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Summary 

Nuclear microreactors are an attractive technological concept that combine the advantages of 

lower capital costs and modularity to deliver reliable power generation for niche applications 

and remote communities that are otherwise not well served by conventional power utilities. 

Heat pipe microreactors use no moving parts and can operate at much higher temperatures than 

conventional light water reactors, which has advantages for remote operation and improved 

thermal efficiency. However, due to their physically small size, nuclear microreactors suffer 

from high neutron leakage, lowering their fuel utilization and increasing fuel cycle costs. This 

thesis investigates design tradeoffs to improve the fuel utilization and discharge burnup of a 15 

MWth heat pipe monoblock microreactor fuel cycle, while retaining the advantages of 

microreactor concepts in economics and remote utility. Reactivity control is achieved using 

burnable absorbers, control sliders, and an emergency shutdown rod. It was found additional 

burnable absorber loading had a diminishing return on the cycle peak criticality while the 

penalty incurred to discharge burnup increased rapidly. Studies on the shutdown of the 

microreactor illuminated a positive reactivity coefficient due to the spectral shift of the neutron 

flux with increasing temperature ï it is not clear if the single shutdown rod alone would be 

sufficient to shutdown the reactor and more studies are recommended. Heat pipe thermal 

operating limits were investigated. A sintered nickel wick heat pipe design is proposed that 

would enable the reactor to remain resilient to a failure of a heat pipe in the reactor hotspots 

with some margin. Finally, a simplified economic estimate suggests that the microreactor would 

be economically competitive and that implementing technology to improve the fuel utilization 
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at the cost of a longer cycle is a worthwhile tradeoff. The proposed microreactor has a fuel cycle 

estimated to last 25 years without refueling, with a discharge burnup of about 60 MWd/kgU.  



1 

 

 

1 Introduction 

1.1 Background 

Small modular reactors (SMRs) are a concept gaining renewed interest for nuclear power 

generation using advanced reactor technologies to provide power generation capability in modular 

units. SMRs vary in capacity, ranging from tens to hundreds of megawatts thermal power. The 

major advantages in small nuclear power generation capacity lies in reduced capital costs, small 

physical footprint, and the ability to be built at locations large conventional reactors cannot service 

[1].  

Microreactors are a class of very small modular reactors (vSMRs) that typically produce 

between 1-20 MW thermal power [2] or between 1-10 MW electric power [3]. The potential 

consequences of low power microreactors is limited to on-site consequences, classifying them as 

Hazard Category 2 according to US regulations 10 CFR 830 [4] and DOE STD 1027 [5]. 

Historically, they trace their origins from space reactor designs, for instance SNAP-10A [6] or 

more recently the Kilopower [7] [8] reactor .  

In recent years, microreactor concepts have sparked new interest for civilian use in commercial 

power production, and specialized applications for military or space. Microreactors target niche 

power markets needs that are largely untapped or unserviceable by conventional means of power 

generation. Remote regions, island communities, and in-situ process heat applications are all 

potential target applications for microreactors. Given the very different markets and objectives 

they aim to fulfil, microreactors must be designed for their target application in mind, namely 

affordability, reliability, flexibility, and sustainability [8]. Designs compact enough to fit on a flat-
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bed truck could potentially be transported to any location accessible by road. Due to their lower 

power output, they may also be easier to incorporate into existing electrical grid infrastructure.  

There are several ongoing commercial microreactor efforts across the globe. In Russia, Uniterm 

[9] and SHELF are ~30 MWth microreactor concepts using UO2 fuel with water for moderation 

and cooling [10] [11], with fuel burnup of 115 and 160 MWd/kgU respectively [10]. Hydromine 

Nuclear Energy is developing the LFR-TL-X lead cooled fast reactor, with different models rated 

at 15/5, 30/10, and 60/20 MWth/MWe [10]. The reported discharge burnup of LFR-TL-X is about 

40 MWd/kgU [10]. SEALER is another low power (8/3 MWth/MWe) reactor under development 

by LeadCold in Sweden, with a discharge burnup of 33 MWd/kgU [10]. In Japan, the 4S reactor 

is a sodium cooled fast reactor with a discharge burnup of 43 MWd/kgU and long design life of 

60 years [10]. The microreactor concept most similar to this thesis is Westinghouseôs eVinci 

microreactor, which has a discharge burnup of about 30 MWd/kgU [10] [12]. Like eVinci, this 

concept reactor is a monoblock type reactor with heat pipes and external reactivity control.   

summarizes similar commercial microreactors in development (non-exhaustive) that are designed 

for 30 MWth power or less [10] [11] [12].  

 

Table 1-1. Comparison of < 30 MWt Microreactors Under Development (* from [12]) 

Reactor Uniterm SHELF 4S LFR-TL-X SEALER eVinci This 

Project 

Institution NIKIET NIKIET Toshiba Hydromine 

Nuclear 

Energy 

LeadCold WEC N/A 

Country Russia Russia Japan Luxemborg Sweden USA N/A 

Power  

(MWt/MWe) 

30/6.6 28.4/6.6 30/10 15/5 

30/10 

60/20 

8/3 0.4-40 / 

0.2-15 

5/15* 

15 / 5  

Fuel Type UO2 

CERMET 

UO2 

pellet 

U-Zr 

alloy 

LEU UO2 UO2 or 

UN 

UN 

Enrichment 19.75% 19.7% <20% 19.75% 19.75% 19.5% 19.75% 
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Table 1-1 continued 

Coolant Water Water Sodium Lead Lead Na or K 

heat pipes 

Na heat 

pipes 

Spectrum Thermal Thermal Fast Fast Fast Epi-

thermal 

Thermal 

Moderator Water Water N/A N/A N/A Metal 

hydrides 

YH2 

Reactivity 

Control 

Soluble 

boron, 

control 

rods 

Control 

rods 

Moving 

reflector 

External 

flag-type 

movable 

absorber 

Control 

rods 

Control 

drums, 

burnable 

absorbers 

Control 

sliders, 

burnable 

absorbers 

DBU 

(MWd/kgU) 

115 160 34 40 33 ~30 ~60 

Cycle length/ 

Lifetime 

200 mo. 

25 yr. 

6 yr. 

60 yr. 

- 

60 yr. 

~100 mo. 

30 yr. 

- 

27 yr. 

- 

10 yr. 

- 

~15 yr. 

Dimensions 

(diameter ï 

height) 

2.9 m 

9.8 m 

8 m 

14 m 

3.5 m 

24 m 

2 m 

3.5 m 

2.75 m 

6 m 

Not given 2.1 m 

2.1 m 

 

The advantage of heat pipe monolithic microreactors lies in their simplicity. Heat pipes are 

entirely passive heat transfer devices. Combined with solid fuel rods embedded in a solid structural 

monoblock, these reactors are ñsolid stateò reactors with minimal moving parts [8]. Simplicity in 

design and eliminating moving machinery facilitates manufacturing and transportation.  

In a heat pipe microreactor, the main mechanism by which heat is removed from the core is by 

a phase change in the working fluid of the heat pipe, typically Na, K, or Li. Heat is transferred via 

conduction from the core into the heat pipe walls, which transfers that heat to the heat pipe working 

fluid in contact with the inner walls [13]. The resulting vapor travels along the length of the heat 

pipe, out of the core, eventually condensing back into a liquid state by releasing latent heat. The 

liquid is then carried back into the core via gravity or capillary action via a wick. This method of 

heat removal for reactors is well studied; Los Alamos National Lab (LANL) has several decades 

(since 1963) of experience and research heritage with liquid metal heat pipes [13]. Heat pipes tend 

to work very well in their designed operating temperature range, but can encounter problems when 
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subject to conditions outside their functional limits [14]. Heat pipes in microreactors should be 

designed to operate well within functional limits such that a failure in one pipe will not cause a 

cascading failure of the surrounding heat pipes as they take up the thermal load of the failed pipe. 

To that end, Idaho National Labôs MARVEL (Microreactors Applications Research, Validation, 

and Evaluation) and MAGNET (Microreactor Agile Non-nuclear Experimental Test Bed) facilities 

under development will be critical for enabling heat pipe technology in microreactors [15].  

Compared to conventional light water reactors (LWRs) which have relatively inexpensive fuel, 

microreactorsô fuel costs are expensive and comprise a significant percentage of the total cost. 

Various approaches are used to improve the fuel utilization and discharge burnup. Increasing the 

enrichment increases the fissile inventory loaded in the core; but HALEU fuels cost significantly 

more than LEU fuels. Higher operating temperatures afforded by heat pipes may help offset the 

increased fuel costs by running power conversion systems at higher thermal efficiency. The 

neutron energy spectrum of a microreactor is highly influential on the design and utilization of the 

fuel. Thermal spectrum reactors have better neutron economy, whilst fast spectrum reactors 

typically designed as space microreactors are smaller/lighter and simpler in design  

In general, heat pipe monoblock microreactors, like all physically small reactors, suffer from 

poor fuel utilization due to high neutron leakage. Civilian or commercial designs necessitate the 

use of low enriched uranium (LEU), which in turn incentivizes the use of a moderator to thermalize 

neutrons. Solid metal hydride moderators like zirconium or yttrium hydride must account for 

hydrogen migration; hydrogen atoms tend to relocate in the crystal structure of the moderator 

material due to temperature differentials [16]. To combat neutron leakage, the core is typically 

surrounded by a neutron reflector like beryllium oxide, stainless steel, alumina, or graphite [8] 
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[17]. Beryllium oxide is typically the best-performing reflector material due to its high moderating 

power and ratio, low neutron energy threshold Be(n,2n) reaction, and high temperature tolerance.  

Since microreactors aim to target niche and remote markets, refueling/multi-batch fuel cycles 

are not possible. To attain longer fuel cycles, a good deal of excess reactivity is incorporated into 

the fresh core, which must be suppressed. Reactivity control methods range from conventional 

control rods to more unusual concepts such as control drums, sliding reflectors, hinged reflectors, 

and control shutters or petals [8]. Excess reactivity is also controlled with burnable absorber 

materials incorporated into the fuel [18]; the choice of element/isotopes and mass loading of 

burnable poisons is strongly dependent on the neutron spectrum and design of the core. The penalty 

to the discharge burnup of the fuel cycle must be carefully quantified and compared against the 

reactivity control attained with a particular burnable absorber control scheme.  

Perhaps the largest problem microreactors face is their low fuel utilization. Low fuel utilization 

drives up costs overall; no matter how attractive or elegantly designed a reactor is, it will not be 

built for commercial enterprises unless it is economic. Due to their small size, microreactors suffer 

from high neutron leakage and poor neutron economy, leading to low fuel burnup and short cycle 

lengths. This thesis aims to develop strategies to improve the neutronic efficiency of microreactors, 

thereby increasing fuel utilization and reducing costs to make microreactor concepts more 

economically competitive.  

1.2 Objectives 

Any nuclear engineering design effort cannot hope to solve all the problems presented. The 

scope of the thesis research shall be limited to problems that are both tractable and important to 

resolve. Some aspects of the design will remain fixed, both to restrict the scope and to impose 

some reasonable limitations/requirements that a successful design must stay within/meet.  
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The objective of this effort is to improve the fuel efficiency of a thermal spectrum heat pipe-

monoblock microreactor concept. Various measures to improve the neutronics and cost-savings of 

the reactor design will be undertaken and analyzed. This research will propose techniques to 

improve the economic competitiveness of microreactors from a fuel utilization perspective. The 

operating limits of heat pipes are found and heat pipe design is driven by redundancy in the case 

of a complete failure of the heat pipes in the hot spot of the reactor.  

The thermal power of the reactor will be set to 15 MW. Since a major attractive feature of 

microreactors is their compactness, the dimensions of the reactor will be limited such that it can 

be transported on a typical flatbed truck. For commercial and civilian use, the enrichment must 

remain at 19.75% or below. Fuel cycle costs and the cost of electricity will be evaluated to 

determine cost drivers and trends, giving insight on how to bring microreactors to market.  

Above all else, any nuclear reactor design must be safe. Therefore also included in the scope 

are heat pipe failure, excess reactivity and reactivity control. Safety from a thermal hydraulic 

standpoint will be dealt with by heat pipe failure analysis. The shifted thermal load of a failed heat 

pipe will be calculated to ensure neighboring heat pipes have not exceeded their functional 

operating limits. Reactivity control will be investigated with various configurations of moveable 

control surfaces and burnable absorbers. Since a long cycle length is desired for economic 

competitiveness, the core will be loaded with a good deal of excess reactivity that must be 

suppressed with burnable absorbers. The effect of burnable absorber on cycle length and discharge 

burnup must also be quantified and justified by cost. Passive criticality safety is highly desirable. 

Reactivity control is achieved through the combined use of burnable absorbers mixed in fuel, boron 

fuel coatings, and adjustable external control sliders.  
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1.3 Requirements and Metrics  

Several aspects of the reactor concept will be designated as requirements that must be met to 

be considered a viable design. Most prominent among them would be safety related requirements, 

but also include requirements to ensure the competitiveness of the microreactor concept. Safety-

related requirements include:  

¶ The reactor must be able to be made passively safe and shutdown in the event of an 

accident 

¶ Temperatures cannot exceed material limits (eg: fuel centerline temperature to not melt 

fuel) 

¶ Singular heat pipe failure must not lead to a cascading failure or inability to remove heat 

Likewise, there are several design-related requirements imposed. These limit the design space 

such that any concept that cannot meet these requirements would be excluded from further 

consideration.  

¶ Discharge burnup of at least 50 MWd/kgU  

¶ Minimum reactor fuel cycle lifetime of 10 years 

¶ Maximum size of the reactor itself must be small enough to fit on a flatbed truck 

(excluding primary/secondary heat exchange loops and power conversion system) 

¶ Thermal power of 10 MWth  

¶ Reactor operating temperature must be high enough for sodium heat pipes to operate in 

their optimal range (with some margin for safety) 

Closely related to the requirements are the metrics used to evaluate and quantify how the reactor 

concept adheres to the requirements. Metrics such as reactivity control or power density can be 
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measured directly from neutronics simulations, while others would be evaluated/estimated using 

other methods. Metrics such as fuel cost or discharge burnup quantify the economic 

competitiveness of the reactor concept. The metrics used in this thesis are: 

¶ Discharge burnup of fuel 

¶ Estimation of manufacturing and fabrication costs 

¶ Breakeven cost of the reactor for a given electricity market 

 

1.4 Design Parameters 

The reactor concept studied comprises a solid monoblock with channels running axially through 

the block for fuel pins, moderator rods, and heat pipes. A hexagonal lattice structure divides up 

the core into 6 rotationally symmetric sectors with fuel, moderator, and heat pipes distributed all 

throughout. An axial and radial reflector improve the neutron economy and fuel utilization. The 

heat pipes continue through the upper axial reflector to a heat exchanger and power conversion 

system and the core is not symmetric axially across the midplane. The upper reflector is ñspongyò 

and full of holes that accommodate the extra length of the adiabatic section of the heat pipes. 

Within the radial reflector are the control sliders used to regulate the excess reactivity. A large 

empty channel is set in the center of the core to serve as the emergency shutdown control rod, 

which could be spring-loaded or held back by tension outside its channel and insert automatically 

in the event of a loss of power to the core. The core is oriented horizontally/flat to the ground (due 

to heat pipe considerations in that the vertical liquid pressure drop in heat pipes is too much in a 

vertical position), so gravity cannot automatically insert the shutdown rod.  
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Figure 1-1. Axial (left) and radial (right) view of reactor, showing heat pipes penetrating through one side of the axial reflector. 

To improve the neutron economy, a reflector is included radially and axially around the core. 

Reflector materials suitable for microreactor applications include beryllium, beryllium oxide, 

stainless steel, graphite [19]. Space nuclear applications value weight and neutronic performance 

over cost, whereas commercial microreactor concepts explored here must be economic. Various 

reflector materials and thicknesses are examined and evaluated against the neutronics benefit vs. 

cost to select the most economically attractive reflector parameters.  

The heat pipe selected is a sodium coolant heat pipe. This was chosen based on the operational 

experience from Los Alamos National Lab gained in various long duration heat pipe experiments 

that justified the long-term performance and lifetime of these heat pipes [13]. Sodium also has a 

fairly low neutron absorption cross section, reducing parasitic neutron losses, and high boiling 

point, which allows the reactor to run at a higher thermal efficiency. Lithium may also be a feasible  

choice by contributing to neutron moderation thanks to the low atomic number of lithium-7. 

However lithium has a high boiling temperature of 1615 K (other solid materials in the reactor 
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may not tolerate this high temperature well) and requires high enrichment of lithium-7 to negate 

parasitic absorption from lithium-6, limiting its use [14]. Overall, sodium is deemed the more 

acceptable choice for this microreactor design.  

Uranium nitride fuel has a higher density (and therefore uranium content loading) and better 

thermal conductivity compared to traditional UO2 fuels used in LWRs. Uranium nitride pellets can 

be manufactured as high as 90-95% of the theoretical density by sintering at 1900-2000 °C [20]. 

Uranium nitride has excellent thermal conductivity at about 25 W /mK at 1200 K [21] compared 

to only about 3.37 for UO2 at the same temperature [22]. The disadvantage of nitride fuels is 

naturally occurring nitrogen-14 (the most abundance isotope by far) has a large absorption cross 

section, necessitating enriching the nitrogen-15 content to 99.5-99.9% to negate a parasitic loss in 

reactivity [23] [24]. There does not yet exist any commercial or manufacturing-scale production 

capability for enriched nitrogen-15, however advancements by Ding et al. in ion-exchange 

chromatography indicate that economic large-scale nitrogen-15 enrichment may be feasible [25].  

Since nuclear microreactors are plagued by neutron leakage, it is important to use neutron 

moderators to increase the probability of fission. Materials high in hydrogen make excellent 

moderators due to the kinematics of neutron scattering with hydrogen. Metal hydrides are well 

suited to microreactors due to their high hydrogen content and acceptable mechanical properties 

[26]. However, at high temperatures, the hydrogen in metal hydrides has a propensity to migrate 

throughout the crystal lattice and cross material boundaries [16] [27]. This can lead to lower 

hydrogen content at high temperature operation, hydrogen embrittlement, and hydrogen loss. It 

may be possible to encase the metal hydride in a silicon-carbide based clad to prevent hydrogen 

from escaping out of the hydride material [28].  If a plenum is extended over a moderator channel, 
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it could act as a passive safety feature where hydrogen diffuses out of the metal hydride moderator 

at high temperatures, collects in the plenum, and lowers the reactivity of the core.  

Two metal hydride materials were initially  evaluated for this study: zirconium hydride and 

yttrium hydride. Naturally occurring yttrium (monotonic yttrium-89) has a thermal absorption 

cross section nearly 2 orders of magnitude greater than zirconium [29]. However, yttrium hydride 

exhibits better hydrogen retention properties at higher temperatures compared to zirconium 

hydride. Zirconium hydride retains similar hydrogen density as water up to about 600 °C but would 

quickly lose much of its hydrogen by 850 °C [29]. Yttrium hydride tends to retain hydrogen well 

up to temperatures around 1350 ï 1375 °C [27] [29] . Compared to zirconium hydride, yttrium 

hydride in equilibrium with 1 atm H2 retains 1.6 and 2.6 times as much hydrogen at 900 °C and 

1100 °C respectively [30]. Since this microreactor concept will operate at high temperature, 

yttrium hydride is the better suited metal hydride moderator.  

For simulations of thermal reactor systems, thermal neutron scattering cross sections are 

important. In 2018, the National Nuclear Data Center (NNDC) at Brookhaven National Lab 

released the next set of Evaluated Nuclear Data Files (ENDF), ENDF/B-VIII.0  [31]. These also 

include new evaluations for several important materials in our microreactor concept: graphite at 

various porosity, uranium nitride, zirconium and yttrium hydrides, and silicon carbide. However, 

the cross section data files available for Serpent do not include these latest evaluations [32]. To 

include and validate the latest data for use in Serpent, the B-VIII.0 set was downloaded for MCNP 

as well as Serpent and a series of cross-validation tests performed (see S(Ŭ,ɓ) Testing (ENDF/B-

VIII.0 update)).  

Gadolinium is an important isotope for excess reactivity control in LWRs. Gadolinium has a 

high neutron absorption cross section and can effectively flatten the reactivity curve through the 
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entire fuel cycle. When mixed with fuel at sufficiently high density, gadolinium self-shields and 

depletes slowly, allowing for long-term reactivity control over the entire fuel cycle. However, the 

most highly absorbing isotopes of gadolinium (Gd-155 and Gd-157) absorb a neutron and 

transmute to gadolinium isotopes with a much lower absorption cross section [33]. These low-

absorbing gadolinium isotopes impose a penalty on the reactivity by the end of cycle. Several 

recent studies indicate that gadolinium may be loaded in nitride-based fuels in the form of GdN to 

use as a burnable poison [34, 35]. Gadolinium mixed in nuclear fuels lowers the thermal 

conductivity of the fuel rod, which is doubly disadvantageous since gadolinium-loaded rods are 

typically located at neutron flux hotspots where power generation peaks. However, UN has good 

thermal conductivity naturally and the reduced conductivity may not be as problematic for this 

microreactor concept [35] [36].  

 While gadolinium mixed with fuel is a good way to control long-term excess reactivity through 

the fuel cycle, it cannot be used to suppress beginning of cycle (BOC) excess reactivity (when 

excess reactivity is highest) without inducing an unacceptable penalty on cycle length. In light 

water reactors, zirconium diboride is used as an integral fuel burnable absorber (IFBA), essentially 

a thin coating of ZrB2 on the outside of fuel rods. Since the coating is very thin, the boron-10 

content will burn out completely by the end of cycle (EOC) and not incur a penalty on the cycle 

length [18] [37] [37] [38]. IFBA provides the majority of the BOC excess reactivity suppression 

while gadolinium-loaded fuel flattens the long-term reactivity curve. However, there is a question 

of chemical compatibility and thermal conductivity problems with a ZrB2 based burnable absorber. 

Several efforts suggest that boron-nitride (BN) IFBA-like concept may be manufactured and 

coated on nuclear fuels to control excess reactivity. Eisenstatt and Radford show that BN can be 

applied as a coating on a nuclear fuel pellet [39]. Several studies have also investigated BN 
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coatings on UO2 and UO2-Gd2O3 (gadolinia) mixed fuels, with some samples produced by 

chemical vapor deposition and burnup characteristics studied [40] [41] [42] [43]. Boron nitride 

exists in two forms: hexagonal and cubic. The hexagonal form (hBN) is similar to graphite which 

may ease integrating into a graphite monoblock [44]. The chemical compatibility of a nitride-based 

IFBA-like coating on a nitride fuel may be easier to overcome and manufacture, justifying its 

selection.  

Like its predecessors in space reactors, microreactors can utilize control surfaces to fine-tune 

the regulation of excess reactivity [8]. A control drum is a cylindrical surface with a strong neutron 

absorbing material coating part of its surface. The drum can be turned (via actuators or spring 

loaded) to allow more or less of the absorbing surface to face the core, reducing the neutron 

reflection back to the core, reducing the reactivity. Control shutters/sliders is a similar concept, but 

compared to drums, a slider would be a flat face along the periphery of the core instead of a curved 

surface. This geometry factor means a control slider has a greater reactivity worth compared to a 

similar control drum surface. However, there may be problems regarding bending/warping or 

buckling of the flat sheet compared to control drums. Furthermore, there is a reactivity penalty 

inherent to sliders due to the empty channel carved into the radial reflector region of the core.  

A radial control surface configuration (as in drums/sliders) was chosen over control rods that 

would drop in axially from the top of the core. This is because the upper axial region is already 

extended to facilitate the heat pipes to exchange heat with a power conversion system; it would be 

difficult to find enough space to also accommodate a system of control rods in the same region, 

along with the mechanical devices to allow their use. Furthermore, control rod channels inside the 

core itself displaces fuel, lowering the total fuel content that can be loaded into the core and reduces 

the cycle length/DBU.  
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Emergency shutdown and SCRAM would be regulated by a central emergency control rod 

dropping down into the center cavity of the core. This insertion must have large enough reactivity 

worth to fully suppress the maximum excess reactivity of the core during its fuel cycle. 
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2 Analysis and Results 

2.1 Reactor Design Choices 

2.1.1 Monoblock and Reflector  

Candidates for the monoblock and reflector materials considered were SA316L stainless steel, 

beryllium metal, beryllium oxide, zircaloy-4, and graphite. The effect on cycle length and 

reactivity of various reflectors is considered with a nominal case reactor consisting of a lattice with 

2:1 ratio of equally sized YH2 moderator and UN fuel rods surrounded by an effectively infinite 

reflector (100 cm thick reflector). The monoblock and reflector comparisons use the same material 

for both monoblock and reflector to avoid differences in thermal expansion, irradiation induced 

swelling, etc. from using two different materials. Aside from neutronic considerations, some 

candidate materials are infeasible due to structural and thermal concerns. Figure 2-1 shows the 

cycle of a nominal microreactor for various monoblock and reflector materials.  
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Figure 2-1. Cycle of the nominal microreactor with different monoblock + reflector materials. Simulation parameters: 104 

particles per generation, 60 skipped cycles, 200 active cycles. Resulting uncertainties all within 30 ï 48 pcm.  

Stainless steel is structurally strong and has a high melting temperature, but incurs a significant 

reactivity penalty due to neutron absorbing isotopes of iron, chromium, and nickel. Beryllium has 

been considered as a moderator for nuclear reactors since the 1950ôs and for space reactor 

applications [45]. However for a commercial microreactor design, beryllium metalôs high cost [46] 

and toxicity is undesirable. Beryllium metal also tends to form interstitials and undergo bubbling 

under neutron irradiation at temperatures around and above 400 °C [45]. Since the operating 

temperature of sodium heat pipes is between 600 °C to 1200 °C [47], the monoblock must 

necessarily be at a higher temperature to facilitate heat transfer, rendering beryllium infeasible. 

Beryllium oxide has nearly the same number density of beryllium atoms as beryllium metal, but 

suffers from a ñsevere reduction in the strength and thermal conductivity of BeOò for neutron 

fluences of 2×1020 n/cm2 [45] which would be problematic for a reactor designed for ~10 year 
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lifetime with limited to no servicing. Metal hydrides (zirconium and yttrium hydrides) offer great 

moderation potential but are brittle and weak, rendering them unsuitable as a structural monoblock 

material [48]. Instead, metal hydride moderators are incorporated as cladded rods inserted into 

penetrations in the monoblock alongside fuel rods. Zircaloy is widely used in the nuclear industry 

thanks to excellent thermophysical properties, structural strength, and transparency to neutrons 

[49]. Graphite is also widely used in nuclear reactors, serving as structural support and a neutron 

moderator [50]. While the reactor is too small to be fully moderated with graphite alone, a graphite 

monoblock and reflector does contribute modestly to neutron moderation and so is the choice 

material after zircaloy.  

2.1.2 Reflector Thickness Tradeoffs 

Since microreactors are plagued by high neutron leakage, neutron reflectors can be a cost 

effective approach to improving the neutron economy and fuel utilization. The effect of reflector 

thickness was studied with a graphite reflector and monolith. Both radial and axial reflectorsô 

thickness are increased equally in 15 cm increments.   
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Figure 2-2. Graphite reflector thickness effect on cycle. 

 

Figure 2-3. Graphite reflector thickness effect on cycle. 

The effectiveness of the reflector saturates around 60 cm. Since reflector volume scales by the 

cube term of the thickness, there are diminishing returns to adding more and more reflector bulk. 

The cost-benefit analysis of the reflector is discussed later in the Economic Estimates section.  
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2.1.3 Lattice Pitch Expansion 

The microreactor initial design had a lattice pitch of 1.675 cm with 1.575 cm outer diameter 

heat pipes. When heat pipe operating limits were calculated with these initial heat pipe dimensions, 

it was found the maximum power each heat pipe could remove was less than 6 kW. For a reactor 

with 1224 heat pipes and thermal power output of 15 MWth, each heat pipe would need to remove 

on average about 12.25 kW. Since heat removal capability of heat pipes scales with the cross 

sectional area of the pipe, it was determined that the lattice pitch must expand to accommodate 

larger heat pipes to remove sufficient heat from the reactor. It was found a 1.800 cm inner diameter 

heat pipe could be used to satisfy heat removal requirements with some margin. Using the same 

heat pipe wall thickness brought the heat pipe outer diameter to 1.920 cm. To accommodate the 

larger heat pipes, the lattice pitch is expanded from 1.675 cm to 2.020 cm, with some spacing 

reserved for structural graphite.  

   

Figure 2-4. Comparison of initial (left) and expanded (right) lattice for the full core geometry.  
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Keeping the thickness of the radial reflector constant at 30 cm, this lattice expansion increases 

the microreactor outer radius from 92 cm to 105 cm. While 13 cm increase is significant, it would 

still meet the design requirement of fitting within the bed of a typical flatbed truck. A closeup look 

at the expanded lattice reveals that the spacing between elements is considerably larger compared 

to the initial lattice. In Figure 2-5, the moderator (blue) and fuel (solid red with rings) remain the 

same size (outer radius 0.7125 cm) while the heat pipes (red + yellow) have expanded in the larger 

lattice. Each heat pipe is also not adjacent to another heat pipe; heat pipes are only adjacent to fuel 

or moderator elements. This suggests it would be possible to tighten the lattice slightly by allowing 

heat pipes to ñspilloverò into adjacent lattice elements containing only moderator or fuel. This 

would present a significant difficulty in modelling the reactor however, as it implies a pin universe 

for heat pipes that is larger than the lattice pitch of the hexagonal lattice. To ensure the entire heat 

pipe geometry is captured, fuel and moderator pin universes would need to include the ñspilloverò 

of nearby heat pipes into their own universe definition. One would also need to ensure the 

remaining spacing is still sufficient for heat transport and structural purposes. In this thesis, this is 

not done and the expanded lattice is simply used as-is with a larger spacing between each element.  
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Figure 2-5. Comparison of initial (left) and expanded (right) lattice, closeup view of lattice. Plot windows are identical, 

highlighting the larger spacing between elements in the expanded lattice arrangement. Fuel rods (red), moderator rods (blue), 

heat pipes (red + yellow).  

Some studies presented in this thesis were re-done with the expanded lattice if it was decided 

the lattice expansion would significantly alter the results. The reflector thickness study is one such 

case and results are presented for the expanded lattice. Other studies, such as the selection of 

monoblock and reflector material, were not redone if the lattice expansion would not significant 

affect the results or conclusions drawn.  

2.1.4 Fuel to Moderator Ratio 

The microreactor uses yttrium hydride moderator rods as YH2 and assumes a hydrogen 

retention coating based on the Advanced Moderation Module (AMM)  work done at Argonne 

National Lab would be sufficient to retain a stoichiometry of 2 hydrogen atoms per yttrium atom 

[28]. Initially, the radius of the YH2 moderator rods is set to the same radius as the UN fuel rods 
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with 2 moderator rods for each fuel rod. See sections on Lattice Pitch Expansion and Thermal 

Performance for details on heat pipe studies.  

The expanded lattice not only would accommodate larger heat pipes but also could 

accommodate larger YH2 moderator rods. The YH2 rods are expanded from the initial radius of 

0.7125 cm up to 0.9375 cm, the largest size that fits within the expanded lattice including an AMM 

coating, in 0.375 cm increments. The AMM coating is taken as a 0.1 mm niobium substrate and 

0.4 mm SiC hydrogen barrier [28]. The ratio of moderator rods to fuel rods remained the same, 

2:1, as did the radius of fuel rods to preserve the fuel inventory for each case. Thus, by expanding 

the YH2 rods, a comparison of moderator-to-fuel mass ratio effect on the cycle length is performed. 

For UN density of 14.016 g/cm3 at 19.75% enrichment, the uranium density is 13.183 g-U/cm3. 

Then, the ratio of moderator mass to fuel mass for this study is: 

‐
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where Ὑ  and Ὑ  is the radius of the YH2 moderating rod and UN fuel rod respectively.  

summarizes the ratio of moderator mass to uranium mass studied.  

 

Table 2-1. Moderator to fuel mass ratio of each moderator rod size. 

UN fuel rod radius: 0.7125 cm (fixed) 

YH2 moderator rod radius (cm) Ratio of YH2 mass to U mass (‐) 
0.7125 0.65235 

0.7500 0.69086 

0.7875 0.79692 

0.8250 0.87463 

0.8625 0.95594 

0.9000 1.10409 

0.9375 1.22159 
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Figure 2-6. Normalized flux spectra wrt. moderator rod size. 

Neutron flux is normalized to the width of the neutron lethargy bin for each energy tallied at 

the beginning of cycle. The neutron flux spectrum changes relatively slowly as the moderator to 

fuel mass ratio increases. The thermal peak in the flux spectrum decreases slightly as the radius of 

the moderator rods increases, evidenced by a lower thermal utilization factor, which decreases as 

the moderator-to-fuel ratio increases (number of H atoms to U atoms).  
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Figure 2-7. Thermal utilization and multiplication factor wrt. moderator-to-fuel mass ratio. 

 

Figure 2-8. Multiplication factor and DBU with moderator rod size. 

Several important conclusions are drawn from these charts. First, the beginning of cycle K-eff 

is quite sensitive to increasing the moderator rods size, increasing by about 1400 pcm from the 

nominal 0.7125 cm radius moderator rods to 0.8250 cm radius rods. Second, the reactor with 

nominal 0.7125 cm radius moderator rods is undermoderated. This is an important safety feature. 
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As the reactor power increases and heats up, hydrogen tends to migrate out of metal hydride 

moderators [16] [26] [27]. The loss of hydrogen decreases the number ratio of moderator to fuel 

atoms, which in turn decreases K-eff. Hence an undermoderated reactor has inherent negative 

reactivity feedback due to hydrogen migration when power is increased. Miao et al. have suggested 

the use of a hydrogen retention plenum for self-regulation of microreactors during power 

excursions [28], but it is not clear what mechanism would allow hydrogen to diffuse back into the 

metal hydride. If the moderator rod radius were 0.8625 cm (Nm/Nf of about 53, the highest BOC 

K-eff) or greater, the reactor would be overmoderated. Any conditions leading to an increase in 

the moderator temperature and hydrogen migration would also increase the multiplication factor ï 

or positive reactivity feedback! 

That said, increasing the moderator rod size does have benefits in increasing the discharge 

burnup and lengthening the fuel cycle. The moderator rods could be expanded to no more than 

about 0.8625 cm radius to avoid overmoderation, which would increase the discharge burnup from 

65.7 MWd/kgU to 73.4 MWd/kgU and cycle length about 10%. However, for the remainder of 

this thesis, the moderator rods are kept at a radius of 0.7125 cm as to keep the reactor well 

undermoderated.  

2.2 Reactivity Contro l 

Excess reactivity is required for an extended fuel cycle with no refuelling for a microreactor 

operating in a remote location. In this reactor, the majority excess reactivity is controlled with 

burnable absorbers. Fine-tuned reactivity control is possible with adjustable control sliders 

external to the core.  
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2.2.1 Burnable Absorber  

The burnable absorber design is inspired by the fuel design of the IRIS (International Reactor 

Innovative and Secure) by Franceschini and Petrovic, which mixed an integral fuel burnable 

absorber (IFBA) and erbia [18] [37]. For this reactor, an IFBA-like coating of boron nitride (BN) 

and gadolinium nitride (GdN) mixed in fuel is proposed. Gündüz et al. have shown it is possible 

to coat nuclear fuels with BN [40] [41] [42]. Uslu et al. have produced BN coated urania fuel and 

studied their neutronic performance [51]. Recent efforts at Oak Ridge National Laboratory show 

that the production of UN kernels with gadolinium burnable absorber is possible [34]. UN and 

GdN composite pellets with up to 38.4% weight GdN have been produced by spark plasma 

sintering [35]. The addition of gadolinium has long been known to reduce the thermal conductivity 

of fuel. Ahn and Kim have measured the thermal conductivity of UN-GdN composite fuel pellets 

and found the thermal conductivity still remains relatively high [35].  

 

Figure 2-9. Thermal conductivity measured in UN-GdN composite fuel for pellets sintered at 1800 °C [35] . 
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The neutron capture reaction with boron-10, 10B(n,Ŭ)7Li, produces helium. Accumulation of 

helium as burnup increases internal pressure on the cladding, eventually leading to creep and 

separation of the fuel from cladding and rising fuel temperatures [52]. To avoid this, the thickness 

of the BN coating is kept very thin at 0.1 mm on all fuel rods. This is equivalent to a boron loading 

of 3.578 mg boron per cm of fuel pin height. The boron-10 concentration is varied between natural 

boron (20% 10B) to 100% enriched while the coating thickness remains fixed. GdN is treated as 

natural gadolinium with enriched nitrogen (99.99% enriched 15N, same as fuel).  

To determine a feasible combination of BN coating and GdN mixing, a scoping study was 

performed with an infinite 2D lattice with various combinations. The infinite 2D lattice features 

18 fuel pins and a 2:1 fuel-to-moderator rod ratio. BN coating is applied to all fuel rods. GdN is 

applied to fuel rods in a 1/18, 2/18, 3/18, and 4/18 ratio at weight percentages of 2%, 6%, 10%, 

16%, and 20%.  

 

Figure 2-10. Infinite 2D lattice arrangement. 

The baseline case is with no burnable absorbers. The baseline case found a BOC K-eff of 

1.37016 ± 0.00014 and discharge burnup of about 106.8 MWd/kgU.  and  summarize the results 

for natural and 100% enriched BN with various GdN loadings.  
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Table 2-2. Infinite 2D lattice case with natural BN coating. 

GdN loaded fuel with natural boron BN coating 

DBU of GdN-loaded cases (MWd/kgU) 

# rods 

w/GdN 

2% 

GdN  

6% 

GdN 

10% 

GdN 

16% 

GdN 

20% 

GdN 

1/18  105.5 104.1 101.7 100.0 98.38 

2/18 99.83 98.23 96.83 91.73 90.29 

3/18 87.63 85.19 83.53 75.25 73.74 

4/18 72.18 68.82 66.91 56.18 54.53 

DBU Penalty compared to base case (MWd/kgU) 

1/18 1.27 2.71 5.17 6.81 8.45 

2/18 6.69 8.59 9.99 15.1 16.5 

3/18 19.2 21.6 23.3 31.6 33.1 

4/18 34.6 38.0 39.9 50.6 52.3 

DBU Penalty in % of base case 

1/18 1.19% 2.54% 4.84% 6.37% 7.91% 

2/18 6.54% 8.04% 9.35% 14.1% 15.5% 

3/18 18.0% 20.3% 21.8% 29.6% 31.0% 

4/18 32.4% 35.6% 47.4% 47.4% 48.9% 

 

Table 2-3. Infinite 2D lattice case with 100% enriched BN coating 

GdN loaded fuel with 100% boron-10 BN coating 

DBU of GdN-loaded cases (MWd/kgU) 

# rods 

w/GdN 

2% 

GdN  

6% 

GdN 

10% 

GdN 

16% 

GdN 

20% 

GdN 

1/18  102.8 100.6 98.09 96.89 94.84 

2/18 96.09 94.30 92.81 87.14 85.02 

3/18 82.72 80.49 N/A N/A N/A 

4/18 64.45 N/A N/A N/A N/A 

DBU Penalty compared to base case (MWd/kgU) 

1/18 4.15 6.28 8.81 10.0 12.1 

2/18 10.8 12.6 14.1 19.8 21.9 

3/18 24.2 26.4 N/A N/A N/A 

4/18 42.5 N/A N/A N/A N/A 

DBU Penalty in percentage of base case 

1/18 3.88% 5.88% 8.24% 9.37% 11.3% 

2/18 10.1% 11.8% 13.2% 18.5% 20.5% 

3/18 22.6% 24.7% N/A N/A N/A 

4/18 39.7% N/A N/A N/A N/A 
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Entries denoted in green, yellow, and red indicate a combination with less than 5% penalty, less 

than 10% penalty, and greater than 10% penalty to discharge burnup compared to the baseline 

case. Entries denoted in grey indicate cases that fail to reach criticality at BOC. Based on these 

findings, the enriched BN coating with 2-10% GdN on 1/18 fuel rods seemed the most promising.  

Moving to a 3D model, it was decided to focus on enriched BN coating with GdN loadings of 

2%, 3%, 4%, 6%, and 8% by weight in 11% of fuel rods. These studies were carried out on the 

unexpanded lattice and molybdenum wick (noting that this core configuration is unoptimized for 

thermal management of heat pipes, see the Section on Lattice Pitch Expansion for details. Again, 

the baseline case is treated as the 3D core without any burnable absorbers, which found a BOC K-

eff of 1.24033 ± 0.00012 and discharge burnup of 71.01 MWd/kgU. The results of the full core 

study are summarized in Verification with the Expanded Lattice.  

Table 2-4. Burnable absorber loading for the full core (unexpanded lattice). 

3D full core, enriched BN coating, variable GdN loading 

Baseline case DBU: 71.01 MWd/kgU 

% wt. GdN 

loading 

DBU 

(MWd/kgU) 

DBU 

penalty  

Percent 

penalty 

Peak  

K-eff 

2% 68.77 2.241 3.16% 1.07477 

3% 67.73 3.286 4.63% 1.06500 

4% 65.76 5.260 7.41% 1.05797 

6% 59.45 11.56 16.3% 1.04727 

8% 54.62 16.40 23.1% 1.04069 
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Figure 2-11. Effect of BA loading on cycle peak criticality and discharge burnup penalty. 

 

Figure 2-12. DBU of cycle with burnable absorbers loaded for the full core (unexpanded lattice). Uncertainties range from 12 

- 30 pcm. 
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2.2.2 Adjustable Control Sliders 

The selected burnable absorber loading combination depends on the reactivity worth provided 

by the external control sliders. The total reactivity worth of the sliders is simply the change in 

reactivity when fully withdrawn versus fully inserted. Reactivity is computed in the customary 

way as ” .  

  

Figure 2-13. Full core configuration with control sliders fully withdrawn (left) and fully inserted (right) (unexpanded lattice 

configuration). Notice the deep grooves carved into the reflector to accommodate the movement of the control sliders.  

The baseline case with no burnable absorbers at BOC (as to not distort the reactivity of the core 

with absorbers or fission products) is used to compute the reactivity worth of the slider insertion. 

In the unexpanded/tight lattice core, the control sliders have a net reactivity worth of about 

0.04673, or equivalently a K-eff of 1.24036 ± 0.00022 fully withdrawn to 1.17241 ± 0.00020 fully 

inserted ï a net change in the multiplication factor of 0.06795 ± 0.000297.  
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Figure 2-14. Integral reactivity worth of control sliders wrt. % length insertion (unexpanded lattice). 

 

Based on this, the selected burnable absorber loading is 4% GdN by weight with natural BN 

coating on all fuel rods. The peak multiplication factor for this configuration is 1.05797 ± 0.00025, 

which occurs at a burnup of 24.7 MWd/kgU. The control sliders would be able to compensate the 

excess reactivity of this configuration at its peak with about a 998 pcm margin on the shift in K-

eff. It is also noted that the 3% GdN loading case may also be feasible, with a peak multiplication 

factor of 1.06500 ± 0.00027. However, the margin on the change in K-eff in this case is only 295 

pcm; given the uncertainty of 25 pcm on ȹK-eff, this may not be enough to satisfy safety concerns 

given that there are numerous other uncertainties (ex: temperature, cross section libraries) that may 

push the margin on K-eff too close.  

To accommodate the movement of the control sliders, deep groove penetrations are carved into 

the radial reflector, which effectively reduce the reflector thickness. The penalty to discharge 

burnup associated with the slider grooves is computed by comparing the baseline case with no 
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burnable absorbers against an otherwise identical case with the grooves filled in with graphite. The 

filled in grooves result in a discharge burnup of about 79.3 MWd/kgU, a penalty of about 8.3 

MWd/kgU to the baseline case. This is a relatively steep penalty to the fuel utilization; some of 

the lost burnup could potentially be ñbought backò by thickening the reflector (see Reflector 

Thickness Tradeoffs).  

2.2.3 Verification with the Expanded Lattice 

The performance of burnable absorbers is verified on the expanded lattice configuration with 

larger heat pipes using nickel wicks (see Lattice Pitch Expansion and Heat Pipe Down-Selection 

for details on the lattice expansion). The baseline case of the expanded lattice configuration is 

considered as the core with no burnable absorber loading and a nickel heat pipe wick (see Heat 

Pipe Down-Selection), which yields a discharge burnup of 68.85 MWd/kgU. However, it was 

found that the same burnable absorber loading of 4% GdN on 11% of rods and 0.1 mm enriched 

BN coating would be insufficient for the control sliders to compensate the remaining reactivity 

swing at the maximum in the cycle. The gadolinium loading was increased to 4.5% wt. and BN 

density increased to 2.25, effectively increasing the boron content loading from 3.578 mg/cm to 

3.833 mg/cm. Consequently, the discharge burnup is reduced to 61.217 MWd/kgU.  

Likewise, the control slider reactivity worth is recomputed for the expanded lattice 

configuration. Given that the core diameter has expanded 26 cm, the control sliders will be slightly 

less effective as they operate on the periphery of the core. For the new burnable absorbers with 

increased GdN loading, the peak multiplication factor is 1.051670 ± 0.00014. The control sliders 

in the expanded lattice found K-eff of 1.19763 ± 0.00016 to 1.14327 ± 0.00017, a change of 

0.05436. The control sliders in this configuration are still sufficient to control excess reactivity at 
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the cycle peak, but with reduced margin of only 269 pcm ± 22 pcm. Again, it must be noted that 

this margin would be affected by other sources of uncertainty (eg: systematic uncertainties in cross 

section data) and may not be sufficient margin for safety concerns.  

 

Figure 2-15. Integral reactivity worth of control sliders wrt. % length insertion (expanded lattice).  

 

2.2.4 Shutdown 

The central empty channel accommodates the emergency shutdown control rod. The shutdown 

rod not only must compensate for maximum reactivity when first inserted, it must also deal with 

the power defect as the reactor cools back to room temperature. Two cases are presented: the 

reactivity change with respect to temperature of the core both with and without burnable absorbers. 

The case without burnable absorbers at BOC has a K-eff of 1.24033 ± 0.00012. The case with 

burnable absorbers at BOC has a K-eff of 1.01856 ± 0.00017. The reactivity worth of the shutdown 

rod is computed as the change in reactivity when inserted vs BOC K-eff of the baseline. For this 
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simple approximation, reactor temperature is treated as setting the temperature of all materials in 

the geometry to the same temperature, including thermal scattering data (see S(Ŭ,ɓ) Testing 

(ENDF/B-VIII.0 update) for comments on temperature interpolation of scattering data).  

 

Figure 2-16. Isothermal full core reactivity worth, showing positive reactivity coefficient up to 1200 K. 

 

The maximum reactivity of the expanded lattice cycle is 0.052223 ± 0.00012. For a maximum 

reactivity of 0.052223, the above results indicates the core may not shut down the poisoned core, 

with the caveat that the reactivity worth is calculated at the BOC when the shutdown rod has the 

least impact due to the gadolinium loaded rods at the center of the core are unburnt at BOC.  

Furthermore, there is the troubling trend in both cases where the reactivity of the core increases 

from 300 K to 1200 K; or in other words as the reactor warms up from to 1200 K, the core becomes 

more reactive in the same geometry. One slight positive is that the effect reverses past 1200 K, ie: 
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for an increase in power resulting in higher temperatures, the reactivity of the core decreases, 

which will tend to have a stabilizing effect above 1200 K. An increase in power at 1200 K that 

increases material temperatures has a negative change in reactivity. Additionally, for the BA-

loaded case, the reactivity worth of the shutdown rod is lowest at 1200 K at only ɝ” πȢπςςσυω, 

close to operating temperature of the reactor. To be clear, this result is for BOC of the BA-loaded 

core, whose flux is highly depressed at the center of the core where the shutdown rod lies (see 

Core Power Distribution and Peaking Factors). At the maximum reactivity of the cycle, the flux 

distribution will have shifted to be more centrally peaked, which should increase the reactivity 

worth of the shutdown rod. This has also not accounted for any thermal expansion or density 

change of materials, which is expected to make the reactivity coefficient less positive or potentially 

negative.  

 

 

Figure 2-17. Neutron flux spectra shift with temperature of the unpoisoned core. 
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Figure 2-18. Neutron flux spectra shift with temperature of the poisoned core. 

 

It was found the change in reactivity worth of the control rod at different temperatures was 

caused by a spectral shift of the neutron flux of the core. The neutron spectrum for both cases 

shows that as temperatures increase, the thermal peak shifts to a harder spectrum and higher peak 

magnitude. Qualitatively, this spectral shift matches the change in reactivity seen; a slightly harder 

spectrum would lower K-eff slightly but a higher peak magnitude would increase K-eff. Between 

1200 K and 1500 K, the spectral shift plateaus and only shifts the thermal peak to a higher energy 

while the magnitude of the peak is relatively unchanged, which is apparent in the decrease in K-

eff at 1500 K. The spectral shift of the flux is likely attributed to the metal hydride moderator as 

Trellue et al. note that yttrium hydride is predicted to have a positive reactivity coefficient [53] 
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[54]. Kimura and Wada studied a SMR concept moderated with calcium hydride and poisoned 

with gadolinium oxide. They attributed the positive reactivity to the shift in thermal equilibrium 

energy between neutrons and hydrogen; as temperature increases, the thermal energy of the 

neutron shifts higher. The thermal absorption cross section of gadolinium in the ρȾὺ region 

decreases as ὺ increases, which increases the availability of neutrons in the core and shifts the 

thermal peak of the spectrum to a higher energy [55]. In the non-poisoned core, there is no 

gadolinium absorber and the spectral shift is attributed only to the positive moderator coefficient 

ï evidenced by the steeper slope of the reactivity for the poisoned core compared to the non-

poisoned core. In Figure 2-17 and Figure 2-18, which are plots of the neutron flux in only the 

active core, the neutron spectra for the unpoisoned core cases all exhibit a slightly greater thermal 

peak compared to the poisoned core.  

Likewise, a look at the relative fission rate of both the unpoisoned and poisoned core a clearer 

example that the fission rate increases in the unpoisoned core case, as seen in Figure 2-19 and 

Figure 2-20. These are plots of the neutron flux in the active core normalized to the width of the 

neutron lethargy bin multiplied by the macroscopic fission cross section. It can be clearly seen the 

relative fission rate is greater in the unpoisoned core, as expected. The peaks also tend to follow 

the same trend in that they increase up to 1200 K and decrease at 1500 K. However, the peak at 

1200 K for both the unpoisoned and poisoned core seems abnormally high; that is the magnitude 

of the increase from 900 K to 1200 K does not seem to follow the trend. This cannot be attributed 

to the presence of burnable absorbers (BN coating and UN-GdN composite fuel) as the two cases 

are otherwise identical yet the anomaly appears in both cases. A more thorough investigation is 

warranted to determine which material is responsible for the spectral shift and anomaly at 1200 K. 
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It is also possible there may be an inconsistency in the cross sections or thermal scattering data 

fil es.  

 

Figure 2-19. Relative fission rate of the unpoisoned core at different temperatures. 

 

Figure 2-20. Relative fission rate of the poisoned core at different temperatures. 
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Based on these results, it is not clear if the shutdown rod designed as-is would be sufficient by 

itself to shut down the core in an emergency. Further studies are recommended and discussed in 

Future Work.  

2.3 Thermal Performance 

2.3.1 Heat Pipe Operating Limits  

Heat pipes are isothermal heat transfer devices capable of transferring large amounts of heat 

without the use of pumps or other moving parts by a phase change transition and capillary action 

of a working fluid. High temperature heat pipes use for nuclear reactor applications generally use 

liquid metal coolants, such as potassium, sodium, or lithium.  

Heat pipes are subject to temperature and power related operating limits. Outside of these limits, 

heat pipes can fail or underperform. The main operating limits of heat pipes are the viscous or 

vapor pressure limit, sonic limit, entrainment limit, capillary or wicking limit, and the boiling limit. 

For the convenience of the reader, the equations and correlations to compute heat pipe 

operating limits as discussed in Zohuriôs textbook are summarized succinctly in the following 

sections, with some portions included verbatim.  

The viscous limit occurs when the pressure drop in the vapor core is overcome by the viscous 

forces opposing it [56] [14]. This limit is typically encountered at low vapor pressures during 

startup when the working fluid is more viscous and sluggish, for cryogenic heat pipes, or heat 

pipes with very long condenser sections [56]. During normal operation with fully melted metal 

coolant, this limit is not encountered [14]. The viscous limit is found as:  

ὗ
ὶ‗” ὖ

ρφ‘ ὒ
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where 

¶ ὶ is the radius of the vapor core (m). 

¶ ‗ is the latent heat of vaporization (kJ/kg). 

¶ ”  is the vapor density in the evaporator section (kg/m3). 

¶ ὖ  is the vapor pressure in the evaporator section (Pa). 

¶ ‘  is the vapor dynamic viscosity in the evaporator section (Pa-s). 

¶ ὒ ὒ ὒ ὒ , the effective length (m). 

The sonic limit or choking limit occurs when vapor leaves or enters the evaporator or condenser 

sections at sonic speeds. Since mass transfer and circulation of liquid occurs in both the evaporator 

or condenser sections, they tend to act as a nozzle for vapor flow. The converging-diverging path 

imposed on the vapor flow can choke at sonic velocities since ñthe velocity [of vapor] at a choke 

point cannot be greater than the local speed of sound.ò [56] The sonic limit is typically encountered 

during frozen startup and disappears in the normal operating range. The sonic limit is given by 

[56]:  

ὗ ὃ”‗
‎ὙὝ

ς‎ ρ
 

where 

¶ ὃ  is the cross sectional area of the vapor core (m2). 

¶ ‗ is the latent heat of vaporization (kJ/kg). 

¶ ” is the vapor density at the stagnation point (kg/m3) which can be found for isentropic 

flow (for a calorically perfect gas) with the following equation [57]: 

o ρ ὓ  
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¶ ὓ is the Mach number, the ratio of the fluid velocity to the fluid speed of sound. The 

Mach number is not known a-priori and in this case is assumed to be equal to 1 (sonic 

flow). A Mach number greater than 1 is supersonic flow.  

¶ Ὑ is the specific gas constant of the vapor (J/kg-K), which can be found as: 

o  Ὑ  , where Ὑ is the ideal gas constant (8314 J/kg-mol-K) and ὓ is the 

molecular number of the vapor. 

o In the case of sodium, ὓ ςσ ÍÏÌ and thus Ὑ σφρ
ẗ

 . 

¶ Ὕ is the vapor temperature (K).  

¶ ‎  is the ratio of specific heats at constant volume and pressure respectively. 

The entrainment limit refers to the shear force applied as vapor and liquid move past each other 

in opposite directions. The magnitude of this shear force depends on the thermophysical properties 

of the coolant, the temperature, and the velocities of the fluid and vapor flow. When the shear force 

exceeds the surface tension of the liquid, it can tear away liquid droplets from the liquid flow 

channel ï and at large enough shear forces will cause dryout in the evaporator [56]. The wick 

structure of the heat pipe may help ameliorate entrainment; a wick with a smaller surface pore 

hydraulic radius will tend to retain its liquid content better. The entrainment limit is found with 

[56]:  

ὗ ὃ‗
„”

ςὶȟ
 

where 

¶ ὃ  is the cross sectional area of the vapor core (m2).  

¶ ‗ is the latent heat of vaporization (kJ/kg) 
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¶ „ is the surface tension of sodium liquid (N/m). 

¶ ὶȟ is the surface pore hydraulic radius of the heat pipe wick (m) . 

o For various types of wicks, ὶȟ is determined as [56]: 

Table 2-5. Wick hydraulic radius. 

Wick Type ὶȟ  Data 

Wrapped Wire Screen ὶȟ πȢυύ  ύ  wire spacing 

Rectangular Grooves ὶȟ ύ  ύ  groove width 

Packed spheres (sintered 

wick) 
ὶȟ πȢτρὶ  ὶ  sphere radius 

 

The capillary or wicking limit is one of the most important limiting cases for heat pipe 

operation. The capillary limit is encountered when liquid coolant in the wick is vaporized faster 

than it can be replenished by capillary pumping or wicking action. When the capillary limit is 

encountered, liquid will continuously deplete from the wick until dryout. The structure of the wick 

is crucial to avoiding the capillary limit to select a wick that can sufficiently meet the rate of liquid 

removal. The capillary limit is chiefly determined by the pressure drops of the working fluid and 

frictional terms governing the capillary pumping of liquid by the wick. A simplified equation for 

the capillary limit is presented by Zohuri as [56]: 

ὗ
ὗὒ

ὒ
 

and  

ὗὒ

ς„
ὶ ɝ0 ”ὫὒÓÉÎ‪

Ὂ Ὂ
 

where 

¶ ὶ is the effective capillary radius (m), which can be found for different wick types: 
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Table 2-6. Wick effective capillary radius. 

Wick Type ὶ  Data 

Wrapped Wire Screen 
ὶ

ύ Ὠ

ς

ρ

ςὔ
 

ύ  wire spacing 

Ὠ  wire diameter 

ὔ  mesh number 

(number of wires per unit 

area) 

Rectangular grooves ὶ ύ ύ  groove width 

Packed spheres (sintered 

wick) 
ὶ πȢτρὶ ὶ  sphere radius 

 

o The wire mesh number and either the wire diameter or wire spacing is typically 

selected/chosen when designing a heat pipe and the remaining quantity calculated. 

¶ The ɝὖ term refers to the normal hydrostatic pressure drop, or the pressure drop 

perpendicular to the axis of the heat pipe. This pressure drop requires ñcircumferential 

communicationò [56] of the fluid. If the wick type does not permit circulation along the 

circumference of the heat pipe inner wall (for example, a rectangular grooves wick), then 

this term is zero.  

¶ ɝὖ ”ὫὨÃÏÓ‪ . 

o ” is the liquid density (kg/m3). 

o Ὣ is gravitational acceleration (9.8 m/s2). 

o Ὠ is the diameter of the vapor core (m). 

o ‪ is the inclination angle of the heat pipe. 

¶ The ”ὫὒÓÉÎ‪  term refers to the axial hydrostatic pressure drop, or ɝὖ᷆. Here, ὒ is the 

total length of the heat pipe (m). 

¶ Ὂ and Ὂ are the liquid and vapor frictional coefficients respectively ([N/m2]/Wm) 

Liquid frictional coefficient is found using [56]:  
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Ὂ
‘

ὑὃ‗”
 

where  

¶ ‘ is the liquid dynamic viscosity (Pa-s). 

¶ ὑ is the permeability (m2). 

¶ ὃ  is the wick cross sectional area (m2). 

¶ ‗ is the latent heat of vaporization.  

¶ ” is the liquid density (kg/m3).  

The permeability depends strongly on the type of wick. For different wick types, the 

permeability and porosity could be found using [56]:  

Table 2-7. Wick porosity and permeability. 

Wick Type Porosity, ‭  Permeability K (m2) Data 

Wrapped Wire Screen 
‭ ρ

ρȢπυὔ“Ὠ

τ
 ὑ

Ὠ‭

ρςςρ ‭
 
Ὠ  wire diameter 

ὔ  mesh number 

Rectangular Grooves ‭
ύ

ί
 ὑ

ς‭ὶȟ
ὪὙὩ

 
ύ  groove width 

ί  groove pitch 

ὶȟ   

¶ The liquid 

hydraulic radius 

 is the groove ‏ ¶

depth 

ὪὙὩ is the drag 

coefficient and 

Reynolds number. 

For rectangular 

groove wicks, refer to 

Figure 2-21 

Packed Spheres 

(sintered wick) 
‭ porosity as high as 

0.900 has been 

reported for sintered 

nickel wick.  

ὑ
ὶ‭

σχȢυρ ‭
 
ὶ  sphere radius 

‭, the porosity, 

depends the material 

and manufacture of 

the wick 

 



46 

 

ὪὙὩ for rectangular groove wicks can be found using Figure 2-21 reproduced from Zohuri 

[56]. Note that this figure assumes laminar flow. For non-laminar flow, see Zohuri [56] for 

correlations. Liquid metal heat pipes typically have low liquid velocities and laminar flow is a 

good assumption.  

 

Figure 2-21. Vapor drag and Reynolds number for laminar flow in rectangular groove wick heat pipes. 

 

Vapor frictional coefficient is found using [56]:  

Ὂ
ὪὙὩ ‘

ςὶȟὃ”‗
 

where 

¶ ὪὙὩ is the vapor drag coefficient and Reynolds number respectively, see figure below.  

¶ ‘ is the vapor dynamic viscosity (Pa-s). 

¶ ὶȟ is the hydraulic radius of the vapor flow (see  above for hydraulic radius of various 

wick types).  

¶ ὃ  is the vapor core cross sectional area (m2).  

¶ ” is the vapor density (kg/m3).  
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¶ ‗ is the latent heat of vaporization.  

For flow in annular channels, the vapor drag coefficient and Reynolds number is given in Figure 

2-22. Note that a wire screen wick and packed spheres/sintered wick are not the same as an annular 

channel wick, but in this analysis, the correlation for the annular wick is used for both (lacking a 

better alternative).  

 

Figure 2-22. Vapor drag and Reynolds number for laminar flow in circular cross section heat pipes 

The boiling limit is also an important operating limit that typically places restrictions on the 

upper bounds for temperature and heat removal capabilities of heat pipes. The boiling limit occurs 

when vapor bubbles forming in the wick as the coolant evaporates become trapped in the wick 

itself. The trapped vapor bubbles block the returning liquid flow in the wick and eventually leads 

to dryout of the wick. The boiling limit is typically not encountered for liquid metal heat pipes 

used in nuclear reactor applications [56]. The boiling limit is sensitive to the formation and size of 

vapor bubbles, which in turn is determined by nucleation sites in the wick, surface roughness 

properties, and the contact angle of vapor bubbles during formation [56]. These parameters would 

depend on the materials used, manufacturing process of the wick, etc. and can be difficult to 

determine without experimental measurements of a prototype design. However Holland and 
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Winterton have collected experimental measurements of the nucleation radius of sodium at 

incipient boiling for various pressures and temperatures. At 1 atm and 861 °C, the radius of 

nucleation bubbles was about 2.8 ɛm [58]. The boiling limit is then found using [56]: 

ὗ
ς“ὒὯ Ὕ

‗”ÌÎ
ὶ
ὶ

ς„

ὶ
ὖ  

where 

¶ ὒ is the length of the evaporator (m).  

¶ Ὧ  is the effective thermal conductivity of the liquid-wick combination. 

o For different wick structures, the effective thermal conductivity of the liquid 

saturated wick can be found with the following expressions (from Zohuri) [56]:   

Table 2-8. Wick effective thermal conductivity. 

Wick Structure Ὧ  

Wrapped wire screen 
Ὧ Ὧ

Ὧ Ὧ ρ ‭ Ὧ Ὧ

Ὧ Ὧ ρ ‭ Ὧ Ὧ
 

¶ ‭ is the porosity.  

Rectangular grooves 
Ὧ

ύὯὯ‏ ύὯ πȢρψυύὯ Ὧ‏

ύ ύ πȢρψυύὯ Ὧ‏
 

¶ ύ  is the groove fin thickness.  

¶ ύ is the groove thickness.  

  .is the groove depth ‏ ¶

Packed spheres/sintered 
Ὧ Ὧ

ςὯ Ὧ ςρ ‭ Ὧ Ὧ

ςὯ Ὧ ρ ‭ Ὧ Ὧ
 

o Ὧ and Ὧ  are the thermal conductivities of the liquid and wick material 

respectively.  

¶ Ὕ is the vapor temperature (K).  

¶ ‗ is the latent heat of vaporization (kJ/kg).  

¶ ” is the vapor density (kg/m3).  
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¶ ὶ is the radius of the inner wall of the heat pipe (m).  

¶ ὶ is the radius of the vapor core (m).  

¶ „ is the surface tension (N/m).  

¶ ὶ is the nucleation radius of vapor bubbles at incipient boiling (m).  

¶ ὖ is the capillary pressure (Pa).  

o The boiling limit reaches its minimum at the maximum capillary pressure.  

o Maximum capillary pressure can be found as: 

ὖȟ  

ς„

ὶ
 

where ὶ is the effective capillary radius.  

Since the nucleation radius of vapor bubbles during formation tends to be much smaller than 

the capillary radius, the boiling limit seldom occurs in liquid metal heat pipes.   

 

2.3.2 Heat Pipe Down-Selection 

Sodium is the choice of working fluid for its high boiling point, operating temperature, and 

transparency to neutrons. Sodium heat pipesô useful temperature range is typically between 873 K 

to 1473 K (600 °C to 1200 °C) [59] with a neutron absorption cross section in the sub-millibarns 

range [60]. The performance of a fluid for a heat pipe is qualified by the merit number as a function 

of temperature, which is found as:  

ὔ
”„‗

‘
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where all symbols have their usual significance [47]. Among liquid metal coolants, sodium has the 

highest merit number [47]. Furthermore, sodium heat pipes have gained much experience with 

long-running experiments accumulating tens to hundreds of thousands hours of operation [61].  

The choice of wick structure determines the power and temperature operating limits of the heat 

pipe. Wick materials compatible with sodium include stainless steel, Inconel, nickel, and 

molybdenum [47]. Of these, nickel is the choice of material for the wick. Various studies have 

been conducted investigating and experimenting with sintered nickel powder wicks, providing 

evidence of experimental measurements and manufacturing capability for high performance 

sintered nickel wicks [62] [63] [64] [65].  

Next, for a given heat pipe geometry, the operating limits are calculated (see Heat Pipe 

Operating Limits). The capillary and entrainment limits were found to be the most constraining 

limits. For a sintered wick, the capillary limit is very strongly dependent on the porosity (‭) of the 

wick, since ‭ and ρ ‭  appears in the numerator and denominator of the permeability of the 

wick respectively. Even a small change in the porosity can greatly swing the capillary power limit 

over all temperatures. The capillary limit is also dependent on the radius of the vapor core and 

powder particle diameter, albeit not as strongly as the porosity. Recalling the equations for the 

liquid and vapor frictional coefficients:  

Ὂ
‘

ὑὃ‗”
 

Ὂ
ὪὙὩ ‘

ςὶὃ‗”
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The cross sectional area of the wick and vapor core both depend on the radius of the vapor core, 

which in turn is determined by or determines the thickness of the wick. The capillary limit will 

maximize at some intermediate value of the vapor core radius where the sum of the liquid and 

vapor coefficient terms is minimized. With this in mind, the vapor core radius and powder particle 

size can be parametrized to calculate the capillary limit for various combinations, each 

combination a unique wick thickness and sintered powder particle size.  

Likewise, the entrainment limit depends on the size of the vapor core and the inverse square-

root of the hydraulic radius, which only varies linearly with powder particle diameter. Supposing 

that the vapor core radius is close to its optimum, increasing it will tend to also increase the 

entrainment limit at the cost of decreasing the capillary limit. Also, increasing the sintered particle 

sphere size will decrease the entrainment limit but increase the capillary limit. Designing the heat 

pipe around the capillary and entrainment limits will involve trade-offs between these two limits.  

Figure 2-23. Typical family of capillary limit curves for a sintered 

wick with variable powder particle size. 
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For a given heat pipe inner radius, there will exist a vapor core radius that maximizes the 

capillary limit. When the best vapor core radius is identified, the particle size of the sintered wick 

powder is varied until the capillary and entrainment limit requirements balance out. The maximum 

operating power of the heat pipe balanced between the capillary and entrainment limit is ultimately 

limited by the inner radius of the heat pipe; if this is found to be too low to remove sufficient heat 

from the reactor, the heat pipe inner radius must be increased, and the process repeated.  

The initial heat pipe design considered three types of wicks: rectangular grooves, wrapped wire 

screen, and sintered. It was quickly found for realistic wick features, the rectangular grooved and 

wrapped wire screen wicksô liquid frictional coefficient would be far too high; the capillary 

pumping capability of these wicks was not sufficient to overcome the pressure drop over the pipe.  

The sintered wick initial design parameters and final design parameters are found in Table 2-9. 

The final design was found by the process described above, by parametrizing the vapor core radius 

and sintered particle sphere size and calculating the most limiting operating limits (capillary and 

entrainment) for each unique wick combination. For a reactor power of 15 MWth and a total of 

1224 heat pipes, each heat pipe needs to remove about 12.25 kW of power on average. Heat pipes 

located near peak power regions would need to remove more (see Core Power Distribution and 

Peaking Factors). Also accounting for a failed heat pipe scenario and including a conservative 

operating margin further increases the total heat each pipe must be able to remove. With these 

constraints in mind, the desired heat removal for the heat pipe design is about ~25 - 30 kW.  

 

Table 2-9. Sintered wick heat pipe parameters. 

Sintered wick HP design parameters Initial Final 

Wick material Molybdenum Nickel 

Inner pipe radius (cm) 0.6575 0.9000 



53 

 

Table 2-9 continued  

Vapor core radius (cm) 0.4000 0.5750 

Radius of powder particle (ɛm) 400 45 

Porosity 0.64 0.868 

Calculated permeability (m2) 8.63*10-9 2.03*10-9 

Evaporator section length (m) 1.5 1.5 

Adiabatic section length (m) 0.3 0.3 

Condenser section length (m) 0.6 0.6 

Heat pipe inclination angle (degrees) 0 0 
 

The initial heat pipe design is only able to remove a maximum of about 6 kW at best. A larger 

heat pipe inner radius is necessary to increase the capillary and entrainment limits. This 

necessitates an increase in the lattice pitch of the reactor core block to accommodate larger heat 

pipes. The porosity of molybdenum wicks is assumed to be 0.64. The porosity is the most sensitive 

parameter when calculating the capillary limit (see Heat Pipe Operating Limits); increasing the 

capillary limit by improving the porosity allows the entrainment limit to be tweaked as well. 

Studies on sintered nickel wicks have shown very high possible porosities using filamentary nickel 

powder [62] [63] [64] [65]. The selected porosity is 0.868, but Holley and Faghri have claimed the 

porosity of a nickel wick as high as 0.900 [62] (see Future Work). The finalized heat pipe design 

increases the radius of the heat pipe by about ~36% but pushes the peak power removal to over 30 

kW. Furthermore for the initial case, it is unclear how realistic 800 micron diameter molybdenum 

particles are in regards to manufacturing a sintered molybdenum powder wick. Commercial 

suppliers of molybdenum powder typically provide particles in the <10 micron size range [66], 

whereas nickel powders can be supplied up to 150 microns particle size [67].  
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Figure 2-24. Calculated operating limits of a heat pipe with sintered molybdenum wick and 0.6575 cm inner radius. 

 

Figure 2-25. Calculated operating limits of a heat pipe with sintered nickel wick and 0.9000 cm inner radius. 
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The limits important for the proposed heat pipe design are the sonic, capillary, and entrainment 

limits. The viscous limit above 700 K is well above the maximum power needed to be removed 

by each heat pipe. The boiling limit only becomes important near the boiling temperature of 

sodium (2503.7 K) and otherwise does not inhibit the heat pipe in its normal operating envelope. 

For reference, the boiling limit was calculated for the nickel wick but is not meaningful to show 

included in the plot for Figure 2-25; at 1700 K, the boiling limit is in the ~106 kW range. The 

capillary and entrainment limits eclipse the boiling limit within the relevant temperature range. 

The full operating range of the heat pipe is the overlapping area enclosed under all curves: the 

roughly triangular envelope between 800 K to 2400 K, but also includes the cutoff at the nickel 

melting temperature at 1728 K.  

The nickel wick incurs a neutronic penalty compared to a molybdenum wick. This effect was 

quantified by using the 3D full core geometry (original/unexpanded lattice) and 30 cm thick radial 

and axial graphite reflector and 30 MW thermal power (which is later set to 15 MW). Comparing 

the cycle of otherwise identical reactors with nickel vs molybdenum wicks at 0.75 porosity (or 

0.25 theoretical density) found that: 

¶ Nickel Wick 

o BOC K-eff: 1.24964 ± 0.00022 

o DBU: 68.8496 MWd/kgU 

o ~5475 days cycle length (~15 years) 

¶ Molybdenum Wick 

o BOC K-eff: 1.25472 ± 0.00021 

o DBU: 73.7675 MWd/kgU 

o ~5730 days cycle length (~15.7 years) 
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A penalty of about 6.66% to the discharge burnup is significant, but not prohibitive. While this 

test run did not use the expanded lattice with larger heat pipes, it is anticipated the discharge burnup 

penalty in the expanded lattice will be comparable. Additionally, the wick porosity of the expanded 

heat pipes is higher than the test run at 0.868 compared to 0.75, which should modestly reduce the 

burnup penalty as well. With this in mind, the use of a nickel wick to meet heat pipe operating 

limits is a justifiable tradeoff.  

2.3.3 Core Power Distribution and Peaking Factors 

The thermal power distribution in the core determines hot spot peaking factors and sets limits 

on the required heat pipe performance ï that is the heat pipe design must be able to remove heat 

from the hottest parts of the core with some margin. To calculate the power distribution, each fuel 

pin in the Serpent model is created as its own universe and depletable material. The power 

distribution is taken as the fission energy production in each fuel pin tallied with a hexagonal lattice 

detector over the entire core. By partitioning the tally lattice and fuel pins themselves into 10 equal 

length segments, both radial and axial distributions of power are found. For illustrative purposes, 

Figure 2-26 shows the power distribution of the core at BOC and EOC; see Full Core Power 

Distribution Plots in the appendix for full plots at all cycle steps.  



57 

 

 

Figure 2-26. Thermal power distribution of the first and last, tallied by fission energy generation in fuel rods. 

Peaking factors can then be calculated from the numerical power tallies. The radial peak to 

average over the full core is the ratio of the full power (over its entire axial length) of the highest 
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power producing fuel pin to the average thermal power of all fuel pins. The radial peak to minimum 

over the full core is the full power of the highest power producing fuel pin to the full power of the 

lowest/coldest power producing pin. The full core itself is segmented into 10 axial segments. The 

hot-slice peak to average is the power produced by the hottest fuel pin segment in the hottest core 

slice to the average power of that slice. The axial average peaking factor is the average power 

produced in the hottest slice to the average full core power of the whole reactor. For clarity, only 

the peaking factors for the poisoned core loaded with GdN is shown in Figure 2-27. In Figure 2-28, 

the peaking factors for both the poisoned and unpoisoned core are plotted together to show the 

effect of gadolinium loading on the peaking factors over the fuel cycle.  

 

Figure 2-27. Change in thermal peaking factors over the cycle. 
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The addition of gadolinium nitride burnable absorber has a strong dampening effect on the 

thermal power distribution towards the beginning of cycle, as is seen in Figure 2-28. GdN is 

selectively loaded in the center-most group of fuel pins, which otherwise would be the highest 

power at BOC. As the rest of the core burns, the GdN loaded fuel pins gradually warm up as well; 

eventually the thermal distribution shifts the hot spot back towards the center of the core. However, 

since these fuel pins have already burned some throughout the cycle, the local hot spot peaking 

factor is not as severe as in the case where no GdN is loaded into the center fuel pins. The core 

without any burnable absorbers has a high peaking factor at the beginning of cycle at about 1.45 

over the full core and 1.57 within the hottest slice. The peaking factors level off as the cycle 

progresses. In comparison to the full core loaded with burnable absorbers, the peaking factors tend 

to stay relatively constant, peaking near the end of cycle (~60 MWd/kgU) at about 1.23 over the 

full core and 1.35 in the hottest slice. In both cases, the peak-to-minimum peaking factors are very 

high near at beginning of cycle, fall off as fuel burns mid-cycle, and rise again as long-lived poison 

fission isotopes accumulate in the most burnt fuel pins. The axial average peaking factor is also 

computed; for both the poisoned and unpoisoned core it remains relatively low, peaking only 

slightly above 1.2.  



60 

 

 

Figure 2-28. Peaking factors for the full core without any burnable absorbers and with 4% wt. GdN + BN coating burnable 

absorbers 
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Figure 2-29. Thermal power distribution at BOC, mid-cycle, and EOC. Top: core loaded with burnable absorbers. Bottom: 

core with no burnable absorbers. 

 

2.3.4 Single Heat Pipe Failure and Cascades 

The heat pipes are designed such that the failure of a single heat pipe should not cause 

neighboring heat pipes to exceed their operating limits. Such failures must not lead to a cascading 

failure of multiple heat pipes and failure of the entire system. The lattice of the full core is designed 

such that each fuel rod is not directly adjacent to another fuel rod, that each fuel rod is directly 

adjacent to 3 heat pipes, and that each heat pipe is adjacent to no more than 2 fuel rods. Note that 
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some heat pipes are directly adjacent to one or no fuel rods. Other lattice layouts were designed 

and considered, but ultimately rejected since they do not meet these criteria. 

Since every fuel rod is directly adjacent to 3 heat pipes, it is assumed that all fuel rods disperse 

1/3 of its heat evenly to its neighboring heat pipes. And since each heat pipe is directly adjacent to 

no more than 2 fuel rods, the maximum total heat a single heat pipe is assumed to receive is 1/3 of 

the power generated by both its neighboring fuel rods.  

In the expanded lattice with the reactor operating at 15 MWth power, the hottest fuel rod 

produces 26.15 kW of heat. Next, conservatively assuming the hotspot has 2 such fuel rods next 

to the same heat pipe both producing 26.15 kW of heat, the heat pipes servicing the hottest fuel 

rods would need to remove ςz ςφȢρυ Ὧὡ ρχȢτσ Ὧὡ. Using the calculated operating 

limits of the heat pipe (see Heat Pipe Down-Selection and Figure 2-25), this power requirement 

can be satisfied by operating the heat pipe at least at ~1300 K.  

Suppose one of the heat pipes operating at the hot spot fails. The hottest fuel rod would be 

directly adjacent to 2 operating heat pipes. Again, assuming the fuel rod transports its heat 

uniformly to its neighboring heat pipes, each of these 2 heat pipes would be required to remove 

half of the heat generated by the fuel rod. Again, assuming at the hotspot there are 2 such fuel rods 

producing 26.15 kW, these heat pipes are then required to remove ςφȢρυ Ὧὡ

ςρȢχω Ὧὡ. This power level would fall within the heat pipe operating limits at about ~1350 K. 

However, the increase in temperature in a heat pipe upon failure of a neighboring pipe would need 

to be determined through a detailed calculation accounting for transient behavior of the heat pipe 

[14]. A similar analysis by Galloway et al. had found a failed heat pipe caused an increase in 

coolant temperature of the neighboring heat pipes by about 120 °C [14]. A conservative approach 



63 

 

is to design such that each heat pipe must be able to accommodate a temperature increase of 200 

°C (200 K). A projection of the possible allowed operating temperature range followed by a 

subsequent increase in power (to 21.79 kW) and temperature (by 200 K) is shown in Figure 2-30.  

 

Figure 2-30. Projected operating temperature range and failed HP scenario of the HP's servicing the hottest fuel rods. 

In this case, suppose the operating temperature range is set between 1400 K to 1600 K. During 

normal operation, the heat pipe will operate well under its operation limits within this temperature 

range. But in the case of a failed heat pipe and conservatively assuming an increase in the coolant 

temperature by 200 K would exceed the melting temperature of the nickel wick if the normal 

operating temperature is set to higher than 1528 K. Therefore, to avoid melting the wick while 

accommodating a failed heat pipe and conservative 200 K coolant temperature increase, the normal 

operating temperature range of the heat pipe should be set between 1400 K to 1500 K. This 

proposed temperature range is nearly aligned with the typical useful operating temperature range 

of sodium in heat pipes at 873 K to 1473 K (600 °C to 1200 °C) [47]. In this case, the heat pipe 
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would operate well under its operating limits during normal circumstances and still operate after a 

single heat pipe failure while still retaining some margin. It should be noted that this places the 

failed heat pipe range on the right side of the ñtriangleò under the operating limit curves; i.e.: the 

operating limit begins decreasing with respect to temperature past 1600 K. While there still 

remains enough margin to not exceed the operating limits, this is a salient concern that warrants 

final validation and verification through a detailed calculation of heat pipe transients or 

experimental measurement.  

2.4 Economic Estimates 

Economics analysis is undertaken as a break-even cost analysis. There are many unknowns that 

make it very difficult if not impossible to accurately calculate the costs of a microreactor. Generally 

speaking, technology improvements such as metal hydride moderators, the Advanced Moderation 

Module, monoblock manufacturing, etc. costs for procurement, fabrication and so on are not 

known. Some quantities, such as the fuel cost, can be estimated with some certainty. For a given 

cost of electricity, and for a set of known costs, the break-even cost to bring the reactor to market 

for all other expenses could be estimated.  

2.4.1 Fuel Cost  

Uranium enrichment is fixed at 19.75%. The cost of enrichment is calculated using the 

following equations [68] [69].  

The relationship between feed (F), enriched uranium (P), waste tailings (W) on a per-mass 

basis, and their respective concentrations (xf,p,w): 

Ὂ ὖ ὡ 

ὼὊ ὼὖ ὼὡ 
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Separation potential and SWU-factor expressed in SWU per kg (separative work units):  
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The price of enrichment per kg of uranium is then expressed as:  

ὖ
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where ὖȟὖȟὖȟὖ are the costs of enrichment, uranium ore, conversion, and SWUs per kg 

respectively. Љ and Љ are losses during fuel fabrication and conversion respectively; zero losses 

are assumed for this analysis.  

Fuel cost is then the cost of enriched uranium plus the cost of fabrication. For nitride fuel, it is 

assumed the fabrication cost (per kg) includes the cost of nitriding. Nitrogen is required as enriched 

nitrogen-15, which is also assigned a cost in a per kg basis. For a fixed uranium enrichment and 

stoichiometry of uranium mononitride (UN), the kg of nitrogen per kg of uranium in fuel will be 

known. Thus, the final fuel cost per kg is found as: 

ὖ ὖ ὖ –ὖ  

where ὖ ȟὖȟὖȟὖ  are the costs of UN fuel, enrichment, fabrication, and nitrogen-15 in a per 

kg basis, and – is the mass ratio of nitrogen-15 to uranium in the final fuel product.  

Fuel rods are clad in silicon carbide (SiC). The cost of SiC material and cladding fabrication is 

not known with certainty. However in 2012, Barrett et al. studied advanced cladding for LWRs, 
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including SiC clad for UO2 fuel, which they estimated cost about 30 times more than standard 

zirconium alloy cladding [70]. Based on a zirconium alloy cost of $37 - $55 per kg LEU, the cost 

of SiC can be estimated assuming a similar fabrication process and cladding thickness.  

2.4.2 Core Material Cost Estimate 

Not every material cost is known. Nor is the cost associated with manufacturing, assembly of 

the core, licensing, or any on-site construction. The costs of fuel, moderator, and monoblock are 

estimated on a mass basis. No attempt is made to assess the costs of the heat pipes, hydride 

moderator hydrogen barrier cladding [28], or burnable absorber materials.  shows the assumed 

price of the associated materials.  

Table 2-10. Assumptions for UN fuel cost estimates. 

Item Value Comment 

UN Fuel Costs 

U3O8 ore (ὖ) 121.25 ($/kgU) [71] 55 ($/lb) 

Conversion Price (ὖ) 12 ($/kg-UN) [71]  

SWU Price (ὖ) 142 ($/SWU) [71]  

Fabrication Price (ὖ) 275 ($/kgU) [71]  

Nitrogen-15 (ὖ ) 1130 ($/kg-15N) [71]  

SiC Cladding (ὖ) 1650 ($/kg-UN) [70] Based on 30x the price of zirconium alloy 

cladding for LWRs priced at $55 per kg LEU 

Core Materials 

Nuclear-grade graphite 15 ($/kg) [72] Cited price ranges from $7,000 to $20,000 per 

metric ton for 99.9% purity graphite (Dec. 

2011 prices) 

YH2 Powder 50 ($/kg) [30]  
 

Based on these prices, the cost of cladded fuel is determined to be $13,497.03 per kg.  

The active core measures 150.7 cm in diameter and 150 cm in height for the expanded lattice 

configuration (see Lattice Pitch Expansion). There are a total of 708 and 1416 fuel and moderator 

rods respectively. The graphite monoblock is assumed to be milled or drilled to create penetrations 
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for fuel, moderator, and heat pipes, and so the total mass of graphite required is for the unmilled, 

solid cylindrical block. summarizes the relevant dimensions, densities, total volumes, and 

calculated material costs for fuel, moderator, and graphite monoblock.  

 

Table 2-11. Fuel, monoblock, reflector, and moderator material cost estimates. 

Item Size Quantity Total Vol. Density Material Cost ($) 

UN fuel 1.423/150 cm 

dia/height  

708 rods 168900 cm3 14.016 g/cm3 32,041,027.52  

Graphite 

monoblock 

150.7/150 cm 

dia/height 

-  2675500 cm3 2.20 g/cm3 72,830.38 

Graphite 

reflector* 

30 cm* thick - 2574400 cm3 2.20 g/cm3 84,956.65* 

YH2 

moderator 

1.425/150 cm 

dia/height 

1412 rods 338750 cm3 4.3 g/cm3 88,292.05 

 

The cost of the reflector varies based on the thickness of the reflector. Assume the thickness of 

the radial and axial reflectors is the same. The volume of the radial reflector is simply ὠ ȟ

Ὑ Ὑ “Ὕ and the axial reflector is ὠ ȟ ς“ὙὝ where Ὑ and Ὕ is the active core radius 

and thickness of the reflectors respectively. The outer radius of the radial reflector is simply Ὑ

Ὑ Ὕ. Using the same graphite pricing and using the same thickness for both radial and axial 

reflectors, the cost of the reflector ranges between about $85,000 to $340,000 for a thickness of 30 

cm to 90 cm.  

2.4.3 Cost of Electricity to Breakeven 

The core configuration considered for fuel cycle cost is the expanded lattice with nickel heat 

pipe wick and 1:1 fuel to moderator rod size (0.7125 cm moderator rods). A thermal power of 15 

MWth is prescribed so that all heat pipes will operate within operational limits, even if a heat pipe 
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in the hot spot of the reactor fails, with some extra margin. The discharge burnup for this cycle 

was found to be 62.09 MWd/kgU with a cycle length of 25 years. The conversion efficiency and 

capacity factor is assumed to be 33% and 95% respectively.  

For a given cost of electricity assumed constant, the reactor will receive a fixed equal payment 

each month. This sum is treated as a monthly annuity stream of equal payments and using the 25-

year cycle length, and these payments must be discounted to the present value. Likewise, all other 

costs of the reactor have been treated as a lump sum payment 1 year prior to the present value; or 

in other words, the opportunity cost of the capital investment to construct the reactor is the interest 

that would have otherwise been earned by investing the cost of the reactor. The present value of 

an annuity stream is:  

ὖὠ ὖ
ρ ρ Ὥ

Ὥ
 

and the present of the lump sum payment is: 

ὖὠ ὒρ Ὥ  

where ὖ is the payment received each month for selling electricity, ὒ is the lump sum payment 

to build the reactor, ὔȟὓ are the number of payments in the period, and Ὥ is the monthly interest 

rate. For simplicity, the interest rate is kept constant and the same interest rate is assumed for both 

payments received and payment due. All quantities in the payment model are known (cost of 

electricity, power of the reactor, and payment period). The total lump sum payment is not known, 

but given that the number of payments and interest rate is known, it will be possible to determine 

the value the lump sum cannot exceed to breakeven on costs.  

The material costs discussed earlier are treated as just one component of the lump sum payment 

due 1 year prior to reactor startup. Then the lump sum is written as ὒ ὓὅ Ὑὅ where ὓὅ are 
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the material costs (fixed at approximately $32.2 M) and Ὑὅ are all other costs associated with 

bringing the reactor online (lumping manufacturing, unknown other materials, construction, 

licensing, R&D, etc. costs all together). Setting the present value of the received payments stream 

and lump sum payment due to build the reactor equal then:  

ὖὠ ὖὠ  

And rearranging this equation to determine the unknown lump reactor cost finds:  

Ὑὅ ὖ
ρ ρ Ὥ

Ὥ ρ Ὥ
ὓὅ 

ὓὅ is a fixed cost. As stated earlier, ὓ, the number of payment periods prior to reactor startup, 

is treated as a fixed constant of 12 months. Since the reactor cycle lifetime was determined to be 

25 years, ὔ is 300 months. The payment received ὖ depends but is uniquely determined by the 

price electricity could be sold at market (since reactor burnup and power are known and fixed). 

Likewise, the interest rate may vary. Thus, it is possible to find the cost to bring the reactor to 

market, minus material costs of fuel, moderator, and monoblock for any combination of electricity 

price and interest rate. This is essentially the breakeven ñbudgetò that the reactor must remain 

within to bring the reactor to market. If the reactor is built under the budget, the difference is profit. 

Two trends are noted for the above equation. First, as the market rate of electricity becomes more 

expensive, the reactor costs become more economical. Secondly, the reactor cost favors lower 

interest rate. This is because with a high interest rate, the capital required to build the reactor is 

better off being invested to start generating income immediately, instead of being spent to build a 

reactor that only generates a fixed income over a number of years into the future. The future income 

is discounted to the present value; ie: $1,200 today is worth more than $100 every month for a 

year. 
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Electricity costs in Alaska vary considerably for different regions and providers. According to 

the IAEA, about ñ10% [of utilities] can supply electricity at a reasonable price below $0.10/kWh. 

More than 50% of utilities supply very expensive electricity at over $0.30/kWh [73].ò For example, 

electricity prices range from $0.41/kWh in Nome, Alaska to $1.02/kWh in Takotna, Alaska [74]. 

Another potential market are mining operations, which typically pay between $0.20/kWh to 

$0.50/kWh [74]. Furthermore, for mining operations, there may be potential for co-generation of 

process heat and the need for highly reliable power generation. The first of its kind in the market 

microreactor would compete against expensive utility providers; as more experience is gained and 

more units manufactured, the costs could conceivably be reduced to compete against cheaper 

providers.  

Operations and maintenance (O&M) costs for microreactors are affected by a variety of factors, 

such as the remoteness of the installation location, new/unfamiliar reactor designs, level of 

autonomy in operation, and so on. The Nuclear Energy Institute (NEI) has estimated the cost of 

O&M to range between $250/kWe to $450/kWe per year [74]; however these estimates may be 

somewhat too generous. At a cost of $450/kWe, the equivalent cost to electricity would be about 

$0.0514/kWe. For a simple first degree approximation, this figure could be subtracted from the 

market rate of electricity for a particular market to come up with an equivalent cost of electricity 

with O&M costs factored in. In the following economic estimates (, , and ), the O&M costs can be 

thought of as being included in the market rate for electricity at just over 5 cents per kWe.  

Regarding the actual cost to build a real microreactor, nuclear reactor project costs are 

notoriously difficult to estimate. For instance, NuScale projected costs of $1,200/kWe capacity in 

the pre-conceptual phase of its 45 MWe SMR in 2003, but later increased to $5,000/kWe in 2017 

[75]. Suppose a pessimistic view is adopted that a new and untested reactor technology (meaning 
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not a LWR) would cost more per unit capacity, at least for the first unit entering the market. The 

NEI has estimated the cost to bring a ñfirst-of-its-kindò microreactor to market would range 

between $10,000/kWe to $20,000/kWe [74]. Adopting the conservative estimate of $20,000/kWe, 

the total budget for the 5 MWe microreactor cannot exceed $100 M. After factoring in $32.2 M 

for fuel and raw material costs, the remaining budget must not exceed $67.8 M. shows that for this 

simplified economic estimate, the microreactor may be economically competitive, especially 

favoring low interest rates and expensive electricity markets.  

 

Table 2-12. Breakeven budget of the microreactor with fuel and material costs accounted for. 

Monthly income for a given Cost of Electricity 

COE  

$/kWh 

$0.10 $0.15 $0.20 $0.25 $0.30 $0.35 $0.40 $0.45 $0.50 

Income 

(month) 

$346K $520K $694K $867K $1.04M $1.21M $1.39M $1.56M $1.73M 

Interest Reactor Breakeven Budget (Millions of $) (including fuel cost estimate of $32.2 M) 

0% 71.89 123.94 175.99 228.04 280.09 332.13 384.18 436.23 488.28 

1% 59.01 104.61 150.21 195.82 241.42 287.03 332.63 378.24 423.84 

2% 48.22 88.44 128.65 168.86 209.08 249.29 289.50 329.72 369.93 

3% 39.15 74.83 110.51 146.19 181.87 217.55 253.22 288.90 324.58 

4% 31.48 63.32 95.17 127.01 158.85 190.69 222.54 254.38 286.22 

5% 24.96 53.54 82.12 110.70 139.28 167.86 196.44 225.02 253.60 

6% 19.38 45.17 70.96 96.75 122.54 148.33 174.12 199.91 225.71 

7% 14.58 37.98 61.37 84.76 108.16 131.55 154.94 178.34 201.73 

8% 10.44 31.76 53.09 74.41 95.73 117.05 138.37 159.69 181.02 
 

Regarding interest rates, low interest rates (~2%) may be possible for state or community 

funded projects with guarantees for low interest over the period. A very low interest rate (0-1%) 

might correspond to a scenario where the reactor is built with an already low interest rate in a 

market where the cost of electricity rises each year. Higher interest rates are more typical of 

projects funded by capital investments.  
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An alternative market for microreactors is the generation and selling of process heat. An 

economic analysis for the NuScale 45 MWe reactor in the Alaskan market assumed 3 times the 

electrical energy output could be sold as process heat for $5.00 per million BTU [76]. Converting 

1 million BTU to 293.07 kWh thermal power and selling the process heat at the same $5.00 rate 

per 293.07 kWh for 3 times the electrical energy output (15 MWth) yields an effective rate of 

$0.0512/kWh for process heat. This is well below the cost of electricity; even the most affordable 

market sells electricity for $0.10/kWe. At these rates, process heat may not be a feasible market 

for electricity, but this paradigm may change if there is a specific niche that can afford to pay more 

for process heat at a rate competitive with the cost of electricity.  

The eVinci microreactor under development by Westinghouse Electric Company is very similar 

to the proposed microreactor; both are heat pipe monoblock microreactors operating at similar 

thermal power. While many design details and cost estimates are proprietary, eVinci is set to 

operate on a shorter 10-year cycle [10] and lower discharge burnup of about 30 MWd/kgU [12]. 

A direct comparison is made with eVinci, using the same set of assumptions for economics. Since 

details needed to estimate fuel costs are unknown, the breakeven cost for eVinci reported in is 

simply the net revenue from selling electricity discounted to present value.  

 

Table 2-13. Estimate of eVinci breakeven budget, fuel and material costs unknown. 

eVinci Net Revenues and Breakeven Budget 

COE  

$/kWh 

$0.10 $0.15 $0.20 $0.25 $0.30 $0.35 $0.40 $0.45 $0.50 

Income 

(month) 

$346K $520K $694K $867K $1.04M $1.21M $1.39M $1.56M $1.73M 

Interest Reactor Breakeven Budget (Millions of $) (including fuel cost estimate of $32.2 M) 

0% 43.83 65.74 87.66 109.57 131.49 153.40 175.32 197.23 219.15 

1% 41.29 61.93 82.58 103.22 123.87 144.51 165.16 185.80 206.45 

2% 38.95 58.43 77.90 97.38 116.85 136.33 155.81 175.28 194.76 
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Table 2-13 continued 

3% 36.80 55.19 73.59 91.99 110.39 128.78 147.18 165.58 183.98 

4% 34.80 52.21 69.61 87.01 104.41 121.82 139.22 156.62 174.02 

5% 32.96 49.45 65.93 82.41 98.89 115.38 131.86 148.34 164.82 

6% 31.26 46.89 62.52 78.15 93.78 109.41 125.05 140.68 156.31 

7% 29.68 44.52 59.36 74.21 89.05 103.89 118.73 133.57 148.41 

8% 28.22 42.32 56.43 70.54 84.65 98.76 112.87 126.97 141.08 
 

Of course, it is unknown how much eVinci-like reactor will  ultimately cost. But suppose the 

same pessimistic view is adopted again and eVinci will also cost $20,000/kWe capacity. At this 

price, eVinciôs breakeven budget is also $100 M. Compared to the proposed reactor, eVinci has a 

tighter budget, despite operating for a shorter 10-year cycle and that favors the discount of revenue 

generated to present value. While crude, these economic estimates suggest a longer fuel cycle (10 

years to 25 years) and higher discharge burnup (~30 MWd/kgU to ~62 MWd/kgU) is a favorable 

tradeoff and improves the economic competitiveness of microreactors, especially for low interest 

rates and low cost of electricity where margins are even tighter. 
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3 Conclusions 

Fuel utilization improvements are achievable through metal hydride moderators and a 

moderating graphite monoblock + reflector. Yttrium hydride is the selected moderator due to its 

hydrogen stability at higher temperatures. The Advanced Moderator Module developed at 

Argonne is also an enabling technology, but the cost to bring this technology to market remains an 

open question. Higher moderation and fuel enrichment content leads to excess reactivity, which 

may prove a challenge to control or SCRAM the reactor.  

Various technology improvements are proposed to improve the fuel utilization of a heat pipe 

and monoblock microreactor concept. The most comparable real-world reactor to this concept is 

the eVinci reactor under development by Westinghouse Electric Company. Both would operate at 

15 MWth and 5 MWe. The discharge burnup is estimated around 30 MWd/kgU and a cycle length 

of 10 years for eVinci [10] [12], compared to the proposed reactor concept of about 62 MWd/kgU 

with a cycle length of 25 years. eVinci does have the advantage of a shorter cycle, and therefore 

earning its return on investment sooner. However, HALEU fuel costs may be the driving factor in 

the cost of a microreactor (e.g.: fuel cost for this reactor is over $32 M), and economic estimates 

suggest that increasing the discharge burnup at the expense of a longer cycle is a justified tradeoff.  
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4 Future Work 

Many tradeoffs and studies were evaluated to improve the fuel cycle of the microreactor 

concept. Based on engineering judgement and safety concerns, not all options are pursued 

aggressively. For instance, the fuel-to-moderator mass ratio (see Fuel to Moderator Ratio) was 

deliberately kept quite low so that the reactor remains well undermoderated, a criticality safety 

feature. However, the findings of that study suggest expanding the moderator rods from a radius 

of 0.7125 cm to 0.8250 cm would confer great benefit to the fuel cycle while remaining just barely 

undermoderated. Another parameter that may be improved is the reflector thickness; graphite is 

cheap and doubling the reflector thickness from 30 cm to 60 cm would improve the discharge 

burnup by about 8 MWd/kgU, a significant improvement. The main arguments against expanding 

the reflector are the size and thermal limitations of heat pipes. One requirement set out for this 

concept development was small size: the microreactor must be small enough to be shipped by a 

flatbed truck to a remote location. Thickening the reflector would also increase the adiabatic length 

of the heat pipes, which would be detrimental to the capillary operating limit of the heat pipe 

(longer adiabatic length means the capillary forces driving liquid flow must transport coolant a 

further distance). Nonetheless, utilizing double ended heat pipes, like those used in eVinci, may 

improve heat pipe performance by up to a factor of 2 [14]. This approah was not undertaken in this 

thesis.  

Therefore, there are still several improvements that warrant a closer investigation which would 

further push the fuel utilization and economic competitiveness of the microreactor concept. One 

final study has been conducted. In a ñperfect worldò scenario, all the proposed improvements are 
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pushed to their limits while still maintaining a safety margin. Suppose we live in a ñperfect worldò. 

The question is how far could this concept go?  describes the proposed design parameters, followed 

by the ñperfect worldò improvements that might be made. These changes have NOT been 

scrutinized to the same detail as the proposed design parameters, but offers a glimpse of what 

further improvements future work optimizing this design might yield.  

 

Table 4-1. Comparison of proposed reactor parameters and idealized improvements for a "perfect world." 

Parameter Current ñPerfect 

Worldò 

Comment 

Moderator rod radius 0.7125 cm 0.8250 cm Largest expansion possible whilst 

remaining on the cusp of undermoderated 

Reflector thickness 

(axial and radial) 

30 cm 60 cm Diminishing returns as thickness increases, 

reactor must remain transportable 

HP adiabatic length 30 cm 60 cm Adiabatic length at minimum must be long 

enough to pass through the axial reflector 

HP wick porosity 0.868  0.900 [62] Improves thermal operating limits, which 

permits a higher operating power 

HP sintered particle 

size (radius) 

45 ɛm 27 ɛm Particle size updated to balance out the 

change in porosity 

Thermal power 15 MWth 20 MWth Assumed HP with improved porosity 

increase margin on hotspots that permit 

increasing thermal power to 20 MWth 

Conversion 

Efficiency 

33.33% 40% Higher temperatures might enable better 

efficiency 
 

The following chart compares three different cycles. The ñRealò or proposed cycle is the most 

realistic option which has accounted for thermal limits, reactivity control, reactivity safety 

feedback, and so on. The ñIdealò cycle is for the reactor configuration with all the above listed 

improvements if there was a ñperfect worldò (or enough engineering budget/manpower!). It should 

be noted that the ñidealò cycle is still somewhat grounded in reality as discussed above. For 
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instance, the reactor should still be undermoderated (albeit barely), the improved heat pipe limits 

should permit a higher operating power, and so on.  

 

Figure 4-1. Improved thermal operating limits of the "perfect" reactor. 

 

Figure 4-2. Cycle burnup of the real vs. ideal reactor. 
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Compared to the realistic reactor, the idealized reactor improves the discharge burnup from 

62.1 MWd/kgU to 83.0 MWd/kgU. In both cases, the cycle length stayed relatively constant at 

about 25 years, whilst the ideal reactor operated at a higher thermal power. Undertaking the same 

simplistic economic estimates of the breakeven cost for the idealized reactor shows:  

 

Table 4-2. Breakeven budget of the idealized microreactor with fuel and material costs accounted for. 

Monthly income for a given Cost of Electricity for the Idealized Reactor 

COE  

$/kWh 

$0.10 $0.15 $0.20 $0.25 $0.30 $0.35 $0.40 $0.45 $0.50 

Income 

(month) 

$346K $520K $694K $867K $1.04M $1.21M $1.39M $1.56M $1.73M 

Interest Reactor Breakeven Budget (Millions of $) (including fuel cost estimate of $32.2 M) 

0% 134.35 217.63 300.91 384.18 467.46 550.74 634.01 717.29 800.57 

1% 113.73 186.70 259.67 332.63 405.60 478.57 551.53 624.50 697.47 

2% 96.48 160.82 225.16 289.50 353.85 418.19 482.53 546.87 611.21 

3% 81.97 139.05 196.14 253.22 310.31 367.40 424.48 481.57 538.65 

4% 69.69 120.64 171.59 222.54 273.48 324.43 375.38 426.33 477.28 

5% 59.25 104.98 150.71 196.44 242.17 287.89 333.62 379.35 425.08 

6% 50.33 91.59 132.86 174.12 215.39 256.65 297.92 339.18 380.45 

7% 42.66 80.09 117.51 154.94 192.37 229.80 267.23 304.66 342.09 

8% 36.03 70.14 104.26 138.37 172.49 206.60 240.72 274.83 308.95 

 

The assumptions regarding the idealized reactor are overgenerous, but not altogether 

unreasonable. The ideal reactor suggests there is still much room for improvements, making a 

tantalizing case for the economic competitiveness for microreactors with more optimization and 

engineering effort. Another study could be conducted to calculate the breakeven period or payback 

period for the reactor at a given cost of electricity, lending another dimension to the economic 

considerations of a particular design.  

In this thesis, control sliders were selected over control drums or control rods. Control sliders 

are similar to control drums in that they both act on the periphery of the core and are embedded in 
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the radial reflector, but control sliders are closer to the core and therefore better neutronically 

coupled, resulting in a higher reactivity worth. However, due to heat pipe capillary pumping 

considerations (insufficient pumping action against gravity), the reactor must be oriented with its 

axis parallel to the ground. This complicates the use of control sliders considerably. The grooved 

slots required to give sliders access to the core means a slider on the underside of the core could 

simply fall out of its slot and the sliders above the core might fall in. Mechanisms to move the 

sliders themselves, such as a rail lining the inside of the slider grooves, would need to be resilient 

to high temperatures and neutron flux. Since the sliders and grooves are straight, rectangular 

slabs/channels, any warping or buckling of either (perhaps due to thermal cycling, neutron flux, or 

mechanical damage) could cause damage that prevents the insertion or withdrawal of the sliders. 

Control rods were rejected primarily since the axial space outside the core would be occupied by 

heat pipes and a heat conversion system. However, since the heat pipes are single-ended and the 

reactor lies flat, control rods might be inserted from the opposite side that heat pipes terminate. 

However, control rods would require some redesign of the fuel lattice of the active core and so this 

solution was not pursued here. Finally, the proposed core cycle length is 25 years. The control 

sliders are 5 cm thick boron-carbide slabs enriched to 100% B-10; at the beginning of cycle, they 

are certainly opaque to neutrons and would perform as analyzed. However, over the length of the 

cycle, the boron content will steadily deplete, reducing the efficacy of the sliders, and a significant 

amount of helium buildup would occur. Internal pressure or cracking from helium buildup is 

another alarming cause for concern and must be accounted for in the design. Further work is 

recommended to thoroughly analyze and compare control sliders against control drums, 

particularly mechanical and thermal considerations which were not assessed here.  
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Additionally, the expansion of the core lattice was necessary to accommodate larger heat pipes 

to meet thermal limits, but consequently also reduced the effectiveness of the external control 

sliders. If the core lattice pitch could be tightened, it would restore some efficacy of the control 

sliders. This might be achieved by designing a more effective heat pipe, such as a double-ended 

pipe or improved wick. The size of fuel and moderator rods do not occupy the entire lattice pitch, 

and since no heat pipes are directly adjacent to another, the lattice pitch could be reduced by 

allowing heat pipes to overlap into the extra spacing of neighboring fuel and moderator rods.  

Emergency shutdown of this reactor may also prove problematic, particularly the instability at low 

temperatures and apparent positive moderator reactivity coefficient. Based on the BOC reactivity 

worth of the control rod insertion, it is not clear if the shutdown rod would be sufficient to provide 

enough reactivity change to shutdown the reactor at its maximum reactivity in the cycle. It was 

noted the neutron flux distribution is highly depressed in the center of the core at BOC due to the 

presence of GdN-loaded rods at the center of the core. The flux distribution would be more 

centrally peaked at max reactivity which would increase the reactivity worth of the core; but this 

must be rigorously verified. One ñsimpleò fix might be increasing the size of the shutdown rod 

channel and shutdown rod itself such that it would provide enough reactivity worth even with the 

positive moderator coefficient. Another possibility is the use of resonance absorbers in fuel (such 

as erbia) to absorb neutrons at the thermal energy peak, but would incur a residual penalty to 

reactivity and discharge burnup [18]. 

Another aspect of criticality safety that requires more investigating are reactivity feedback 

coefficients. At present, only an isothermal temperature reactivity coefficient over the full core at 

beginning of cycle was investigated. Since YH2 is expected to have a positive moderator 

coefficient [53], it will be important to verify the remaining reactivity coefficients are sufficiently 
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negative for criticality safety. These would include fuel, graphite, and coolant reactivity 

temperature coefficients. Since the core is designed as a solid monoblock with solid fuel, there are 

no liquids or gases (aside from sodium coolant contained in fixed-volume heat pipes); thermal 

expansion will also be important rather than a void coefficient seen in conventional water-cooled 

reactors.  
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Appendix 

A. Main Reactor Parameters  

Table A-1. Parameters of the reactor core. 

Reactor Core Main Parameters 

Item Value Comment 

Active core diameter 150 cm 
 

Active core height 150 cm 
 

Fuel rod radius 0.7115 cm 
 

Total number fuel rods 708 uranium nitride (UN) 
 

Moderator rod radius 0.7125 cm 
 

Total number mod. Rods 1404 yttrium hydride (YH2) 
 

Heat pipe outer radius 0.9600 cm 
 

Total number heat pipes 1224  
 

Enrichment 19.75% U-235 

99.99% N-15 

All nitrogen-containing 

materials at 99.99% 15N 

Radial reflector thickness 30 cm 
 

Axial reflector thickness 30 cm 
 

Core lattice pitch 2.020 cm 
 

Reactor thermal power 15 MWth 
 

Reactor electric power 5 MWe Assumed 33% conversion 

efficiency 

Average discharge burnup ~60 MWd/kgU 
 

Nominal cycle length 25 years 
 

Fuel cladding material 0.05 mm Silicon Carbide (SiC) 
 

Moderator cladding 0.01 mm Niobium substrate, 

0.04 mm SiC 

Based on ANL Advanced 

Moderator Module 

Burnable absorber coating BN 100% enriched 10B 

Burnable absorber fuel 

mixing  

Gadolinium nitride (GdN) UN 

composite 

Natural gadolinium in 11% 

of fuel rods 

Control sliders 5 cm thick Boron Carbide 

(B4C) slabs 

100% enriched 10B 

Shutdown control rod 24 cm diameter B4C rod 100% enriched 10B 
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Table A-2. Parameters of the heat pipe design. 

Heat Pipe Main Parameters 

Item Value Comment 

Outer diameter 1.920 cm 
 

Inner diameter 1.800 cm 
 

Wick thickness 0.3250 cm 
 

Vapor core radius 0.5750 cm 
 

Coolant Sodium metal 
 

Wick type Sintered nickel metal 

powder 

 

Wick porosity 0.868 
 

Sintered powder size (radius) 45 microns 
 

Calculated permeability 2.03E-09 m2 
 

Nickel melting temperature 1728 K 
 

Evaporator length 150 cm  Height of the active core 

Adiabatic length 30 cm Axial reflector thickness 

Condenser length 60 cm 
 

Inclination angle 0 degrees Horizontal/flat 

Operating temperature range ~1400 K to 1500 K Cannot exceed 1528 K for 

conservative treatment of heat 

pipe failure 

 

B. Full Core Power Distribution Plots  

The distribution of fission power production in each fuel pin for each depletion step in the cycle 

is shown in the following figures. Take note how the gadolinium-loaded fuel pins are ñcoldò 

initially, but produce more power later in the cycle as GdN burns away.  
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