 3 ‐2.7 83 ‐89 160 ‐120 imp:n=1   $ Cladding 
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1014 6 ‐1 81 ‐91 120 ‐50 imp:n=1      $ Water 
1015 10 ‐6.511 85 ‐86 ‐210 imp:n=1    $ Zr Rod 
C Rack 1 Fuel Pin 11 (Comment out when not in use) 
1101 3 ‐2.7 81 ‐82 ‐261 imp:n=1       $ Bottom Pin 
1102 6 ‐1 81 ‐82 261 ‐121 imp:n=1     $ Bottom Water Fill 
1103 3 ‐2.7 82 ‐83 ‐121 imp:n=1       $ Bottom Cap 
1104 7 ‐2.2 83 ‐84 ‐161 imp:n=1       $ Bottom Graphite 
1105 5 ‐2.7 84 ‐85 ‐161 imp:n=1       $ Bottom Sm 
1106 21 ‐5.984417967 85 ‐86 211 ‐161 imp:n=1 $ Fuel  
1107 5 ‐2.7 86 ‐87 ‐161 imp:n=1       $ Upper Sm 
1108 7 ‐2.2 87 ‐88 ‐161 imp:n=1       $ Upper Graphite 
1109 0 88 ‐89 ‐161 imp:n=1            $ Void 
1110 3 ‐2.7 89 ‐90 ‐121 imp:n=1       $ Upper Cap 
1111 6 ‐1 90 ‐91 261 ‐121 imp:n=1     $ Upper Water Fill 
1112 3 ‐2.7 90 ‐91 ‐261 imp:n=1       $ Upper Pin 
1113 3 ‐2.7 83 ‐89 161 ‐121 imp:n=1   $ Cladding 
1114 6 ‐1 81 ‐91 121 ‐51 imp:n=1      $ Water 
1115 10 ‐6.511 85 ‐86 ‐211 imp:n=1    $ Zr Rod 
C Rack 1 Fuel Pin 12 (Comment out when not in use) 
1201 3 ‐2.7 61 ‐62 ‐262 imp:n=1       $ Bottom Pin 
1202 6 ‐1 61 ‐62 262 ‐122 imp:n=1     $ Bottom Water Fill 
1203 3 ‐2.7 62 ‐63 ‐122 imp:n=1       $ Bottom Cap 
1204 7 ‐2.2 63 ‐64 ‐162 imp:n=1       $ Bottom Graphite 
1205 5 ‐2.7 64 ‐65 ‐162 imp:n=1       $ Bottom Sm 
1206 22 ‐6.276767537 65 ‐66 ‐162 imp:n=1 $ Fuel  
1207 5 ‐2.7 66 ‐67 ‐162 imp:n=1       $ Upper Sm 
1208 7 ‐2.2 67 ‐68 ‐162 imp:n=1       $ Upper Graphite 
1209 0 68 ‐69 ‐162 imp:n=1            $ Void 
1210 3 ‐2.7 69 ‐70 ‐122 imp:n=1       $ Upper Cap 
1211 6 ‐1 70 ‐71 262 ‐122 imp:n=1     $ Upper Water Fill 
1212 3 ‐2.7 70 ‐71 ‐262 imp:n=1       $ Upper Pin 
1213 3 ‐2.7 63 ‐69 162 ‐122 imp:n=1   $ Cladding 
1214 6 ‐1 61 ‐71 122 ‐52 imp:n=1      $ Water 
C Rack 1 Fuel Pin 13 (Comment out when not in use) 
1301 3 ‐2.7 61 ‐62 ‐263 imp:n=1       $ Bottom Pin 
1302 6 ‐1 61 ‐62 263 ‐123 imp:n=1     $ Bottom Water Fill 
1303 3 ‐2.7 62 ‐63 ‐123 imp:n=1       $ Bottom Cap 
1304 7 ‐2.2 63 ‐64 ‐163 imp:n=1       $ Bottom Graphite 
1305 5 ‐2.7 64 ‐65 ‐163 imp:n=1       $ Bottom Sm 
1306 23 ‐6.276767537 65 ‐66 ‐163 imp:n=1 $ Fuel  
1307 5 ‐2.7 66 ‐67 ‐163 imp:n=1       $ Upper Sm 
1308 7 ‐2.2 67 ‐68 ‐163 imp:n=1       $ Upper Graphite 
1309 0 68 ‐69 ‐163 imp:n=1            $ Void 
1310 3 ‐2.7 69 ‐70 ‐123 imp:n=1       $ Upper Cap 
1311 6 ‐1 70 ‐71 263 ‐123 imp:n=1     $ Upper Water Fill 
1312 3 ‐2.7 70 ‐71 ‐263 imp:n=1       $ Upper Pin 
1313 3 ‐2.7 63 ‐69 163 ‐123 imp:n=1   $ Cladding 
1314 6 ‐1 61 ‐71 123 ‐53 imp:n=1      $ Water 
C Rack 1 Fuel Pin 14 (Comment out when not in use) 
1401 3 ‐2.7 61 ‐62 ‐264 imp:n=1       $ Bottom Pin 
1402 6 ‐1 61 ‐62 264 ‐124 imp:n=1     $ Bottom Water Fill 
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1403 3 ‐2.7 62 ‐63 ‐124 imp:n=1       $ Bottom Cap 
1404 7 ‐2.2 63 ‐64 ‐164 imp:n=1       $ Bottom Graphite 
1405 5 ‐2.7 64 ‐65 ‐164 imp:n=1       $ Bottom Sm 
1406 24 ‐6.276767537 65 ‐66 ‐164 imp:n=1 $ Fuel  
1407 5 ‐2.7 66 ‐67 ‐164 imp:n=1       $ Upper Sm 
1408 7 ‐2.2 67 ‐68 ‐164 imp:n=1       $ Upper Graphite 
1409 0 68 ‐69 ‐164 imp:n=1            $ Void 
1410 3 ‐2.7 69 ‐70 ‐124 imp:n=1       $ Upper Cap 
1411 6 ‐1 70 ‐71 264 ‐124 imp:n=1     $ Upper Water Fill 
1412 3 ‐2.7 70 ‐71 ‐264 imp:n=1       $ Upper Pin 
1413 3 ‐2.7 63 ‐69 164 ‐124 imp:n=1   $ Cladding 
1414 6 ‐1 61 ‐71 124 ‐54 imp:n=1      $ Water 
C Rack 1 Fuel Pin 15 (Comment out when not in use) 
1501 3 ‐2.7 61 ‐62 ‐265 imp:n=1       $ Bottom Pin 
1502 6 ‐1 61 ‐62 265 ‐125 imp:n=1     $ Bottom Water Fill 
1503 3 ‐2.7 62 ‐63 ‐125 imp:n=1       $ Bottom Cap 
1504 7 ‐2.2 63 ‐64 ‐165 imp:n=1       $ Bottom Graphite 
1505 5 ‐2.7 64 ‐65 ‐165 imp:n=1       $ Bottom Sm 
1506 25 ‐6.276767537 65 ‐66 ‐165 imp:n=1 $ Fuel  
1507 5 ‐2.7 66 ‐67 ‐165 imp:n=1       $ Upper Sm 
1508 7 ‐2.2 67 ‐68 ‐165 imp:n=1       $ Upper Graphite 
1509 0 68 ‐69 ‐165 imp:n=1            $ Void 
1510 3 ‐2.7 69 ‐70 ‐125 imp:n=1       $ Upper Cap 
1511 6 ‐1 70 ‐71 265 ‐125 imp:n=1     $ Upper Water Fill 
1512 3 ‐2.7 70 ‐71 ‐265 imp:n=1       $ Upper Pin 
1513 3 ‐2.7 63 ‐69 165 ‐125 imp:n=1   $ Cladding 
1514 6 ‐1 61 ‐71 125 ‐55 imp:n=1      $ Water 
C Rack 1 Fuel Pin 16 (Comment out when not in use) 
1601 3 ‐2.7 61 ‐62 ‐266 imp:n=1       $ Bottom Pin 
1602 6 ‐1 61 ‐62 266 ‐126 imp:n=1     $ Bottom Water Fill 
1603 3 ‐2.7 62 ‐63 ‐126 imp:n=1       $ Bottom Cap 
1604 7 ‐2.2 63 ‐64 ‐166 imp:n=1       $ Bottom Graphite 
1605 5 ‐2.7 64 ‐65 ‐166 imp:n=1       $ Bottom Sm 
1606 26 ‐6.276767537 65 ‐66 ‐166 imp:n=1 $ Fuel  
1607 5 ‐2.7 66 ‐67 ‐166 imp:n=1       $ Upper Sm 
1608 7 ‐2.2 67 ‐68 ‐166 imp:n=1       $ Upper Graphite 
1609 0 68 ‐69 ‐166 imp:n=1            $ Void 
1610 3 ‐2.7 69 ‐70 ‐126 imp:n=1       $ Upper Cap 
1611 6 ‐1 70 ‐71 266 ‐126 imp:n=1     $ Upper Water Fill 
1612 3 ‐2.7 70 ‐71 ‐266 imp:n=1       $ Upper Pin 
1613 3 ‐2.7 63 ‐69 166 ‐126 imp:n=1   $ Cladding 
1614 6 ‐1 61 ‐71 126 ‐56 imp:n=1      $ Water 
C Rack 1 Fuel Pin 17 (Comment out when not in use) 
1701 3 ‐2.7 61 ‐62 ‐267 imp:n=1       $ Bottom Pin 
1702 6 ‐1 61 ‐62 267 ‐127 imp:n=1     $ Bottom Water Fill 
1703 3 ‐2.7 62 ‐63 ‐127 imp:n=1       $ Bottom Cap 
1704 7 ‐2.2 63 ‐64 ‐167 imp:n=1       $ Bottom Graphite 
1705 5 ‐2.7 64 ‐65 ‐167 imp:n=1       $ Bottom Sm 
1706 27 ‐6.276767537 65 ‐66 ‐167 imp:n=1 $ Fuel  
1707 5 ‐2.7 66 ‐67 ‐167 imp:n=1       $ Upper Sm 
1708 7 ‐2.2 67 ‐68 ‐167 imp:n=1       $ Upper Graphite 
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1709 0 68 ‐69 ‐167 imp:n=1            $ Void 
1710 3 ‐2.7 69 ‐70 ‐127 imp:n=1       $ Upper Cap 
1711 6 ‐1 70 ‐71 267 ‐127 imp:n=1     $ Upper Water Fill 
1712 3 ‐2.7 70 ‐71 ‐267 imp:n=1       $ Upper Pin 
1713 3 ‐2.7 63 ‐69 167 ‐127 imp:n=1   $ Cladding 
1714 6 ‐1 61 ‐71 127 ‐57 imp:n=1      $ Water 
C Rack 1 Fuel Pin 18 (Comment out when not in use) 
1801 3 ‐2.7 61 ‐62 ‐268 imp:n=1       $ Bottom Pin 
1802 6 ‐1 61 ‐62 268 ‐128 imp:n=1     $ Bottom Water Fill 
1803 3 ‐2.7 62 ‐63 ‐128 imp:n=1       $ Bottom Cap 
1804 7 ‐2.2 63 ‐64 ‐168 imp:n=1       $ Bottom Graphite 
1805 5 ‐2.7 64 ‐65 ‐168 imp:n=1       $ Bottom Sm 
1806 28 ‐6.276767537 65 ‐66 ‐168 imp:n=1 $ Fuel  
1807 5 ‐2.7 66 ‐67 ‐168 imp:n=1       $ Upper Sm 
1808 7 ‐2.2 67 ‐68 ‐168 imp:n=1       $ Upper Graphite 
1809 0 68 ‐69 ‐168 imp:n=1            $ Void 
1810 3 ‐2.7 69 ‐70 ‐128 imp:n=1       $ Upper Cap 
1811 6 ‐1 70 ‐71 268 ‐128 imp:n=1     $ Upper Water Fill 
1812 3 ‐2.7 70 ‐71 ‐268 imp:n=1       $ Upper Pin 
1813 3 ‐2.7 63 ‐69 168 ‐128 imp:n=1   $ Cladding 
1814 6 ‐1 61 ‐71 128 ‐58 imp:n=1      $ Water 
C Rack 1 Fuel Pin 19 (Comment out when not in use) 
1901 3 ‐2.7 61 ‐62 ‐269 imp:n=1       $ Bottom Pin 
1902 6 ‐1 61 ‐62 269 ‐129 imp:n=1     $ Bottom Water Fill 
1903 3 ‐2.7 62 ‐63 ‐129 imp:n=1       $ Bottom Cap 
1904 7 ‐2.2 63 ‐64 ‐169 imp:n=1       $ Bottom Graphite 
1905 5 ‐2.7 64 ‐65 ‐169 imp:n=1       $ Bottom Sm 
1906 29 ‐6.276767537 65 ‐66 ‐169 imp:n=1 $ Fuel  
1907 5 ‐2.7 66 ‐67 ‐169 imp:n=1       $ Upper Sm 
1908 7 ‐2.2 67 ‐68 ‐169 imp:n=1       $ Upper Graphite 
1909 0 68 ‐69 ‐169 imp:n=1            $ Void 
1910 3 ‐2.7 69 ‐70 ‐129 imp:n=1       $ Upper Cap 
1911 6 ‐1 70 ‐71 269 ‐129 imp:n=1     $ Upper Water Fill 
1912 3 ‐2.7 70 ‐71 ‐269 imp:n=1       $ Upper Pin 
1913 3 ‐2.7 63 ‐69 169 ‐129 imp:n=1   $ Cladding 
1914 6 ‐1 61 ‐71 129 ‐59 imp:n=1      $ Water 
 
C Surface Cards 
C Tank Surfaces 
1 cz 193     $ Outer Bound of Problem (And Concrete) 
2 cz 132.1    $ Inner Bound of Concrete 
3 cz 123.19    $ Outer Bound of Steel Tank 
4 cz 121.92   $ Inner Bound of Steel Tank 
5 pz 90       $Top of Problem 
6 pz ‐30    $ Bottom of Problem 
7 c/z 0 ‐110.85895 80    $Bound of Problem 
C Rack Horizontal Surfaces 
11 pz 0       $ Bottom of Rack 
12 pz 0.9525   $ Top of Bottom Plate 
13 pz 8.89  $ Bottom of Middle Gridplate 
14 pz 10.795 $ Top of Middle Gridplate 
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15 pz 62.5475  $ Bottom of Top Gridplate 
16 pz 64.4525  $ Top of Top Gridplate 
17 pz 68.58        $ Top of Rack 
C Front Vertical Strut Surfaces (First Rack) 
21 px 3.6449    $ Right Thin Side of Front Horizontal Upright 
22 px ‐3.6449   $ Left Thin Side of Front Horizontal Upright 
23 py ‐121.165  $ Inner Broad side of Front Horizontal Upright (Outside Grid) 
24 py ‐121.8    $ Outer Broad Side of Front Horizontal Upright 
C Right Vertical Strut Surfaces (First Rack) 
25 p ‐0.57787 1 0 ‐106.64641  $Right Thin Side of Right Vertical Upright 
26 p ‐0.57787 1 0 ‐115.07149  $Left Thin Side of Right Vertical Upright 
27 p 1.7305 1 0 ‐90.24685     $Inner Broad Side of Right Vertical Upright 
28 p 1.7305 1 0 ‐88.97685     $Outer Broad Side of Right Vertical Upright 
C Left Vertical Strut Surfaces (First Rack) 
29 p 0.57787 1 0 ‐106.64641  $Right Thin Side of Left Vertical Upright 
30 p 0.57787 1 0 ‐115.07149  $Left Thin Side of Left Vertical Upright 
31 p ‐1.7305 1 0 ‐90.24685     $Inner Broad Side of Left Vertical Upright 
32 p ‐1.7305 1 0 ‐88.97685     $Outer Broad Side of Left Vertical Upright 
C Grid Cut out Surfaces (First Rack) 
33 c/z 0 ‐110.85895 12.065    $Radius of Plate 
34 py ‐116.68825              $PY Plane of Notch 
35 px 6.6675                  $Right PX Plane of Notch  
36 px ‐6.6675                 $Left PX Plane of Notch 
C Al Fuel Rod Horizontal Surfaces 
61 pz 0.9526      $ Pin Bottom  
62 pz 6.6625      $ Cap Bottom  
63 pz 7.9425      $ Graphite Bottom 
64 pz 17.9501     $ Sm Bottom 
65 pz 18.0771     $ U Bottom 
66 pz 53.6371     $ U Top 
67 pz 53.7641     $ Sm Top 
68 pz 63.7717     $ Graphite Top 
69 pz 64.3225     $ Void Top 
70 pz 65.5925     $ Cap Top 
71 pz 74.3325     $ Pin Top 
C SS Fuel Rod Horizontal Surfaces 
81 pz 0.9526      $ Pin Bottom  
82 pz 6.6625      $ Cap Bottom  
83 pz 7.9425      $ Graphite Bottom 
84 pz 16.6801     $ Sm Bottom 
85 pz 16.8071     $ U Bottom 
86 pz 54.9071     $ U Top 
87 pz 55.0341     $ Sm Top 
88 pz 63.7717     $ Graphite Top 
89 pz 64.3225     $ Void Top 
90 pz 65.5925     $ Cap Top 
91 pz 74.3325     $ Pin Top 
C Fuel Rod Vertical Surfaces 
C Rod 1 
251 c/z ‐4.445 ‐103.08655 0.75001 $Pin Diameter 
201 c/z ‐4.445 ‐103.08655 0.3175 $Rod Radius 
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151 c/z ‐4.445 ‐103.08655 1.82245 $Fuel Diameter 
111 c/z ‐4.445 ‐103.08655 1.87325 $Cladding OD 
41 c/z ‐4.445 ‐103.08655 1.91135 $Rack hole outer bound 
C Rod 2 
252 c/z 0 ‐103.08655 0.75001 $Pin Diameter 
202 c/z 0 ‐103.08655 0.3175 $Rod Radius 
152 c/z 0 ‐103.08655 1.82245 $Fuel Diameter 
112 c/z 0 ‐103.08655 1.87325 $Cladding OD 
42 c/z 0 ‐103.08655 1.91135 $Rack hole outer bound 
C Rod 3 
253 c/z 4.445 ‐103.08655 0.75001 $Pin Diameter 
203 c/z 4.445 ‐103.08655 0.3175 $Rod Radius 
153 c/z 4.445 ‐103.08655 1.82245 $Fuel Diameter 
113 c/z 4.445 ‐103.08655 1.87325 $Cladding OD 
43 c/z 4.445 ‐103.08655 1.91135 $Rack hole outer bound 
C Rod 4 
254 c/z ‐6.6675 ‐106.97275 0.75001 $Pin Diameter 
204 c/z ‐6.6675 ‐106.97275 0.3175 $Rod Radius 
154 c/z ‐6.6675 ‐106.97275 1.82245 $Fuel Diameter 
114 c/z ‐6.6675 ‐106.97275 1.87325 $Cladding OD 
44 c/z ‐6.6675 ‐106.97275 1.91135 $Rack hole outer bound 
C Rod 5 
255 c/z ‐2.2225 ‐106.97275 0.75001 $Pin Diameter 
205 c/z ‐2.2225 ‐106.97275 0.3175 $Rod Radius 
155 c/z ‐2.2225 ‐106.97275 1.82245 $Fuel Diameter 
115 c/z ‐2.2225 ‐106.97275 1.87325 $Cladding OD 
45 c/z ‐2.2225 ‐106.97275 1.91135 $Rack hole outer bound 
C Rod 6 
256 c/z 2.2225 ‐106.97275 0.75001 $Pin Diameter 
206 c/z 2.2225 ‐106.97275 0.3175 $Rod Radius 
156 c/z 2.2225 ‐106.97275 1.82245 $Fuel Diameter 
116 c/z 2.2225 ‐106.97275 1.87325 $Cladding OD 
46 c/z 2.2225 ‐106.97275 1.91135 $Rack hole outer bound 
C Rod 7 
257 c/z 6.6675 ‐106.97275 0.75001 $Pin Diameter 
207 c/z 6.6675 ‐106.97275 0.3175 $Rod Radius 
157 c/z 6.6675 ‐106.97275 1.82245 $Fuel Diameter 
117 c/z 6.6675 ‐106.97275 1.87325 $Cladding OD 
47 c/z 6.6675 ‐106.97275 1.91135 $Rack hole outer bound 
C Rod 8 
258 c/z ‐8.89 ‐110.85895 0.75001 $Pin Diameter 
208 c/z ‐8.89 ‐110.85895  0.3175 $Rod Radius 
158 c/z ‐8.89 ‐110.85895  1.82245 $Fuel Diameter 
118 c/z ‐8.89 ‐110.85895  1.87325 $Cladding OD 
48 c/z ‐8.89 ‐110.85895  1.91135 $Rack hole outer bound 
C Rod 9 
259 c/z ‐4.445 ‐110.85895 0.75001 $Pin Diameter 
209 c/z ‐4.445 ‐110.85895  0.3175 $Rod Radius 
159 c/z ‐4.445 ‐110.85895  1.82245 $Fuel Diameter 
119 c/z ‐4.445 ‐110.85895  1.87325 $Cladding OD 
49 c/z ‐4.445 ‐110.85895  1.91135 $Rack hole outer bound 
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C Rod 10 
260 c/z 0 ‐110.85895 0.75001 $Pin Diameter 
210 c/z 0 ‐110.85895 0.3175 $Rod Radius 
160 c/z 0 ‐110.85895 1.82245 $Fuel Diameter 
120 c/z 0 ‐110.85895 1.87325 $Cladding OD 
50 c/z 0 ‐110.85895 1.91135 $Rack hole outer bound 
C Rod 11 
261 c/z 4.445 ‐110.85895 0.75001 $Pin Diameter 
211 c/z 4.445 ‐110.85895 0.3175 $Rod Radius 
161 c/z 4.445 ‐110.85895 1.82245 $Fuel Diameter 
121 c/z 4.445 ‐110.85895 1.87325 $Cladding OD 
51 c/z 4.445 ‐110.85895 1.91135 $Rack hole outer bound 
C Rod 12 
262 c/z 8.890 ‐110.85895 0.75001 $Pin Diameter 
162 c/z 8.890 ‐110.85895 1.79 $Fuel Diameter 
122 c/z 8.890 ‐110.85895 1.8669 $Cladding OD 
52 c/z 8.890 ‐110.85895 1.91135 $Rack hole outer bound 
C Rod 13 
263 c/z ‐6.6675 ‐114.74515 0.75001 $Pin Diameter 
163 c/z ‐6.6675 ‐114.74515 1.79 $Fuel Diameter 
123 c/z ‐6.6675 ‐114.74515 1.8669 $Cladding OD 
53 c/z ‐6.6675 ‐114.74515 1.91135 $Rack hole outer bound 
C Rod 14 
264 c/z ‐2.2225 ‐114.74515 0.75001 $Pin Diameter 
164 c/z ‐2.2225 ‐114.74515 1.79 $Fuel Diameter 
124 c/z ‐2.2225 ‐114.74515 1.8669 $Cladding OD 
54 c/z ‐2.2225 ‐114.74515 1.91135 $Rack hole outer bound 
C Rod 15 
265 c/z 2.2225 ‐114.74515 0.75001 $Pin Diameter 
165 c/z 2.2225 ‐114.74515 1.79 $Fuel Diameter 
125 c/z 2.2225 ‐114.74515 1.8669 $Cladding OD 
55 c/z 2.2225 ‐114.74515 1.91135 $Rack hole outer bound 
C Rod 16 
266 c/z 6.6675 ‐114.74515 0.75001 $Pin Diameter 
166 c/z 6.6675 ‐114.74515 1.79 $Fuel Diameter 
126 c/z 6.6675 ‐114.74515 1.8669 $Cladding OD 
56 c/z 6.6675 ‐114.74515 1.91135 $Rack hole outer bound 
C Rod 17 
267 c/z ‐4.445 ‐118.63135 0.75001 $Pin Diameter 
167 c/z ‐4.445 ‐118.63135 1.79 $Fuel Diameter 
127 c/z ‐4.445 ‐118.63135 1.8669 $Cladding OD  
57 c/z ‐4.445 ‐118.63135 1.91135 $Rack hole outer bound 
C Rod 18 
268 c/z 0 ‐118.63135 0.75001 $Pin Diameter 
168 c/z 0 ‐118.63135 1.79 $Fuel Diameter 
128 c/z 0 ‐118.63135 1.8669 $Cladding OD 
58 c/z 0 ‐118.63135 1.91135 $Rack hole outer bound 
C Rod 19 
269 c/z 4.445 ‐118.63135 0.75001 $Pin Diameter 
169 c/z 4.445 ‐118.63135 1.79 $Fuel Diameter 
129 c/z 4.445 ‐118.63135 1.8669 $Cladding OD 



 

143 
 

59 c/z 4.445 ‐118.63135 1.91135 $Rack hole outer bound 
C Detector and Source 
501 c/z 16.9337 ‐99.48825 2.7517 $Detector Diameter 
502 c/z ‐13.1975 ‐116.2065 1.35 $Source Tube 
 
c data cards 
c criticality control cards 
SDEF POS 0 0 0 X=‐13.1975 Y=‐116.2065 Z=d3 PAR=1 ERG=d1 
SI3 8 17.14 
SP3 0 1 
SI1 0.05 0.5 1 2 3 4 5 6 7 8 9 10 11 
SP1 0 0.101 0.060 0.0834 0.133 0.1692 0.1534 0.111 0.0733 0.0664 0.0256 0.0187 
     0.0046 
F4:N 2001 
NPS 20000000 
CTME 200 
c materials cards 
m1 1001.66c ‐0.006 8016.66c ‐0.5 14000 ‐0.315 13027.66c ‐0.048 11023 ‐0.017 
     20000 ‐0.083 26000 ‐0.012 19000 ‐0.019 $NBS Concrete 
m2 26000 0.05936 24000 0.01743 28000 0.00772 25055 0.00174 $ SS 304  
m3 13027.66c ‐1 $ Al 1100 (Cladding) 
m4 92238.66c ‐0.064 92235.66c ‐0.016 
     40000 ‐0.90995 1001 ‐0.01005  
mt4 h/Zr.01t Zr/h.01t $Zirconium hyride fuel 
m5 13027.66c ‐0.99 62147.66c ‐0.0012928 62149.66c ‐0.0011918  
     62150 ‐0.0038325 62152 ‐0.0023069 8016.66c ‐0.001376  $Samarium Wafers 
m6 1001.66c 0.66667 8016.66c 0.33333 
mt6 lwtr.60t 
m7 6000.66c ‐1 $ Graphite Slugs 
m8 40000 1 
m9 13027.66c ‐1 $6061 Al (Racking) 
m10 40000 ‐1 $ Zirconium Rod 
m11 1001.66c ‐0.016870933 40000.66c ‐0.898129067 92235.66c ‐0.011627374  
     92238.66c ‐0.073372626 
mt11 h/Zr.01t Zr/h.01t $Zirconium hyride fuel    
m12 1001.66c ‐0.016870933 40000.66c ‐0.898129067 92235.66c ‐0.011296796  
     92238.66c ‐0.073703204 
mt12 h/Zr.01t Zr/h.01t $Zirconium hyride fuel    
m13 1001.66c ‐0.016870933 40000.66c ‐0.898129067 92235.66c ‐0.010942983  
     92238.66c ‐0.074057017 
mt13 h/Zr.01t Zr/h.01t $Zirconium hyride fuel    
m14 1001.66c ‐0.016870933 40000.66c ‐0.898129067 92235.66c ‐0.011056557  
     92238.66c ‐0.073943443 
mt14 h/Zr.01t Zr/h.01t $Zirconium hyride fuel    
m15 1001.66c ‐0.016870933 40000.66c ‐0.898129067 92235.66c ‐0.011056557  
     92238.66c ‐0.073943443 
mt15 h/Zr.01t Zr/h.01t $Zirconium hyride fuel    
m16 1001.66c ‐0.016870933 40000.66c ‐0.898129067 92235.66c ‐0.011296796  
     92238.66c ‐0.073703204 
mt16 h/Zr.01t Zr/h.01t $Zirconium hyride fuel    
m17 1001.66c ‐0.016870933 40000.66c ‐0.898129067 92235.66c ‐0.010942983  
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     92238.66c ‐0.074057017 
mt17 h/Zr.01t Zr/h.01t $Zirconium hyride fuel    
m18 1001.66c ‐0.016870933 40000.66c ‐0.898129067 92235.66c ‐0.010942983  
     92238.66c ‐0.074057017 
mt18 h/Zr.01t Zr/h.01t $Zirconium hyride fuel    
m19 1001.66c ‐0.016870933 40000.66c ‐0.898129067 92235.66c ‐0.010942983  
     92238.66c ‐0.074057017 
mt19 h/Zr.01t Zr/h.01t $Zirconium hyride fuel    
m20 1001.66c ‐0.016870933 40000.66c ‐0.898129067 92235.66c ‐0.01112327  
     92238.66c ‐0.07387673 
mt20 h/Zr.01t Zr/h.01t $Zirconium hyride fuel    
m21 1001.66c ‐0.016870933 40000.66c ‐0.898129067 92235.66c ‐0.010942983  
     92238.66c ‐0.074057017 
mt21 h/Zr.01t Zr/h.01t $Zirconium hyride fuel    
m22 1001.66c ‐0.010054645 40000.66c ‐0.909945355 92235.66c ‐0.016577847  
     92238.66c ‐0.063422153 
mt22 h/Zr.01t Zr/h.01t $Zirconium hyride fuel    
m23 1001.66c ‐0.010054645 40000.66c ‐0.909945355 92235.66c ‐0.015839926  
     92238.66c ‐0.064160074 
mt23 h/Zr.01t Zr/h.01t $Zirconium hyride fuel    
m24 1001.66c ‐0.010054645 40000.66c ‐0.909945355 92235.66c ‐0.015107205  
     92238.66c ‐0.064892795 
mt24 h/Zr.01t Zr/h.01t $Zirconium hyride fuel    
m25 1001.66c ‐0.010054645 40000.66c ‐0.909945355 92235.66c ‐0.016687269  
     92238.66c ‐0.063312731 
mt25 h/Zr.01t Zr/h.01t $Zirconium hyride fuel    
m26 1001.66c ‐0.010054645 40000.66c ‐0.909945355 92235.66c ‐0.016602702  
     92238.66c ‐0.063397298 
mt26 h/Zr.01t Zr/h.01t $Zirconium hyride fuel    
m27 1001.66c ‐0.010054645 40000.66c ‐0.909945355 92235.66c ‐0.016629407  
     92238.66c ‐0.063370593 
mt27 h/Zr.01t Zr/h.01t $Zirconium hyride fuel    
m28 1001.66c ‐0.010054645 40000.66c ‐0.909945355 92235.66c ‐0.015681369  
     92238.66c ‐0.064318631 
mt28 h/Zr.01t Zr/h.01t $Zirconium hyride fuel    
m29 1001.66c ‐0.010054645 40000.66c ‐0.909945355 92235.66c ‐0.015498883  
     92238.66c ‐0.064501117 
mt29 h/Zr.01t Zr/h.01t $Zirconium hyride fuel    
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