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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 camednpower 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 physigamall 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 mooblock 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
burnale 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 spectrabsliife neutron

flux with increasing temperatuiieit 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 whelat 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 drthat implementing technology to improve the fuel utilization

Xi



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.
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1 Introduction

1.1 Background

Small modular reactors (SMRs) ageconcept gaining renewed interést 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 generatapacity 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 wéry small modular reactorsy§MRSs) thattypically produce
between 120 MW thermal powef2] or between 40 MW electric powel3]. The potential
conseqguences of low power microreactors is limited tsittnconsequences, classifyithggm as
Hazard Category 2 according to US regulations 10 CFR[8B@nd DOE STD 10275].
Historically, they trace their origins from space reactor designs, for instance-E0MAR] or
more recently the Kilopowdi] [8] reactor.

In recent years, microreactor concepts have sparked new interest for civiliarcasenercial
power production, and specialized applications for military or spM#oreactors target niche
powermarketsneedgshat are largely untapped or unserviceable by conventional means of power
generation. Remote regions, island communities, iarsitu process heat applications are all
potential targetapplicationsfor microreactors. Given the very different markets and objectives
they aim to fulfil, microreactors must be designed for their target application in mind, namely

affordability, relability, flexibility, and sustainability8]. Designs compact enough to fit on aflat
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bed truck could potentially be transportedany location accessible by roaBue to their lower

power output, they may also be easier to incorporate into existing electrical grid infrastructure.
There are several ongoieagmmerciaimicroreactor efforts across the globe. In Russia, Uniterm

[9] and FHELF are ~30 MWth microreactor concepts using el with water for moderation

and cooling10] [11], with fuel burnup of 115 and 160 MWd/kgU respectividl@]. Hydromire

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

at 15/5, 30/10, and 60/20 MWth/MW0O]. The reported discharge burnup of LFR-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 MWdH@Ul In Japan, the 4S reactor

is a sodium cooled fast reactor with a discharge burfiid@® ¢MWd/kgU and long design life of

60 yearg[10]. The microreactor concept mo s t similar

microreactoy which has a discharge burnup of about 30 MWd/kbQ] [12]. Like eVinci, this

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

summarizesimilar commercial microreactors in development (texmaustive}hat are designed

for 30 MWth power or lesgl0] [11] [12].

Tablel-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 | LeadCold | WEC N/A
Nuclear
Energy
Country Russia Russia Japan Luxemborg| Sweden USA N/A
Power 30/6.6 28.4/6.6 | 30/10 15/5 8/3 0.440 /| 15/5
(MWt/MWe) 30/10 0.215
60/20 5/15*
Fuel Type uo: uo: U-Zr LEU uo: UO:, or| UN
CERMET | pellet alloy UN
Enrichment | 19.75% 19.7% <20% 19.75% 19.75% 19.5% 19.75%

2



Table1-1 continued
Coolant Water Water Sodium | Lead Lead Na or K| Na heat
heat pipes| pipes
Spectrum Thermal | Thermal | Fast Fast Fast Epi- Thermal
thermal
Moderator | Water Water N/A N/A N/A Metal YH
hydrides
Reactivity Soluble Control Moving | External Control Control Control
Control boron, rods reflector | flag-type rods drums, sliders,
control movable burnable | burnable
rods absorber absorbers| absorbers
DBU 115 160 34 40 33 ~30 ~60
(MWd/kgU)
Cycle length/| 200 mo. | 6 yr. - ~100 mo. | - - -
Lifetime 25 yr. 60 yr. 60 yr. 30 yr. 27 yr. 10 yr. ~15 yr.
Dimensions | 2.9 m 8m 3.5m 2m 2.75m Not given | 2.1m
(diameter 7 | 9.8 m 14 m 24m 3.5m 6m 21m
height)

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
monobl ock, these react or smahmoringipat8]. Sirdplickytinat e 0
design and eliminating moving machinery facilitatesnufacturing antransportation

In a heat pipe microreactor, the main mecharigmwhich heat is removed from the core is by
aphase 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 walld.3]. 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 grawtycapillary actiorvia awick. This method of
heat removal for reactors is well studiéds Alamos National Lab (LANLhas several decades

(since 1963) of experience and research heritage with liquid metal hedtl@héteat pipes tend

to work vey well in their designed operating temperature range, but can encounter problems when



subject to conditions outside their functional linfiigl]. Heat pipes in microreactors should be
designed to operate well within functiordahits such that a failure in one pipe will not cause a
cascading failure of the surrounding heat pigethey take up the thermal load of the failed pipe
To that end, | daho National Labbs Maidkiog L ( Mi c
and Evaluation) and MAGNEMjcroreactor Agile Nomuclear Experimental Test Bed) facilities
under development wibbecritical for enabling heat pipe teablogy in microreactorgl5].

Compared to conventional lightater reators (LWRs) which have relatively inexpensive fuel,
mi croreactorsé fuel costs are expensive and ¢
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 atr liggrenal 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 microreastare smalldlighter and simpler in design

In general, heat pipe monoblock microreactors, like all physically small reactors, suffer from
poor fuel utilization due to high neutron leaka@évilian or commercial designs necessitate the
use of low enribed uranium (LEU), which in turincentivizegheuse of a moderator to thermalize
neutrons.Solid metal hydride moderators like zirconium or yttrium hydridast account for
hydrogen migrationhydrogen atoms tend to relocate in the crystal structure of the moderator
material due to temperature differentifl§]. To combat neutron leakage, the core is typically

surrounded by a neutron reflectidee beryllium oxide,stainless steel, alumina, or grapHgg



[17]. Beryllium oxide is typically the begterforming reflector material due to its high moderating
powerandratio, low neutron energy threshold Be(n)2eactionand high temperature tolerance.
Since microreactors aim to target niche and remote markets, refuelingdatahifuel cycles
are notpossible To attain longer fuel cycles, a good deal of excess reactivitgasporatednto
the fresh core,which must be suppressdgdeactivity control methods range from conventional
control rods to more unusual concepts such as control drums, sliding reflectors, hinged reflectors,
and control shutters or petdl8]. Excess regtivity is also controlled with burnable absorber
materials incorporated into the fugl8]; the choiceof 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 attaied 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 imphaveeutronic 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 problematpdesehe
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 eesstul 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 conceptarious measures to improve the neutronics andsanshgs of
the reactor design Wibe undertaken and analyzed. This research will propose techniques to
improve the economic competitiveness of microreactors from a fuel utilization perspé&bgve.
operating limits of heat pipes are found and heat pipe design is driven by redundiuecgase
of a complete failure of the heat pipes in the hot spot of the reactor.

The thermal power of the reactor will be setlt® MW. Since a major attractive feature of
microreactors is their compactness, the dimensions of the reactor will be liodtedhat it can
be transported on a typical flatbed tru€or commercial and civilian use, the enrichment must
remain at 19.75% or below. Fuel cycle costs and the cost of electricity wil/dleated to
determine cost drivers and trends, giving insmmhhow to bring microreactors to market

Above all else, any nuclear reactor design must be $héeforealso included in the scope
are heat pipe failuregxcess reactivity and reactivity contr@afety from a thermal hydraulic
standpoint will be dealt with by heat pipe failure analyBige 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 beinvestigated with various configurations of moveable
control surfaces and burnable absorb&isice a long cycle length is desired for economic
competitiveness, the core will be loaded with a good deal of excess reactivity that must be
suppessed with burnabkbsorbersThe effect of burnablabsorbeon cycle length and discharge
burnup must also be quantified and justified by deatsive criticality safety is highly desirable.
Reactivitycontrol is achieved through the combined useuofi@ble absorbers mixed in fuel, boron

fuel coatings, and adjustable external control sliders.



1.3 Requirements andMetrics
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 wiich@eactor concept. Safety
related requirements include:
1 The reactor must be able to be made passively safe and shutdown in the event of an
accident
1 Temperatures cannot exceed material limits (eg: fuel centerline temperature to not melt
fuel)
1 Singular leat pipe failure must not lead to a cascading failure or inability to remove heat
Likewise, there are several desigriated requirements imposed. These limit the design space
such that any concept that cannot meet these requirements would be excludddrtiiem
consideration.
1 Discharge burnup of at least 50 MWd/kgU
1 Minimum reactor fuel cycle lifetime of 10 years
1 Maximum size of the reactor itself must be small enough to fit on a flatbed truck
(excluding primary/secondary heat exchange loops and p@neersion system)
1 Thermal power of 10 MWth
1 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 iy Hoav the reactor

concept adheres to the requirements. Metrics such as reactivity control or power density can be



measured directly from neutronics simulations, while others would be evaluated/estimated using
other methods. Metrics such as fuel cost discharge burnup quantify the economic
competitiveness of the reactor concept. The metrics used in this thesis are:

1 Discharge burnup of fuel

1 Estimation of manufacturing and fabrication costs

1 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 sectonghwuel, 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 #core is not symmetric axially across the midplane.uTpeper r ef |l ect or
and full of holes that accommodate the extra lemjtthe adiabatic section of the heat pipes
Within the radial reflector are the contréiders used to regulate thexcess reactivity. A large
empty channel is set in the center of the core to serve as the emergency shutdown control rod,
which could bespringloaded or held back by tension outside its chaandinsertautbmatically
in the event of a loss of power to the cdree core is oriented horizontally/flat to the ground (due
to heat pipe considerations in that tregtical liquid pressure drop in heat pipes is too much in a

vertical position) so gravity cannot aoinatically insert the shutdown rod



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, graphit9]. Spacenuclear 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 b select the most economically attractive reflector parameters.

The heat pipe selected is a sodicoolantheat 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 longerm performance and lifetime of these heat p[t8% Sodium also has a
fairly low neutron absorption cross section, reducing parasitic neutron losses, and high boiling
point, which allows the reactor tan at a higher thermal efficiendyithium mayalso be a feasible
choice by contributing to neutron moderatidhanks to the low atomic number of lithicim

However lithium has a high boiling temperature of 161%o#er solid materials in the reactor

9



may not tolerate this high temperature wel)d requires higkenrichment of lithiura7 to negate
parasitic absorption from lithiuf@, limiting its use[14]. Overall, sodium igleemed thenore
acceptable choice for this microrearctiesign.

Uranium nitride fuel has a higher density (and therefore uranium content loading) and better
thermal conductivity compared to traditional bidels used in LWRdJranium nitride pellets can
be manufactureds high as 9@5% of the theoreticaleshsity by sintering at 1962000°C [20].
Uranium nitride has excellent thermal conductivity at about 25 W /mK at 17@@]Kompared
to only about 3.37 for U@at the same temperatuf2?]. The disadvantage of nitride fuels is
naturally occurring nitrogefi4 (the most abundance isotope by faas a large absorption cross
section, necessitating enriching the nitrod@&ncontent to 9%-99.9% to negate a parasitic loss in
reactivity [23] [24]. There does not yet exist any commercial or manufactsgate production
capability for enriched nitrogeb5, however advancements bynDiet al. in iorexchange
chromatographyndicate that economic larggeale nitrogefl5 enrichment may be feasiBgo].

Since nuclear microreactors are plagued by neutron leakage, it is important to use neutron
moderators tancrease the probability of fission. Materials high in hydrogen make excellent
moderators due to the kinematics of neutron scattering with hydrbtggal hydrides are well
suited to microreactors due to their high hydrogen coredtacceptable mianical properties
[26]. However, at high temperatures, the hydrogen in metal hydrides has a propensity to migrate
throughout the crystal lattice and cross material boundfk@&s[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 sitadnde based clad to prevent hydrogen

from es@aping out of the hydride materi@8]. 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 irethlenum, and lowers the reactivity of the core

Two metal hydride materials wereitially evaluated for this study: zirconium hydride and
yttrium hydride.Naturally occurring yttrium (monotonic yttriu®9) has a thermal absorption
cross section negrR orders of magnitude greater than zircon[@0]. However yttrium hydride
exhibits better hydrogen retention properties at higher temperatures compared to zirconium
hydride Zirconium hydride retains similar hydrogen dénsis water up to about 60G butwould
quickly lose much of its hydrogen by 880 [29]. Yttrium hydride tends to retain hydrogen well
up to temperatures around 136A375°C [27] [29] . Compared to zirconium hydride, yttrium
hydride in equilibrium with 1 atm #retains 1.6 and 2.6 times as much hydroge®00°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 Near Data Center (NNDC) at Brookhaven National Lab
released the next set of Evaluated Nuclear Data Files (ENDF), ENIH/B [31]. These also
include new evaluations for several important materials in our microreactor cogiggtite at
various porosity, uranium nitride, zirconium and yttrium hydrides, and silicon caHdesver,
the cross section data files available for Serpent do not include these latest evdlBa}iorns
include and vatlate the latest data for use in Serpent, thdlBO set was downloaded for MCNP
as well as Serpent and a series of ckadlation tests performe@eeS(Ub) Testing (ENDF/B
VIII.0 update).

Gadolinium is an important isotope for excess reactivity control in LV#@slolinium has a

high neutron absorption cross section and can effectively flatten the reactivity luowght the
11



entire fuel cycleWhen mixed with fuel at sufficiently high density, gadolinium séifelds and
depletes slowly, allowing for lonrtgrm reactivity control over the entire fuel cycle. However, the
most highly absorbing isotopes of gadolini(@d-155 and Gel57) absorb a neutron and
transmute to gadolinium isotopes with a much lower absorption cross si83]oimhese low
absorbing gadolinium isotopes impose a penalty on the reactivity by the end of cycle. Several
recent studiesndicate that gadolinium may be loaded in nitrimbesed fuels in the form of GdN to
use as a burnable pois¢B4, 35] Gadolinium mixed in nuclear fuels lowers the thermal
conductivity of the fuel rod, hich is doubly disadvantageous since gadolinriaaded rods are
typically located at neutron flux hotspots where power generation peaks. Howevieasldjgod
thermal conductivity naturalland the reduced conductivity may not be as problematic for this
microreactor concefi85] [36].

While gadolinium mixedvith fuel is a good way to control lontgrm excess reactivity through
the fuel cycle, it cannot be used to suppress beginningad (BOC) excess reactivity (when
excess reactivity is highest) without inducing an unacceptable penalty on cycle length. In light
water reactors,iconium diborides usedas an integral fuel burnable absorber (IFBA), essentially
a thin coating of B2 on the outside of fuel rodSince the coating is very thin, the borbd
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 gadoliniumloaded fuel flattens the lortgrm reactivity curveHowever, there is a question
of chemical compatibility anthermal conductivity problems with a ZrBased burnable absorber.
Several effortssuggestthat boronrnitride (BN) IFBA-like conceptmay be manufactured and
coated on nuclear fuels to control excess reactitfitgenstatt and Radford show that BN can be

applied as a coating on a nuclear fuel pe[&@]. Several studies have also investigated BN
12



coatings on U@ and UQ-Gd0s (gadolinia) mixed fuels, with some samples produced by
chemical vapor deposition and burnup charactessttudied40] [41] [42] [43]. Boron nitride
exists in two forms: hexagonal and cubic. The hexagonal form (hBN) is simgeaybite which
may ease integrating into a graphite monob[ddk. The chemical compatibility of a nitridleased
IFBA-like coatingon a nitride fuelmay be easier to overcome and manufacture, justifying its
selection.

Like its predecessors in space reactors, microreactors can coiliz®l surfaceso fine-tune
theregulaton of excess reactiviti8]. A control drum is a cylindrical surface with a strong neutron
absorbing material coating part ib$ surface. The drum can be turned (via actuators or spring
loaded) to allow more or less of the absorbing surface totfeceore, reducing the neutron
reflection back to the core, reducing the reactivity. Control shutters/sliders is a simideptdiut
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 cordlider has a greater reactivity worth compared to a
similar control drum surface. However, thereynt®e 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 controlsurface configuration (as in drumigders) 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 convesseom & 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 ttwdl 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 hav&large enaghreactivity

worthto fully suppress the maximum excess reactivity of the core during its fuel cycle.
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2 Analysisand Results
2.1 Reactor Design Choices

2.1.1 Monoblockand Reflector

Candidates for the monobloekd reflector materials considered wB#&316L stainless steel,
beryllium metal, beryllium oxidezircaloy-4, and graphiteThe effect on cycle length and
reactivity of various reflectors is considered with a nominal case reaxtsisting ofa latticewith
2:1 ratio of equally sized YHmoderator and UN fuel rods surrounded byeérctively infinite
reflector (100 cm thick reflector].he monoblock and reflectaomparisons use the same material
for both monoblock and reflector to avoid differenceshiermal expansion, irradiation induced
swelling, etc. fromusing two different materials Aside from neutronic considerations, some
candidate materials are infeasible due to structural and thermal corfeigunre.2-1 shows the

cycle of a nominal microreactor for various monoblock and reflector materials.
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Reflector + Monoblock material selection of nominal
microreactor
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Figure 2-1. Cycle of the nominal microreactor with different monoblock + reflector materials. Simulation parameters: 10

particles per generation, 60 skipped cycles, 200 active cycles. Resulting uncertainties all witd 3em.

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 Bekglium has
been considered as a moderator for nuclear reactors $inee t1 9506s and f or
applicationg45]. However for a commercial microreactor design, berylime t &ith&ces{46]
and toxicityis undesirableBeryllium metal also tends to form interstitials and undergo bubbling
under neutron irradiation at temperatures around and abovéCAMb]. Since the operating
temperature of sodium heat pipes is between ®Ao 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 lmetal
suffers fomansevere reduction in the strength and

fluences of 210%° n/cn? [45] which would be problematic for a reactor designed for ~10 year
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lifetime with limited to no servicingMetal hydides (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 moderataareincorporated as claddedds inserted into
penetrations in the monoblock alongside fuel rddgaloy is widely used in the nuclear industry
thanks to excellent thermophysical properties, structural strengthraargarency to neutrons

[49]. Graphit is also widely used in nuclear reactors, serving as structural support and a neutron
moderatof50]. While the reactor is too small to be fully moderated with graphite alone, a graphite
monoblock and reflector does contributedestly 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 ir a | and axi al

thickness aréncreased equally in 15 cm increments.
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Impact of reflector thickness on burnup and cycle length

1.3
1.25 0.cm
15 cm
1.2 =30 cm
1.15 45 cm
60 cm
5 11 ——75cm
N 1.05 =00 cm
1
0.95
0.9
0.85
0 10 20 30 40 50 60 70 80 90
0 1000 2000 3000 4000 5000 6000

Burnup (MWd/kgU)
Cycle length (days)

Figure 2-2. Graphite reflector thickness effect on cycle.
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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 costbenefit analysis of the reflectm discussed later in tHeconomic Estimatesection
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2.1.3 Lattice Pitch Expnsion

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 catmulilaith 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 outputsoMWth, each heat pipe would need to remove
on averageabout12.25kW. 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 sufficiéueiat from the reactolt was found a 1.800 cm inndiameter
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 1c87%0 2.020 cm, with some spacing

reserved for structural graphite

Figure 2-4. Comparison of initia(left) and expandegright) 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 outeadiusfrom 92 cm to 105 cmWhile 13 cm increase is significant, it would
still meet the design requiremt of fitting within the bed of a typical flatbed truékcloseup look
at the expanded latticeveals that the spacing between elements is considerably larger compared
to the initial latticeln Figure2-5, 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 adjac® 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 fAspillovero into adjaceThs | att.i
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 moderatopi n uni ver ses woul d need
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 useid asth a larger spacing between each element.
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Figure 2-5. Comparison of initial (left) anéxpanded (right) lattice, closeup view of latti¢dot windows are identical,
highlighting the larger spacing between elements in the expanded lattice arrangEmedniods (red, moderator rods (blue),
heat pipes (red + yellow).

Some studies preseat in this thesis were 4@one with the expanded lattice if it was decided
the lattice expansion would significantly alter the results. The reflector thickness study is one such
caseand 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 afidl assumes a hydrogen
retention coating based on the Advanced Moderation Mo@ANEM) work done at Argonne
National Lab would be sufficient to retain a stoichiometry of 2 hydrogen atoms pemygtom

[28]. Initially, the radius of the Ykimoderator rods is set to the same radius as the UN fuel rods
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with 2 moderator rods for each fuel rdgkee sections obattice Pitch Expnsionand Thermal
Performancdor details on heat pipe studies.

The expanded lattice not only would accommodate larger hgests but also could
accommodate larger YHnoderator rodsThe YH: 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 incremeniBhe AMM caating is taken as a 0.1 mm niobium substrate and
0.4 mm SiC hydrogen barri¢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 casgbylexpanding
the YH rods, a comparison of moderatorfuel mass ratio effect on the cycle lengtpésformed.

For UN density of 14.016 g/chat 19.75% enrichment, the uranium density is 13.18Bag?.

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

"G G5O
L A
QxY vy

PP YE—

where'Y and'Y is the radius of the YHmoderating rod and UN fuel rod respectively.

summarizes the ratio of moderator mass to uranium mass studied.

Table2-1. Moderator to fuel mass ratio of each moderatod size.

UN fuel rod radius: 0.7125 cm (fixed)

YH> moderator rod radius (cm) Ratio of YH, 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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Flux spectra with variable moderator-to-fuel ratio
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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 rati increasesThe thermal peak in the flux spectrum decreases slightly as the radius of
the moderator rods increasesidenced by a lower thermal utilization factor, which decreases as

the moderateto-fuel ratio increases (number of H atoms to U atoms).

23



BOC Moderatoito-Fuel number density ratio
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Figure 2-7. Thermal utilization and multiplication factor wrt. moderatorfuel mass ratio

Moderator Rod Expansion Effect ordéff and DBU

1.250 76 g
v
1.245 (A=
72 g
1.240 2
X c
o 1235 68 £
Q 66 2
D 1 530 —e—BOC K-eff @
64 ©
1.225 —e—DBU S
: 62 @
o

1.220 60

0.7125 0.7500 0.7875 0.8250 0.8625 0.9000 0.9375
YH2 Moderator Rod Radius

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

Several important conclusions are drawn fronséoharts. First, the beginning of cycledf
is quite sensitivéo 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 importarfesafiety
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As the reactor power increases and heats up, hydrogen tends to migrate out of metal hydride
moderatorg16] [26] [27]. The loss of hydrogen decreases the number ratio of moderator to fuel
atoms, which in turn decreaseself. Hence an undermoderated reactor inagrent negative
reactivity feedback due to hydrogen migration when power is increased. Miao et al. hagtesligge

the use of a hydrogen retention plenum for -sedfulation of microreactors during power
excursiong28], but it is not clear what mechanism would allow hydrogen to diffuse back into the
metal hydride If the moderator rodadiuswere0.8625 cm (IN/Nr 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 multiplicatian factor
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 overmoderatwhich would increase the discharge burnup from
65.7 MWd/kgU to 73.4 MWd/kgU and cycle lengibout 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 Reacivity Control

Excess reactivity is required for an extended fuel cycle with no refuelling for a microreactor
operating in a remote locatiom this reactor, thenajority excess reactivity is controlled with
burnable absorber Finetuned reactivity contidois 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 anainfagl burnable
absorber (IFBA) and erbi{d8] [37]. For this reactor, an IFBfke coating of boron nitride (BN)
and gadolinium nitride (GdNmixed in fuel is proposedindiiz et al. have shown it is possible
to coat nuclear fuels with BMO] [41] [42]. Uslu et al. have produced BN coated urania fuel and
studied their neutronic performanf®l]. Recent efforts at Oak Ridge National Laboratory show
that the production of UN kernels with gadolinium burnable absorber is poE3ipldJN and
GdN composi pellets with up to 38.4% weight GAN 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 conditiztof UN-GAN composite fuel pellets

and found the thermal conductivity still remains relatively HRf].
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Figure 2-9. Thermal conductivity measured in UBUN composite fuel for pellets sintered at 180035].
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The neutron capture reaction with borb®, 1°B(n,U)’Li, produces heliumAccumulation of
helium as brnup increases internal pressure on the cladding, eventually leading to creep and
separation of the fuel from cladding and rising fuel temperafagdsTo avoid this, the thickness
of the BN coating is kept very thin at Griim on all fuel rods. This is equivalent to a boron loading
of 3.578 mg boron per cm of fuel pin height. The betOrconcentration is varied between natural
boron (20%'°B) to 100% enriched while the coating thickness remains fixed. GdN is treated as
natuil gadolinium with enriched nitrogen (99.99% enrich®dl 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 &satur
18 fuel pins and a 2:1 fuéb-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%.

\__ -

) - fd

Figure 2-10. Infinite 2D lattice arrangement.

The baseline case is with no burnable absorbers. The baseline case found a0 K
1.37016% 0.00014 and discharge burnup of abous.8aMWd/kgU. and summarize the results

for natural and 100% enriched BN with various GdN loadings
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Table2-2. Infinite 2D lattice case ith natural BN coating.

GdN loaded fuel with natural boron BN coating

DBU of GdN-loaded cases (MWd/kgU)

# rods| 2% 6% 10% | 16% | 20%
W/GAN | GAN | GdAN | GdAN | GdN | GdN
1/18 105.5 | 104.1 | 101.7 | 100.0 | 98.38

2/18

99.83

98.23

96.83

DBU Penalty compared to base case (MWd/kg

DBU Penalty in % of basease

1/18

1.19%

2.54%

4.84%

2/18

6.54%

8.04%

9.35%

Table2-3. Infinite 2D lattice case with 100% enriched BN coating

GdN loaded fuel with 100% borel0 BN coating

DBU of GdN-loaded cases (MWd/kgU)

# rods
w/GdN

2%
GdN

6%
GdN

10% | 16% | 20%
GdN | GdN | GdN

1/18

102.8

100.6

98.09 | 96.89

DBU Penalty compared to base case (MWd/kg

DBU Penalty in percentage of base case
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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 burnparednto the baseline
case. Entries denoted in griegicate cases th#ail to reach criticality at BOCBased on these
findings, theenrichedBN coating with 210% GdN on 1/18 fuel rods seemed the most promising.
Moving to a 3D model, it was decidedftcus onenrichedBN coating with GdN loadingsf
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 managemenf heat pipes, sabe Section omattice Pitch Expnsionfor details Again,
the baseline case is treated as the 3D core without any burnable absorbers, which founda BOC K
eff of 1.24033+ 0.00012 and discharge burnup of 71.01 MWd/kgU. The results of the full core

study ae summarized iVerification with the Expanded Lattice

Table2-4. Burnable absorber loading for the full core (unexpanded lattice).

3D full core,enrichedBN coating, variable GdN loatp
Baseline case DBU: 71.01 MWd/kgU

% wt. GAN| DBU DBU Percent Peak
loading (MWd/kgUV) | penalty| penalty | 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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Effect of GAN loading on cycle peak criticality and
penalty to discharge burnup
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Figure 2-11. Effect of BA loading on cycle peeatiticality and discharge burnup penalty.

Keff vs Discharge Burnup with variable GdN loading
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Figure 2-12. DBU of cycle with burnable absorbers loaded for the full core (unexpanded lattim®rtainties range from 12

- 30 pcm.
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2.2.2 Adjustable Control iders

The selected burnable absorber loading combination depends on the reactithtgrovided
by the external control sliders. The total reactivity worth of the sliders is simply thgeciran

reactivity when fully withdrawn versus fully insertedeactivity is computed in the customary

way as’ ———.

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

configuration. Notice the deep grooves carved into the reflector to accommodate the movement of thsliceng.o

The baseline case with no burnable absoréieBOC (as to not distort the reactivity of the core
with absorbers or fission producis)used to compute the reactivityorth of the slider insertion.
In the unexpanded/tight lattice core, the control sliders have a net reawtovity of about
0.04673, or equivalently a-Kff of 1.24036: 0.00@®2 fully withdrawn to 1.1724% 0.00020 fully

inserted’ a net change in the rtiplication factor of 0.0679% 0.00027.
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Figure 2-14. Integral reactivityworth of control sliders wrt. % length insertiqnnexpanded lattige

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 1.05@90025,
which occurs at a burnup of 24. Mi/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 loadtasemay also béeasible with a peak multiplicatio
factor of 1.0650@ 0.00027. However, the margin on the change-effin this case is only 295
pcm; given the uncertainty of 25 pcm gi{-eff, this may not be enough to satisfy safety concerns
given that there are numerous other uncertainties (exetatype, cross section libraries) that may
pushthe margin on Keff too close.

To accommodate the movement of the control sliders, deep groove penetrations are carved into
the radial reflector, which effectively reduce the refle¢ctockness 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 groovesresult in a discharge burnup of about 79.3 MWd/kgU, a penalty of about 8.3
MWd/kgU to the baseline cas€his is a relatively steep penalty to the fuel utilization; some of

the | ost burnup could potenti al loy(sebReflediob o u g h't

Thickness Tradeofjs

2.2.3 Verification with the Expanded Lattice

The performance of burnable absorbers is verified on the expanded lattice configuitition
larger heat pipes using nickel wicks (d4extice Pitch ExpnsionandHeat Pipe DowsSelection
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 witdafsee
Pipe DownSelectior), which yields a discharge burnup of 68.85 MWd/kdgldwever, 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 fahe control sliders to compensate the remaining reactivity
swing at the maximum in the cycléhe gadolinium loading was increased to 4.5%antd BN
density increased to 2.25, effectively increasing the boron content loading from 3.578 mg/cm to
3.833 mgcm. Consequently, the discharge burnup is reduced to 61.217 MWd/kgU.

Likewise, the control slider reactivityvorth 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 Eorehe new burnable absorbers with
increasedsdN loadng, the peak multiplication factor is 0670 + 0.00014. The control sliders
in the expanded lattice found-&f of 1.19763+ 0.00016 to 1.1432% 0.00017, achangeof

0.05436.The control sliders in this configuration are still sufficient to cdrexzess reactivity at
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the cycle peak, but with reduced margin of only 269 pc22 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 suffitienargin for safety concerns.

Control Shutter Reactivity Worth (expanded lattice)

Reactivity Worth (pJ, p
S
o
o

0.00 0.20 0.40 0.60 0.80 1.00
% Length of shutter inserted

Figure 2-15. Integral reactivityworth of control sliders wrt. % lengtimsertion (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 reactmols back to room temperatuiBwo cases are presented: the
reactivitychangewith respect to temperature of the core both with and without burnable absorbers.
The casewithout burnable absorbers BOC has a Keff of 1.24033+ 0.00012.The case wh
burnable absorbers at BOC has-afKof 1.01856+ 0.00017 The reactivityworth of the shutdown

rod is computed as the change in reactivity when inserted vs B&ICH the baseline. For this
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simple approximation, reactor temperature is treatesetting the temperature of all materials in
the geometry to the same temperature, including thermal scattering(s#at&(Ub) Testing

(ENDF/B-VII1.0 update)for comments on temperature interpolation of scattering.data)

@ to BOC with Shutdown RO
Temperature
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Figure 2-16. Isothermal full core reactivitworth, showing positive reactivity coefficient up to 1200 K.

The maximum reactivity of the expanded lattice cycle is 0.0522280012.For a maximum
reactivity of 0.052223, the abovesultsindicatesthe core may not shut dowvtine poisoned core,
with the caveat that the reactivityorthis 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 ahBOG
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 posgitieat 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 12Q0AK increase in power at 1200 K that
increases materidemperatures has a negative change in reactitgitionally, for the BA

loaded case, the reactiviyorth of the shutdown rod is lowest at 1200 Katasily ™8t ¢ ¢ g v W
close to operating temperature of the reactor. To be clear, this resulBi®@of the BAloaded

core, whose flux is highly depressed at the center of the core where the shutdown rod lies (see
Core Power Distribution and Peaking Factofg 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 rodl'his has also not accounted for any thermal expansion or density
change of matdls, which is expected to make the reactivity coefficleas positive or potentially

negative

Flux spectra with wrt. uniform core temperature, with no BA configuration
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Figure 2-17. Neutron flux spectra shift with temperature of the unpoisoned core.
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Flux spectra with wrt. uniform core temperature, with BA configuration
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Figure 2-18. Neutron flux spectra shift with temperature of the poisoned core.

It was found the change in reactiviyorth of the control roct 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 peakshift&arder spectrum and higher peak
magnitude. Qualitatively, this spectral shift matches the change in reactivity seen; a slightly harder
spectrum would lower ¥eff slightly but a higher peak magnitude would increaseffKBetween
1200 K and 1500 K, thepectral 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 metaiidhgyanoderator as

Trellue et al. note that yttrium hydride is predicted to have a positive reactivity coeffednt
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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, tta ¢memgy of the
neutron shifts higher. The thermal absorption cross section of gadolinium pWiheegion
decreases as increases, which increases the availability of neutrons in the core and shifts the
thermal peak of the spectrum to a higher end&$}. In the nonpoisoned core, there is no
gadolinium absorber and the spectral shift is attribotdy to the positive moderator coefficient

T evidenced by the steeper slope of the reactivity for the poisoned core cortgpénednon
poisoned coreln 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 aglegidy thermal

peak compared to the poisoned core.

Likewise, a look at the relative fission rate of both the unposamne poisoned coieclearer
example that the fission rate increases in the unpoisoned core case, asFgere2+19 and
Figure2-20. These are plots of the neutron flux in the active core normalized to the width of the
neutron lethargy bin multiplied by the mascopic fission cross section. It can be clearly seen the
relative fssion 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. How@esak tite
1200 K for both the unpoisoned and poisoned core seems abnormallyhhigis; the magnitude
of the increase from 900 K to 1200 K does not seem to follow the fférslcannot be attributed
to the presence of burnable absorbers (BN coating anr@GtN composite fuel) as the two cases
are otherwise identical yet the anomappears in both case&. more thorough investigation is

warranted to determine which material is responsible for the spectral shift analyaadd?00 K.
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It is also possible there may be an inconsistency in the cross sections or thermal scattering data
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Figure 2-19. Relative fission rate of the unpoisoned core at different temperatures.
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Figure 2-20. Relative fission rate of the poisoned coreliffierent temperatures.
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Based on these results, it is not clear if the shutdown rod desigieed/asld be sufficienby
itself to shutdown 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 transitzapalady action
of a working fluid. High temperature aepipes 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 underperior 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 | imits as di sresusmadzédsucoinctly onthefollowing t e xt |
sectiors, with some portions included verbatim

The viscous limit occurs when the pressure drop in the vapor core is overcome by the viscous
forces opposing if56] [14]. This limit is typically encountered at low vapor pressures during
startup vinen the working fluid is more viscous and sluggish, for cryogenic heat pipes, or heat
pipes with very long condenser sectigh§]. During normal operation with fully melted metal

coolant, this limit is not encounter§ti]. The viscous limit is found as:



where
1 1 isthe radius of the vapor core (m).

1 _ s the latent heat of vaporization (kJ/kg).

f ” is the vapor density in the evaporator section (Ry/m

1 0 isthe vapor pressure in the evaporator section (Pa).

1 * isthe vapor dynamic viscosity in the evaporator sectiorsjPa

7 0 0 -0 0 , 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 sectig, they tend to act as a nozzle for vapor flow. The convedjuegging path
i mposed on the vapor flow can choke at sonic
point cannot be gr eat e[b6]Thdsanic linitls&pidalty enaduntesed e e d ¢
during frozen startup and disappears in the normal operating range. The sonic limit is given by
[56]:

~ "y -
—cr o p
where
f © isthe cross secnal area of the vapor core I
1 _is the latent heat of vaporization (kJ/kg).
f 7 isthe vapor density at the stagnation point (Kyiwhich can be found for isentropic

flow (for a calorically perfect gas) with the following equat[6ii]:
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1 0 isthe Mach number, the ratio of the fluid velocity to the fluid speed of sdied.
Mach number is not known@riori and in this case is assumed to be equal to 1 (sonic

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

1 Y is the specific gas constant of the vapor (gwhich can be found as:
o 'Y —,whereYis theideal gas constant (8314 Jfkupl-K) and0 is the
molecular number of the vapor.
0 Inthe case of sodiund, ¢ d | I andthusY o ? P
1 “Yis the vapor temperature (K).
17 — 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 thesicelgiroperties

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

channeli and at large enough sheardes will cause dryout in the evaporaf66]. 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 entranbhifimait is found with

[56]:

”
ol o ”

v (0]

= ¢l
where

f 0 isthe cross sectional area of the vapor cofg.(m

1 _is the latent heat of vaporization (kJ/kg)
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1 . is the surface tension of sodium liquid (N/m).
1 1 j is the surface pore hydraulic radius of the heat pipe wick (m) .

o For various types of wicks, ; is determineds|[56]:

Table2-5. Wick hydraulic radius.

Wick Type [ Data

Wrapped Wire Screen |1 ; T@®0 0  wire spacing

Rectangular Grooves ip O 0 groove width

Packed spherdsintered |i ; 1@ p i sphere radius
wick)

The capillary or wicking limit is one of thenostimportant 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 wiltontinuously 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 drbfeavorking fluid and
frictional terms governing the capillary pumping of liquid by the wick. A simplified equation for

the capillary limit is presented by Zohuri[&$]:

- 00
0 =
0
and
) ¥ 30 " QIOET
00 0 0
where

71 i isthe effective capillary radius (m), which can be found for different wick types:
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Table2-6. Wick effective capillary radius.

wick)

Wick Type Data
Wrapped Wire Screen v Q p 0  wire spacing
C I Q  wire diameter
0  mesh number
(number of wires per unit
area)
Rectangular grooves i 0 0  groove width
Packed spheres (sintered ™ P i 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 gcelotitgted.

f TheaD term refers to the normal hydrostatic pressure drop, or the pressure drop

T

T

perpendicul ar

commu ni B§ of theflid. If the wck type does not permit circulation along the

t

0]

t

he

axi s

of t he heat

p i

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

this term is zero.

30 " MAIO.

o " isthe liquid density (kg/R).

o “Qis gravitational acceleration (9.8 rfjs

o 'Q is the diameter of the vapor core (m).

o [ isthe inclination angle of the heat pipe.

The”

total length of the heat pipe (m).

"QUO Ef1 term refers to the axial hydrostatic pressure dropdorHere,0 is the

f "Oand'Oare the liquid and vapor frictional coefficients respectively ([fivdm)
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where

q

f 0 is the permeability (R).

is the liquid dynamic viscosity (Pg.

f 6 s the wick cross sectional area?jm

1 _ s the latent heat of vaporization.

1 7 is the liquid density (kg/@).

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

permeability and porosity could be found usjgg]:

Table2-7. Wick porosity anghermeability.

Wick Type

Porosityj

Permeability K (m)

Data

Wrapped Wire Scree

P8t L “ Q

T T

Qr
PCO T

‘Q wire diameter
0  mesh number

Rectangular Groovesg

f

V)
l

Gin
"YQ

0 groove width

i groove pitch

iy —

1 The liquid
hydraulic radius

1 1 isthe groove
depth

"QYQ is the drag

coefficient and

Reynolds number.

For rectangular

groove wicks, refer tc

Figure2-21

Packed Sphere
(sintered wick)

T porosityas high as
0.900 has been
reported for sintered
nickel wick.

1]

o®p T

i sphere radius
T, the poraity,
dependghe material
andmanufacture of
the wick
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"QYQ for rectangular groove wicksan be found usingigure 2-21 reproduced from Zohuri
[56]. Note that this figure assumes laminar flow. For s4aminar flow, see Zohurj56] for
correlations. Liquid metal heat pipes typically have low liquid velocities and laminar flow is a

good assumption.

24

22 a=—

(f- Re)
»

[~

0.2 0.4 0.6 0.8 1.0
a

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

Vapor frictional coefficient is found usir{§6]:

aya -
Ci ﬁ(?) "

where
1 "QYQ is the vapor drag coefficient and Reyals number respectively, see figure below.
1 * isthe vapor dynamic viscosity (R
1 1 j is the hydraulic radius of the vapor flow (sebove for hydraulicadius of various
wick types).
f 0 is the vapor core cross sectional ared).(m
f 7 isthe vapor density (kgfn

46



1 _is the latent heat of vaporization.

For flow in annular channels, the vapor drag coefficient and Reynolds number is dgriguren
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 coat@n for the annular wick is used flooth (lacking a

better alternative).
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Figure 2-22. Vapordrag 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 pipesilifigdimit 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 isypically not encountered for liquid metal heat pipes
used in nuclear reactor applicatigb6]. The boiling limit is sensitive to the formation and size of
vapor bubbles, which in turn is determined by nucleation sites in itle surface roughness
properties, and the contact angle of vapor bubbles during fornja@prnrhese parameters would
depend on the materials used, manufacturing process of the wick, etc. and can be difficult to

determine wihout 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 temperatuiesl atm and 86XC, the radius of

nucleation bubbles was about 218 [58]. The boiling limit is then found using6]:

where
1 0 isthe length of the evaporator (m).
 Q is the effective thermal conductivity of the liquidck combination.

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

saturated wick can be found with the following expressions (from Zo5@ir)

Table2-8. Wick eféctive thermal conductivity.

Wick Structure Q
Wrapped wire screen 9 .. Q Q p T Q0
Q Q p 7T Q 1Q

1 7 isthe porosity.
. 0 QO VO M YLQ 17
Q 5 0 muyna 10

1 0 isthe groove fin thickness.

1 0 is the groove thickness.

1 is the groove depth. -
Packed spheres/sintere( . o ¢Q Q ¢p T Q 1Q

« ¢cQ 0 P T Q Q
o Q andQ are the thermal conductivities of the liquid and wick material

Rectangular grooves

respectively.
1 “Yis the vapor temperature (K).
1 _isthe latent heat of vaporization (kJ/kg).

" isthe vapor density (kgfn
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1 1 isthe radius of the inner wall of the heat pipe (m).

1 1 isthe radius of the vapor core (m).

1 . is the surface tension (N/m).

1 1 isthe nucleation radius of vapbubbles at incipient boiling (m).

§ 0 is the capillary pressure (Pa).
o0 The boiling limit reaches its minimum at the maximum capillary pressure.
o0 Maximum capillary pressure can be found as:

G
i

Ca
5¢

wherei 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 limseldom occurg liquid metal heat pipes.

2.3.2 Heat Pipe Dowsbelection

Sodium is the choice of working fluid for its high beg point, operating temperature, and
transparency to neutrons. Sodium heat pipes?o
to 1473 K (600°C to 1200°C) [59] with a neutron absorption cross section in themillibarns
range60]. The performance of a fluid for a heat pipe is qualified by the merit number as a function

of temperature, which is found as:
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where dlsymbols have their usual significarid&]. Among liquid metal coolants, sodium hhe
highest merit numbge7]. Furthermore, sodium heat pipes have gained much experience with
long-running exgriments accumulating tens to hundreds of thousands hours of opggation

The choice of wick structure determines the power and temperature operating limits of the heat
pipe. Wick materials compatible with sodium includeaistess 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, pickiling
evidence of experimental measurements and manufacturing capability for high performance
sintered nickel wick§62] [63] [64] [65].

Next, for a given heat pipe geometry, the operating limits are calculatedHésgePipe
Operating Limit3. The capillary and entrainment limits were found to be the mmss$training
limits. For a sintered wick, the capillary limit is very strongly dependent on the pofosdf/the
wick, sincg and p | appears in the numerator and denominator of the permeability of the
wick respectively. Even a small change ia gorosity 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:
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Cag(i)llary limit curves for sintered wick and sintered particle radius, wick radius 0.5 cm

1 micron spheres
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50 34 micron spheres
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67 micron spheres
83.5 micron spheres
100 micron spheres

40t

Limit (kW)

0 500 1000 1500 2000 2500
Temperature (K)

Figure 2-23. Typical family of capillary limicurves for a sintere

wick with variable powder particle size.

The cross sectional area of the wick and vapor core both depend on the radius of the vapor core,
which in turn is determined byr determineshe thickness of the wick. The capillary limit il
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 iarious 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 diangipposing
that the vapor core radius is close to its optimum, increasinglitend 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 cdfary and entrainment limits will involve tradaffs between these two limits.
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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 fsike sintered wick
powder is varied until the capillary and entrainment limit requirements balandéheunaximum
operating power of the heat pipe balanced between the capillary and entrainment limit is ultimately
limited by the inner radius of the hgape; if this is found to be too low to remove sufficient heat
from the reactor, the heat pipe inner radius must be increms@the process repeated.

The initial heat pipe design considered three types of wicks: rectangular grooves, wrapped wire
scre@, and sintered. It was quickly found for realistic wick features, the rectangular grooved and
wrapped wire scr eencoefiicientkwodd bé fargtoaoi hgyh; the damllary o n a |
pumping capability of these wicks was not sufficient to overcom@ibssure drop over the pipe.

The sintered wick initial design parameters and final design parameters are foabtei+O.

The final design was fouraly 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 combinatiéor a reactor power d&f5 MWth and atotal of

1224 heat pipes, each heat pipe needs to remove Bh@6kW of power on averagéleat pipes

located near peak power regions would need to remove (s@e€ore Power Distribution and
Peaking Factojs 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 mid, the desired heat removal for the heat pipe design is aB6u30 kW.

Table2-9. Sintered wick heat pipe parameters.

Sintered wick HP design parameters Initial Final
Wick material Molybdenum Nickel
Inner pipe radius (cm) 0.6575 0.9000
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Table2-9 continued

Vapor core radius (cm) 0.4000 0.5750
Radius ofpowderparticle €m) 400 45
Porosity 0.64 0.868
Calculated permeability (fp 8.63*10° 2.03*10°
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 &dddtat best. A larger
heat pipe inner radius is necessaryiriorease 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
paramegr when calculating the capillary limit (sékat Pipe Operating Limitsincreasing the
capillary limit by improving the porosity allows the entrainment limit to beaked 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 0.9[82] (seeFuture Worl. 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 maaafuring a sintered molybdenum powder wick. Commercial
suppliers of molybdenum powder typically provide particles in<th@ micron size rang§66],

whereas nickel powders can be supplied up to 150 microns partic[@gjize

53



Operating limits of initial sintered wick heat pipe
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Figure 2-24. Calculated operating limits of a heat pipe with sintered molybdenum wick and 0.6575 cm inner radius

Operating limits of final sintered wick heat pipe
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Figure 2-25. Calculated operatingimits 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 limiabove 700 K is well above the maximum power needed to be removed
by each heat pipe. The boiling limit only becomes important neabdhieg 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 meaningfhbto
included in the plot foFigure 2-25; at 1700 K, the boiling limit is inhe ~1F kW range. The
capillary and entrainment limits eclipse the boiling limit within the relevant temperature range.
The full operating range of the haaipe is the overlapping area enclosed under all curves: the
roughly triangular envelope between 800 K to 24Q0M#t also includes the cutoff at the nickel
melting temperaturat 1728 K.

The nickel wick incurs a neutronic penalty compared to a moiylbdewick. This effect was
guantified byusing the 3D full core geometry (original/unexpanded lattice) and 30 cm thick radial
and axial graphite reflector and 30 MW thermal po(vérich is later set to 15 MW omparing
the cycle of oterwise identicaleactors with nickel vs molybdenum wicks at 0.75 porosity (or
0.25 theoretical densitypund that:

1 Nickel Wick

0 BOC K-eff: 1.24964+ 0.00022

o DBU: 68.8496 MWd/kgU

o0 ~5475days cycle length (~15 years)
1 Molybdenum Wick

0 BOC K-eff: 1.25472+ 0.00021

o DBU: 73.7675 MWd/kgU

o ~5730days cycle length (~15.7 years
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A penalty of about 6.66% to the discharge burnup is significant, but not prohilvinie. this
test run did not use the expanded lattice with larger Iyges gt 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, whichrabdektlyreduce the
burnup pendy as well. With this in mindthe use ofa 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 limit
on the required heat pipe performaiicdat 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 univengedapletable 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 segmedns, both radial and axial distributions of power are fodrat.illustrative purposes,
Figure 2-26 shows the power distribution of the caae BOC and EOC; seleull Core Power

Distribution Plotsn the appendix for full plots at all cycle steps.
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Figure 2-26. Thermal power distribution dhe first and lasttallied by fission energy generation in fuel rods.

Peaking factors can then be calculated from the numerical power talliesadifpeak 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 @iellpins. Theadialpeak 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 taverage is the power produced by the hottest fuel pin segment in the hottest core
slice to the average power of that sligde axial average peaking factor is the averameep
produced in the hottest slice to the average full core power of the whole reactor. Forarigrity,

the peaking factors for the poisoned core loadigdl GAN is shown ifFigure2-27. In Figure2-28,

the peaking factors for both the poisoned and unpoisoned core are plotted togshtimay the

effect of gadolinium loading on theeaking factors over the fuel cycle.
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Figure 2-27. Change in thermal peaking factors over the cycle.
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The addition of gadolinium nitride burnabédsorber has a strong dampening effect on the
thermal power distribution towards the beginning of cyele is seen iifrigure 2-28. GdN is
selectively loadedni the centemost 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 certeicofé. 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 flidlegpomse
without any burnable absorbers has a higikpey 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 sty 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, thetpeaknimum peaking factors are very
high near at beginning of cycle, fall off as fuel burns-gydle, and riseagain as londived poison
fission isotopes accumulate in the most burnt fuel pgihg. axial average peaking factor is also
computed; for both the poisoned and unpoisoned itaemains relatively lowpeaking only

slightly above 1.2.
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Figure 2-28. Peaking factors for the full core without any burnable absorbers and with 4% wt. GAN + BN coating burnable

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

core with no burnable absorbers

2.3.4 Single Heat Pip&ailure 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 failuretbg 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 rtdus. Note
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some heat pipes are directly adjacent to one or no fuel @itler 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 assuatedl thel 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 recedfe is 1/3
the power generated lpth its neighboring fuel rods.

In the expanded lattice with the reactor operating at 15 MWth power, the hottest fuel rod
produce26.15 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 removez - ¢ @ UQw p B dQa Using the calculatedperating

limits of the heat pipe (seg¢eat Pipe DowsBelectionandFigure2-25), 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 hbesgoare 2 such fuel rods
producing 26.15 kW, these heat pipes are then required to remeve - ¢ @ UQ®

¢ & @ This power level would fall within the heat pipe operating limits at ab®866 K.
However, the increase in temperature in a heatyppe failure of a neighboring pipe woulded
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 cansgdraase in

coolant temperature of the neighboring heat pipes by abofiC1[A@]. A conservative approach
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is to design such that each heat pipe must be able to accommodate a temperature increase of 200
°C (200 K). A projedbn of the possible allowed operating temperature range followed by a
subsequent increase in power (to 21.79 kW) and temperature (by 200 K) is stoguré2-30.

Operating Limuts for Projected Failure of a Single HP at the
Hot Spot of the Core

40 f : N
| . —— Viscous
~——8— Sonic
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—o—o ~—8— Boiling
N U N1 melt temp.
=—@—= Normal Operation
@ Failed HP

800 1000 1200 1400 1600 1800 2000 2200 2400
Temperature (K)

Figure 2-30. Projected operating temperature range and failed HP scenario of the H®isiisg the hottest fuel rods.

In this case, suppose the operating temperature range is set between 1400 K tdDL60@K
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 meltinggerature 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 temperatureange of the heat pipe should be set between 1400 K to 1500iK.
proposed temperature range is nearly aligned with the typical useful operating temperature range
of sodium in heat pipes at 873 K to 1473 K (6@0to 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 failurevhile still retaining some margin. It should be noted that this places the
failed heat piperame on t he right side of the nd:the angl e
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 salieatrctivat 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 bmadn cost analysis. There are many unknowns that
make itvery 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, &laic 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 bezadn cost to bring the reactor to market

for all other expenses could bstienated.
2.4.1 Fuel Cost

Uranium enrichment is fixed at 19.75%. The cost of enrichment is calculated using the
following equationg68] [69].
The relationship between feed (F), enriched uranium (P), waste tailingen\&)ermass
basis, and their respective concentratiofgsuj:
O 0 W
®0O OO0
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Separation potential and SWidctor expressed in SWU per kg (separative work units):

s ‘ ‘ITd)
W W w —
q p 0

The price of enrichment per kg of uranium is then expressed as:

0 lT)"Ol'),Y
p lbp /b p /b0 p Jb

Ca

whered W) i) M) are the costs of enriofent uranium ore, conversion, and SWUs per kg
respectively/b and/b are losses during fuel fabrication and conversion respectively; zero losses
are assumed for this analysis.

Fuel cost is then theost of enrickd uraniumplus 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
nitrogen15, which is also assigned a cost in a per kg basis. Fre diranium 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:

0 0 0 -0

whered D W) M are the costs of UN fuel, enrichment, fabrication, and nitrddein a per

kg basis, and- is the mass ratio of nitrogetb to uranium in the final fuel product.

Fuel rods are clad in silicon carbide (SiC). The cost of SiC material and claddingtiabrica

not known with certainty. However in 2012, Barrett et al. studied advanced cladding for LWRS,
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including SIC clad for U@fuel, which they estimated cost about 30 times more than standard
zirconium alloy cladding70]. Based on a zirconium alloy cost of $3%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. Nigrthe costassociated with marfacturing, assembly of
the core, licensing, or any ite 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 claddif28], or burnable absorber materialshowsthe assumed

price of the associated materials.

Table2-10. Assumptions for UN fuel cost estimates.

ltem | Value | Comment
UN Fuel Costs

UsOs ore @ ) 121.25 ($/kdyY) [71] | 55 ($ib)
Conversion Price ) | 12 ($/kgUN) [71]

SWU Price 0 ) 142 ($/SWU)[71]

Fabrication Price({ ) | 275 ($/kgU)[71]

Nitrogen15 © ) 1130 ($/kg**N) [71]

SiC Cladding ¢ ) 1650 ($/kgUN) [70] | Based on 30x the price of zirconium all
cladding for LWRspriced at $55 per kg LEU

Core Materials
Nucleargrade graphit¢ 15 ($/kg)[72] Cited price ranges from $7,000 to $20,000
metric ton for 99.9% purity graphite (De
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 (se¢attice Pitch Expnsior). 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
66



for fuel, moderator, and heat pipes, and sadksl mass of graphite required is for the unmilled,
solid cylindrical block.summarizes the relevant dimensions, densities, total volumes, and

calaulated material costs for fuel, moderator, and graphite monoblock.

Table2-11. Fuel, monoblock, reflector, and moderator material cost estimates.

Item Size Quantity | Total Vol. Density Material Cost ($)

UN fuel 1.423/150 cm| 708 rods | 168900 cmd | 14.016 g/crd | 32,041,027.52
dia/height

Graphite 150.7/150 cm | - 2675500 crhi | 2.20 g/lcmi | 72,830.38

monoblock | dia/height

Graphite 30 cm* thick | - 2574400 crh | 2.20 g/cmi | 84,956.65*

reflector*

YH 1.425/150 cm 1412 rods | 338750 cm | 4.3 g/cnd 88,292.%

moderator | dia/height

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
Y Y “ "¥nd the axial reflector F ¢ “Y Y whereY and"Vis the active core radius
and thickness of the reflectors respectively. The outer radius of the radial reflector is"¢$imply
Y "YUsing 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

cmto 90 cm

2.4.3 Cost of Electricityto 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 withinaiparal 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 yélrs. conversion efficiency and
capacity factor is assumedhe 33% and 95% respectively.

For a given cost of electricity assumed constant, the reactor will receive a fixed equal payment
each month. Thisusn is treated as a monthly annuity stream of equal payments and using the 25
year cycle length, and these pagmts 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
in other words, the opportunity cost of the capital investment to construct the rettutdnierest
that would have otherwise been earned by investing the cost of the reactor. The present value of

an annuity stream is:

and the present of the lump sum payment is:
b Op 1

where0 is the payment receiveshch month for selling electricity,is the lump sum payment
to build the reactor) ) are the number of payments in the period, @i the monthly interest
rate. For simplicity, the interest rate is kept constant and the same interest sieniscafor 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 interestiseknown, 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 lumpisunrittenasd 0 6 Y owhere0b 0 are
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the material costs (fixedt approximately $32.2 Mand'Y Oare all other costs associated with
bringing the reactor online (lunmy manufacturing, unknown other materials, construction,
licensing, R&D, etccostsall togethe). Setting the present value of the received payments stream
and lump sum payment due to build the reactor etpea
tw L
And rearranging this equation to determine the unknown lump reactdmuisst

ve pP_P 2 b &
5o 0

0 Ois a fixed cost. As stated earliér, 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) is 300 months. The payment raesl 0 dependsut 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 finadaseto bring the reactor to
market, minus material sts of fuel, moderator, and monoblock for any combination of electricity
price and interestratd&. hi s i s essentially the breakeven
within to bring the reactor to market. If the reactor is built under the budgetffdrernte 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 higierest 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. Thedotoee in
is discounted to the present value; ie: $1,2@fayis 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 | AEA, about A10% [ciyfatauwvetsorabletpiice lselpw %0.40tkkWhk. u p p |
More than 50% of utilities supply very expensive electricity at over $0.30[K@]h Bor example,
electricity prices range from $0.41/kWh in Nome, Alaska to $1.02/kWh in Takotnska{l&d].
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 fgeceration of
process heat and the need for highly reliable power generatentirst 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 mdaceompete against cheaper
providers

Operations and maintenance (O&bsts for microreactorwe affected by a variety of factors,
such as the remoteness of the installation location, new/unfamiliar reactor démighsof
autonomy in operatiorgnd so on. The Nuclear Energy Institute (NEI) has estimated the cost of
O&M to range between $250/kWe to $450/k\Mer year{74]; however these émates may be
somewhat too generous. At a cost of $450/kWegethevalent cost to electricity would be about
$0.0614/kWe. For a simple first degree approximation, this figndd be subtracted from the
market rate of electricity for a particular market to come up with an equivalent cost of electricity
with O&M costsfactored in. Irthe followingeconomic estimatds, and), the O&M costs can be
thought of as being included in the market rate for electricitysaover 5 cents per kWe.

Regarding the actual cost to build a real microreactor, nuclear reactectpoosts are
notoriously difficult to estimate. For instance, NuScale projected costs of $1,200/kWe capacity in
the preconceptual 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 ridudet.
NElhas estimated t heof-itgkoisntd ot omibcrrionrgeaat dof i nt ot
between $10,000/kWe to $20,000/k\\Vd]. Adopting the conservative estimate of $20,000/kWe,

the totalbudget 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 $6h8wathat for this
simplified economic estimate, the microreactor may ben@wically competitive, especially

favoring low interest rates and expensive electricity markets.

Table2-12. Breakeven budget of the microreactor with fuel and material costs accounted for.

Monthly income for a given Cost of Electricity

COE $0.10 |$0.15 |$0.20 |$0.25 |$0.30 |$0.35 |$0.40 |$0.45 |$0.50
$/kWh
Income | $346K | $520K | $694K | $867K | $1.04M | $1.21M | $1.39M | $1.56M | $1.73M
(month)
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
104.61 | 150.21 | 195.82 | 241.42 | 287.03 | 332.63 | 378.24 | 423.84
88.44 |128.65 | 168.86 | 209.08 | 249.29 | 289.50 | 329.72 | 369.93
74.83 | 110.51 | 146.19 | 181.87 | 217.55 | 253.22 | 288.90 | 324.58
95.17 |127.01 | 158.85 | 190.69 | 222.54 | 254.38 | 286.22
82.12 | 110.70 | 139.28 | 167.86 | 196.44 | 225.02 | 253.60
70.96 | 96.75 [122.54 |148.33 | 174.12 | 199.91 | 225.71
84.76 |108.16 | 131.55 | 154.94 | 178.34 | 201.73
7441 |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-18tg (0O
might correspond to a scenario where the reactor is built withreadsgl 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 microreactois the generation and selling of process .haat
economic analysis for the NuSead5 MWe reactor in the Alaskan market assumed 3 times the
electrical energy output could be sold as process heat for $5.00 per milliofvB[TConverting
1 million BTU to 293.07 kWh thermal power and selling the processdig¢he 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 foiprocess heat. This is well below the cost of electricity; even the most affordable
market sells electricity for $0.10/kWAt these rates, process heat may not be a feasible market
for electricity, but this paradigm may change if there is a specific niche that cahtaffay 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 Eopra¥inci is set to
operate on a shorter 4@ar cyclgf10] and lower discharge burnup of about 30 MWd/K3®).

A direct comparison is made with eVinci, using the same set of assumptionsrfomec® Since
details needed to estimate fuel costs are unknown, the breakeven cost for eVinci regerted in

simply the net revenue from selling etiécity discounted to present value

Table2-13. Estimate of eVinci breakeven budget, fuel and material costs unknown.

eVinci Net Revenues and Breakeven Budget

COE $0.10 |$0.15 |$0.20 |$0.25 |$0.30 |$0.35 |$0.40 |$0.45 |$0.50
$/kWh
Income | $346K | $520K | $694K | $867K | $1.04M | $1.21M | $1.39M | $1.56M | $1.73M
(month)
Interest | Reactor Breakeven Budget (Millions of $) (including fuel cost estimate of $32.2 M)

0% 109.57 | 131.49 | 153.40 | 175.32 | 197.23 | 219.15
1% 103.22 | 123.87 | 144.51 | 165.16 | 185.80 | 206.45
2% 116.85 | 136.33 | 155.81 | 175.28 | 194.76
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Table2-13 continued

147.18 | 165.58 | 183.98
139.22 | 156.62 | 174.02
131.86 | 148.34 | 164.82
125.05 | 140.68 | 156.31
118.73 | 133.57 | 148.41
112.87 | 126.97 | 141.08

Of course, it is unknown how much eVidike reactorwill ultimately cost. But suppose the
samepessimistic view is adopted again and eVinci &iio cost$20,000/kWe capacity. At this
price, eVinci 0s b rasablOE&M. Eampabed  the propdsedd reactor, eVinci has a
tighter budget, despite operating for a shorteyédér cycle ad 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 @womic competitiveness of microreactogspecially 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 Moduddoped 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 reacto

Various technology improvements are proposed to improve the fuel utilization of a heat pipe
and monoblock microreactor concept. The most comparablevoell reactor to this concept is
the eVinci reactor under development by Westinghouse Electric @ompBoth would operate at
15 MWth and 5 MWe. The discharge burnup is estimated around 30 MWdhdjl cycle length
of 10 yeardor eVinci[10] [12], compared to the proposed reactor concept aitedidp 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 fuel cost forthis reactor is over $32 Mand economic estimates

suggest that increasitige discharge burnup at the expense of a longer yalgistified tradeoff
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4 Future Work

Many tradeof 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 fi@lmoderator mass ratio (séelel to Moderator Ratjowas
deliberately kept quite low so that the reactor remains well undermoderated, a criticality safety
feature. However, the findings of that study suggest expanding tterator rods from a radius
of 0.7125 cm to 0.8250 cm would confer great benefit to the fuel cycle while remjistitogrely
undermoderated. Another parameter that may be improved is the reflector thickness; graphite is
cheapand doubling the reflector itkness 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 reflectorarethe 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 indiremaadiabatic 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, utilizidguble ended heat pipes, like those used in eVinci, may
improve heat pipe performance by up to a factor[@#2 Thisapproahwas not undertaken in this
thesis.

Therefore, there are stikeveraimprovements that weant a closer investigation which would

further push the fuel utilization and economic competitiveness of the microreactor concept. One

final studyhasbeemr onduct ed. I n a Aperfect worl do scena
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pushed to their limg while still maintaining a safety margin. Suppose we livefipeafect worla.

The question is how far could this concept gle8cribes the proped design parameters, followed

by the ndAperfect worl do i mprovements that mi g
scrutinized to the same detail as the proposed design parameters, but offers a glimpse of what

further improvements future work optimizinggtdesign might yield.

Table4-1. Comparison of proposed reactor parameters and idealized improvements for a "perfect world."

Parameter Current APer f ¢(Comment
Worl d
Moderator rod radius| 0.7125 cm | 0.8250 cm | Largest expansion  possible  whi
remaining on the cusp of undermoderat

Reflector  thicknesy 30 cm 60 cm Diminishing returns as thickness increas

(axial and radial) reactor must remain transportable

HP adiabatic length | 30 cm 60 cm Adiabatic length at minimum must be lo
enough to pass through the axial reflect

HP wick porosity 0.868 0.900[62] | Improves thermal operating limits, whic
permits a higher operating power

HP sintered particl¢ 45em 27em Particle size updated to balance out

size (radig) change in porosity

Thermal power 15 MWth | 20 MWth | Assumed HP with improved porosi

increase margin on hotspots that per
increasing thermal power to 20 MWth

Conversion 33.33% 40% Higher temperatures might enable be
Efficiency efficiency
The foll owing chart compares three different

realistic option which has accounted for thermal limits, reactiviaptrol, reactivity safety
feedback, and so on. The Al deal o cycle is for
i mprovements i f there was a Aperfect worl do (c

be noted that ttilh ssmeWwhatdgeoanded in cegplity lag discussedsabove. For
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instance, the reactshouldstill be undermoderated (albeit barely), the improved heat pipe limits

shouldpermit a higher operating power, and so on.

Operating limits of "idealized" sintered wick heat pipe
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Figure4-1. Improved thermal operating limits of the "perfect" reactor.
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Figure4-2. 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 thenvel pmdertaking the same

simplistic economic estimates of the breakeven cost for the idealized reactor shows:

Table4-2. Breakeven budget of the idealized microreactor with fuel and materialazzstanted for.

Monthly income for a given Cost of Electricity for the Idealized Reactor

COE $0.10 | $0.15 |$0.20 |$0.25 |$0.30 |$0.35 |$0.40 |$0.45 | $0.50
$/kWh
Income | $346K | $520K | $694K | $867K | $1.04M | $1.21M | $1.39M | $1.56M | $1.73M
(month)
Interest | ReactoBreakeven 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% 104.98 | 150.71 | 196.44 | 242.17 | 287.89 | 333.62 | 379.35 | 425.08
6% 9159 |132.86 | 174.12 | 215.39 | 256.65 | 297.92 | 339.18 | 380.45
7% 80.09 | 117.51 | 154.94 | 192.37 | 229.80 | 267.23 | 304.66 | 342.09
8% 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 withopimgzation and
engineering effortAnother 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 slidease closer to the core and therefdvetter neutronially
coupled, resulting in &igher reactivity worthHowever, due to heat pipe capillary pumping
considerations (insufficient pumping action against gravity), the reactor must be oriethtéd wi

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 aaslitlee underside of the coteuld

simply fall out of its slot and the sliders abate 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/chanels, 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 outsid®teevould be occupied by

heat pipes and a heat conversion systéawever, since the heat pipes are sirggided and the
reactor lies flat, control rods might be inserted from the opposite side that heat pipes terminate
However, control rods would rage some redesign of the fuel lattice of the active core atidsso
solutionwas not pursued her€inally, the proposed core cycle length is 25 years. The control
sliders are 5 cm thick borerarbide slabs enriched to 100%ilB; atthe beginning of cye, 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, andieasigni
amount of helium buildup would occur. Internakgsure or cracking from helium buildup is
another alarming cause for concern and must be accounted for in the éestgar work is
recommended to thoroughly analyze and compare control sliders against control drums,

particularly mechanical and thernwnsiderations 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 cae 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 aaluldile
pipe or improved wick. The size of fuel and moderator rods do not occupmtifeslattice 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 gismve problematic, particularly the instability at low
temperatures and apparent positive moderator reactivity coefficient. Based on the BOC reactivity
worth of the control rod insertigit is not clear if the shutdown rod would be sufficient to ptev
enough reactivitchangeto 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 GdNbaded rods at the center of there. 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 fAsimpleodo fi
channel and shutdownd itself such that it would provide enough reactiwtyrth even with the
positive moderator coefficient. Another possibility is the use of resonance absorbergsadbel
as erbia to absorb neutrons at the thermal energy peak, but would incur a residual penalty to
reactivity and discharge burn{gs].

Another aspect of criticality safety that requires more investigating are reactivity feedback
coefficients. At present, only asathermal temperature reactivity coefficient over the full core at
beginning of cycle was investigated. Since 2Yld expected to have a positive moderator

coefficient[53], it will be important to erify the remaining reactivity coefficients are sufficiently
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negative for criticality safety. These would include fuel, graphéed coolant reactivity
temperature coefficients. Since ttwre is designed as a solid monoblock with solid fuel, there are
no liquids or gases (aside from sodium coolant contained in-frodgime heat pipesthermal
expansion will also be important rather than a void coefficient seen in conventionatoaits

reactors.
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Appendix

A. Main ReactoParameters

TableA-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 0.7115cm

Total number fuel rods

708 uranium nitride (UN)

Moderator rod radius

0.7125 cm

Total number mod. Rods

1404 yttrium hydride (Yk)

Heat pipe outer radius

0.9600 cm

Total number heat pipes

1224

Enrichment 19.75% U235 All nitrogen-containing
99.99% N15 materials at 99.99%N

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 CarbidésiC)

Moderator cladding

0.01 mm Niobium substrate,
0.04 mm SiC

Based on ANL Advanced
Moderator Module

Burnable absorber coating | BN 100% enriched’B
Burnable absorber fuel Gadolinium nitride (GdN) UN | Natural gadolinium in 11%
mixing composite of fuel rods
Control sliders 5 cm thick Boron Carbide 100% enriched’B

(B4C) slabs

Shutdown control rod

24 cm diameter B rod

100% enrichd 1°B
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TableA-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 2.03E09 n¥
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 CorePower 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 gadolirium a d e d

f uel

initially, but produce more power later the cycle as GdN burns away.
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Power distribution integrated over 7, burnstep 8
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