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SUMMARY

A novelfull-core multiphysicainalysiframeworkfor Nuclear Thermal Propulsion
(NTP) Reactorss developedn this dissertationTo achievehehigh specific impulseand
thrust levels required for crewagace exploration missioldsTP systems operate at very
high temperatue rely on complex countdélow needed to drive the turbopump, and
exhibit dynamic behavior for short pulke operationTherefore, the design and analysis
of a NTP reactocore regiresmultiphysics computational toothat cancapture théneat
transfer andlow complexities and dynamic haviour during the engine operdixisting
higherordercodes such as ANSYS, caanalyzecomplex flow pathen aNTP reactor but
incur prohibitively large computational costsand are not applicabléor full-core
multiphysics analysisThe develomentand verificatiorof thereducedorder,ntpThermo
codeis a novel contributioms it is capable of accurately modeling the complex flow paths
and heat transfewithin an NTP reactor In addition, ntpTherma@an performcoupled
thermathydraulicthermemechanical analysis to capture the impact of thermal expansion
with an acceptable computational cdste ntpThermaode is coupletb the Monte @rlo
Neutron transporiSerpentcode via the novel Basiliskmultiphysics framework. The
Basiliskframework enables fultore timedependenimultiphysics analysis by leveraging
the preexisting depletion solvers implemented into the Serpent ddaeframework also
enables the user ferforma critical drum search during each depletion step to account for

the impact otontrol drum rotation during operation.

Previous NTP-related reseach that focused on full core desigmas applied

decoupled analysis approaches where the impadh&imathydraulic and thermo

Xiv



mechanical feedback on the neutronic solution is neglekcteoh effort toprovide useful
insightsfor current programa reacto design which adheres to the current industry ground
rules was developedThe subsequentanalysis demonstrates that sudecoupled
approachesan introduce significant errors in the spatial power distributions and thus
predicted thermal and mechanicaletgimarginsMore specifically, foheavilymoderated

High AssayLow Enriched Uranium fueled desigtise fuel and moderator temperature
spatial distributions have a significant impact onrkatron economy anspatial power
distributions Additionally, the impact of thermmechanical feedback has a significant
impact on the masifow distribution within the core, and thus thsolid material
temperaturesDue to theelevated exit gas temperatures required to satisfy rocket engine
performanceequirement®rificing is typically applied to the fuel elements in the core to
reduce peak fuel temperatur@ghen aconsistenmultiphysicsdesign approach is applied

to desigrtheorificing patterna constant peak fuel temperature can be maintainedghr

a 60-minute fulkpower burndue to the balance of various multiphysics feedback
mechanismsThis dissertation demonstratigimportanceof multiphysics tools talesign

a NTP reactor thatan maintain adequate thermal and mechanical safety margins while

alsosatisfyingengine performance requirements.

XV



CHAPTER 1 INTRODUCTION

This chapter introduces Nuclear Thermal Propulsion (NTP) systems, describes
previous and oigoing NTP technology development programs, and outlines the research
objectives of this dissertation. Sectitbrl describes the advantages of NTP systems and
the general configuration of a nuclear rocket engine. Sett®describes the technical
achievements and challenges of previous and currentigomy NTP technology
development programs. Sectidn3 details the computational gaps that existed at the
initiation of this research and the previously adopted design approaches. Finally, the

research objectives completed in this dissertation are detailed in Skdtion

1.1 Overview of NTP systems

NTP engines differ from traditional rocket engines as they use the energy generated
by fission to heat the working fluid, typically hydrogen, to achieve extremetydmngmber
temperatures and considerable chamber pressures. Heating hydrogen to a high temperature
(~2700 Kelvin) enables NTP engines to produce twice the specific impuyjsef(an ideal
chemical rocket engine while maintaining a considerable amounmtroft st ( ~10, 0006
Recent industry studies have targeted thrust values in the range of-13,800 I with
an lsp of 900 seconds [1]. To achieve ap &f 900 seconds the average exit coolant
temperature must be at least 2700 degrees kelvin (K)lyimgp even higher fuel
temperatures, and thus presenting a difficult reactor design challenge. Despite these
challenges the analysis presented in this dissertation demonstrates that when a consistent
multiphyiscs design approach is taken acceptable peatefuperatures can be maintained

throughoutextended engine burns while providing ggof 900 seconds.



The relationship betweeg,land chamber temperatuié)is detailed irEquation
1[2]. Where! is the ratio of specific heats, w is the molecular weight of the propellant
gas,Yis the universal gas constant,s the chamber pressure, ands the propellant gas
pressure at the nozzle exip is the ratio of the thrust produced to the weight propellant
used to produce said thrust, which 1is an

efficiency.

. P g Y, .
_ Equationl
O 9 i v ' P a

C-zl [l

While it is intuitive that increasing the efficiency of a propulsion system is desirable, the
benefits are most apparent when considering the relationship betweeN deltg and
"O. This relation is detailed iEquation2, wherea is the initial mass of the spacecraft
anda is the mass of propellant used during engine ojerads the transient time of a
given trajectory from Earth to Mars decreases the requireid complete such a maneuver
increases nofinearly [4]. Reducing the transient time for crewed Mars missions is
extremely advantageous as it minimizes the toskl to astronauts and maximizes the
overall reliability of the spacecraft architecture [5].

ww 0l Td—d Equation2
Crewed Mars missions that rely on chemical propulsion systems, which have a maximum

‘O of ~450 seconds, will require significantly more propellant mass to provide the required

w wThe relationship between required propellant masswanid foundby manipulating



Equation2 into Equation3. It should be noted that in realify has a nodlinear inverse

relationship with'O, as increasindO reduces the structure mass needed to carry the

propellant, which in turn reduces the required propellant mass, and so on.

a & p Q 7 Equation3

Recent industry studies which accounted for these-linearities have found

Atransformation benefitsodo VichemuirwettpNTRBC i ng
systems'® Qv mwik for crewed Mar mission architectures [6]. The increased
efficiency of NTP systems reduces the number chemical rockets launches to deliver the
requiredd andd into the low earth orbit (LEO) by a factor of 20 and 3.3 for opposition
and conjunction lass missions respectively [6]. This reduction in chemical launches
significantly reduces the cost and complexity of assembling the Mars transfer vehicle in
earth orbit. While Nuclear Electric Propulsion (NEP) systems can provide higher
(2000 3000s)than NTP systems, they produce orders of magnitude lower thrust levels [7].
NEP systems must use muttiegawatt class reactors or be augmented with a supplemental
chemical propulsion system to provide similar transit times to NTP systems. When crew
safety is considered in trade studies thedative simplicity, greater abort/early return
capability makes NTP the favored technology for crewed Mars missions [6]. Numerous
additional studies have demonstrated the benefits of implementing NTP systems into

Cislurar and deefspace mission architectures [8,9,10].

There are three major subsystems in a nuclear rocket engine, the reactor core, the

regeneratively cooled nozzle, and the tupoonp as detailed iRigure 1. Simply stated,



the turbopump forces the reactor coolant/rocket propellant through the reactor core where

it is heated to high temperature, and then is expelled through the nozzle to provide thrust.

Turbopump

Regenerative cooled nozzle

A

Figurel. Nuclear rocket engine major subsystems

This dissertation focuses dduclear Engine for Rocket Vehicle Applications
(NERVA) derived reactor designs due to tipeiblicly available detailed design
documentation [11]. The reiac radial and axial cross sections are detaildédgare2 and
Figure3 respectively. The active core is composed for fuel (FE) and moderator elements
(ME) arranged in a hexagonal lattice. The FEs contain the uranium bearing material which
is typically either a €ramid Ceramic (CERCER) or CeramMetallic (CERMET) fuel
form [1]. The CERCER fuel form uses Zirconium Carbide (ZrC) coated-AggayLow-
Enriched Uranium (HALEU) Uranium Nitride (UN) fuel kernels embedded in a ZrC
matrix, while the CERMET fuel form uses Refectory Metal matrix instead of a ZrC
matrix. The radial crossection of the FE is detailed ligure4. The ME contains a sleeve
of Zirconium Hydride (ZrH.s9) which is required to obtain a critical configuration with
HALEU fuel. An inverse pewee lattice configuration was applied to the active core to
obtain a similar ratio of Hydrogen to Uranit@85 atom ratio (H3*U) as the baseline

industry deign [1]. The radial crossection of the MEs is detailed igure5. A graphite



core former surrounds the active core and is constrained by thepressure vessel.

Between the inner and outer pressure vessel is the core periphery which contains the
Beryllium (Be) radial reflector, and control drums. The control drums are composed of Be

with a Boron Carbide (BC) poison vane enriched to 95 wt¥B. Excess reactivity is

controlled by rotating the controls either towards or away from the coFgégume 2, the

contr ol drums arer@oB8itrepeeésant SO0ful Iwvphew

outward rotation) and the reactor is in its highest reactivity state.

UN-CERCER ZiH

- O

Fuel clement Moderator element

Control
drum

Posion va =
Posion vane Radial Reflector

Figure2. Reactor radial crossection
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Figure3. Reactor axiatrosssection

1-coolant

2-clad

3-fuel

Figure4. Fuel element radial crosection

10-sleeve
9-Insulator

4-coolant (supply)
8-clad

7-coolant (return)

Figure5. Moderator element radial cressction

The reactor core is integrated into the engine subsystem via an expander cycle. A

simplified engine cycle diagram is detailedHigure6, additional dscussion on the engine



cycle can be found in [12,13]. The entire engine cycle is powered by agunbp which
pressurizes the hydrogen coolant at state point 1. The flow then splits where part of the
total flow is directed to the regeneratively cooledzie circuit at state point 2a, while the
remaining flow is sent to the MEs. The flow enters the MEs from the supply channel at
state point 2b and runs down the entire length of the ME before reversing direction and
exiting through the return channel. TH&E must be cooled as energy is directly deposited

in the moderator material via neutron and gamma interactions in addition to the heat
transferred from the surrounding FEs. The flow entering the regeneratively cooled nozzle
picks up a considerable amoumfhtathalpy before entering the radial reflector at state point
3a. The flows from the ME and nozzle circuits recombine at state point 4 before entering
the turbine. The enthalpy gained from the nozzle and ME circuits is used to drive the
turbine. The amourof enthalpy extracted from the coolant by the turbine is controlled by
the bypass value at state point 5a. The flow exiting the turbine is then sent to the FEs at
state point 6 where the hydrogen is heated to the desired chamber temperature, where it

then enters the convergedivergent nozzle at state point 7 to provide thrust.



ME

3a

2a

Figure6. Simplified engine expander cycle

1.2 NTP technology development programs

This section highlights some of the technical achievements of preWdos
technology development programs in Sectlh@.1 while Sectionl.2.2 provides an

overview of current NTP technology development programs.

1.2.1 NERVA

The NERVA program undeniably demonstrated the feasibility of nuclear rocket
engines as the program designed, built, and tested over twentyrseadiech included

integrated engine tests. The experimental data accumulated, and engineering lessons



learned during the program formed an invaluable repository of knowledge for current NTP
development programs. Some of the major accomplishments aneickeycial challenges
identified during the NERVA program that may be relevant for modern development

programs are detailed in this section.

The XEPrime experiment was the final in a series of reactor and engine
development tests and was the first nucleaket engine in its flight configuration. The
XE-Prime testing campaign ran from December 4, 1968, to September 11, 1969, in Jackass

Flats, Nevada [14]. The significant results of the-Kiime test series were:

1 The engine was successfully restarted 28 regpdimes, 20 of the restarts
used novel control logic which had never been attempted before.

1 Several different control modes were shown to be sufficiently precise to
obtain the desired engine conditions, even when starting from radically
different initid conditions.

1 The advances made in fuel fabrication were able to significantly reduce the

mid-band corrosion issues and thus extend total reactor lifetime.

In addition to an extremely successful experimental testing campaign many
groundbreaking advances inuclear fuel manufacturing were made. The coating of
Uranium Carbide (UC) fuel particles developed to prevent the addasdeoxide
reactions which caused uncontrolled swelling of the FEs during each heating and storage
cycle led to the development cbmmercial TRISO fuel [15]. Coolant channel coating
technology evolved greatly throughout the program which significantly reduced the fuel

mass lossrom hydrogen corrosion. One of the primary motivations to develop robust fuel



forms was that the primargactivity loss mechanism in the NERVA reactors was fuel
mass loss vidydrogen corrosion andiffusion. It must be pointed out that theactors
built during the NERVA program wer@most completely insensitive té°Xe [14,16] as

the coreexhibited avery hardepithermalneutron spectrum

Significant advances in computational methods were also made during the NERVA
program. The first computerized finildement analysis (FEA) was performed to evaluate
the potential bowing of the controluns in the radial reflector [17]. Excessive control
drum deformation could lead to a control drum being stuck, which in turn could lead to
insufficient shutdown margin and was thus a major concern. The analysis of such problems
required the development &EA tools and were subsequently applied to optimize the
design of incore elements [17]. It is worth noting that the founder of ANSYS, a widely

used FEA analysis code, is anERVA engineer.

Numerous technical issues were encountered during the NER\(kapnoand a
detailed discussion of each one is not feasible, therefore the challenges discussed in this
paragraph were chosen for their relevance to current NTP design programs and the research
presented in this dissertation. One of the most importantcbfchallenges overcome was
the development of accurate and precise instrumentation. Developing thermocouples that
could survive the corrosive high temperature hydrogen and radiation environment was
particularly challenging, yet ultimately resolved [18].€eTé&xcore neutron detectors used
on the XEPrime reactor wer&®U fast fission chambers due to the large variations in the
thermal neutron flux during engine startup [18]. Th&# of most NERVA reactor design

was near 11, and thus the thermal neutrfhax was very sensitive to local perturbations in

the hydrogen gas density as At her mal neutr

1C



on the pressure vessel surface at core mid
sufficiently stable duringngine operations to enable reliable reactor power predictions via
excore instrumentation. nfnOne of the more ir
times, was flattening the power density distribution and tailoring the flow to each
individual chane | in the fuelo [19]. It was common
to use zero power critical experiments in conjunction with numerical analysis to iteratively
develop a fuel loading pattern that provided a satisfactory radial power distribution to
maximize the {, for a given design [20]. During the design of the Phoébusre special
steptapered polyethylene strings that mimicked the axial variation of hydrogen density
along the length fuel element were inserted into the critical experiment mockigp. T
enabled the calculation of hydrogen reactivity coefficients as a function of core radius and
used to validate twdimensional numerical calculations. This experimental data allowed

the engineers to develop simple analytical correlations to predictheoaxial and radial

power distribution would respond to changes in the local hydrogen gas density during
engine operations. These correlations were subsequently implemented into thermal
analysis codes to perform pseudaltiphysics calculations [20]. Deispt e t he fAspect
failure of the reactor neutronics -btilb mat c
Phoebug reactor to a maximum chamber temperature of 2220K the design process
provided fAvaluabl e insight iimthegeadornedirenr t o t
economyo [20]. The | es s on-3redcteraarendesthn wleeev e | o p
used to refine the design process and ultimately lead to the design of reactors that achieved

chamber temperatures of 2550K for over 40 minut8g |

11



1.2.2 Current programs

Recently renewed interest in NTP techno

sending crewed missions to Mars [7] and the rapidly emerging need for highly
maneuverable ispace platforms to actively protect and defend the UrStates (US)
national interests in Earth orbit and beyond [21]. NASA and the Defense Advanced
Research Projects Agency (DARPA) are jointly developing NTP technology with the
stated objective of deploying a pretyge system in 2027 to perform a flight deratvation
mission, potentially making NTP one of the first advanced reactor cartodp built and

operated by the US [22].

One of the primary differences between reactors developed during the NERVA
program and contemporary reactor designs is that prdagntesigns use Highssay
Low-Enriched Uranium (HALEU) fuel forms. The transition from Higtidpriched
Uranium (HEU) fuel forms used during the NERVA program to HALEU fuel forms was
prompted by potential neproliferation concerns and to reduce the afsievelopment
[5]. Despite the additional design challenges incurred by the transition to HALEU fuel
forms several studies have demonstrated the feasibility of designing a HALEU fueled

reactor that satisfies both thgadnd thrusto-weight ratio (T:W) equirements [23,24].

NASA has been developing HALEU fueled reactor designs with the aid of various
industry partners and national laboratorie2%P6]. To support these design activities
candidate fuel forms have been undergoing experimental testing &tansient Reactor
Test Facility (TREAT) to ensure that the fuel can withstand the intense power ramps

experienced during engine start@Y]] The NERVA program was able to rapidly iterate
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on reactor designs due to the extensive experimental testihjefaavailable at the LASL
Technical Area 18 and Nevada Test Site, which has been subsequently decommissioned.
The successful maturation of NTP technology to a Technology Readiness Level (TRL)
suitable for crewed missions will require a variety of expernital tests including cold/hot

flow testing, zero power critical experiments, and integrated engine te28hdClurrent
experimental capabilities for NTP qualification in the US are limited to separate effects
testing individual components or subscatenponents 28]. Consequently, the National
Academy of Science, Engineering, and Medicine (NASEM) has recommended that
ANASA should rely on extensive investments
ground testing and cargo missions to qualify NTBtays for crewed missiong][
Therefore, advanced modeling and simulation tools should not only be used to develop the

reactor design but also to inform and prioritize future experimental te28hg [

1.3 Current computational needs

The majority of publishé analysis on NTP reactors has employed Contirneoesgy
Monte-Carlo (MC) neutron transport codes to model the entire reactor core to obtain
average axial power profiles which are then applied @mputationalFluid Dynamics
(CFD) model to obtain the ¢éhmathydraulic (T/H) solution. The T/H fields obtained from
the CFD solution are then applied to a Finite Element Analysis (FEA) model to obtain the
temperatures and mechanical stresses. Previously developed redimedodes,24
cannot accommodatkd complex geometry and flow paths present in an NTP reactor. The
computational cost of high@rder codes limits the scope of the T/H and thermo
mechanical (T/M) analysis to either a single FE ofNHE supercell. The computational

cost of highetorder methods makes coupled (and iterative) multiphysics analysis
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i mpractical. The |l atter i s fAresolvedo by
T/M feedback on the neutronic solutia2z9[30,31,32], andinsteadperforming decoupled
standalone T/H and T/Mimulations.This analysis approach is problematic fagsi
generally acknowledged that T/H and T/M feedback should be accounted in modeling a
HALEU NTP reactor 7,32]. However, previous research and experimental testing during
the NERVA program does notqvide an adequate insight to determine which feedback
mechanisms should be included (e.g., fuel temperatilmermatexpansioh when
designing a HALEU NTP reactor. The analysis presented in this dissertation demonstrates
that a detailed understanding ofiltiphysics feedback is essential to designing a NTP

reactor that can provide ag 6f 900s for extended periods of time.

One of the primary computational bottlenedksperforming fullcore multiphysics
design analysis is the computational cost of Thd and T/M solution. Therefore, the
development and verification of a reduesder T/HT/M solver that can efficiently obtain
a full-core solution is essential. Additionally, a flexible multiphyiscs framework that can
couple a MC neutron transport codghwthe T/HT/M solver will be required for iterative
multiphysics analysis. A variety of missions using NTP engines have been proposed, each
with unique engine burn durations and cadencesieftre, themultiphysics framework
should have the capabilitp perform timedependent analysis to assess the thermal and

mechanical safety margins during engine operation.

1.4 Dissertation objectives

This section details the dissertation objectives to fulfill the computational needs

describedn Sectionl.3.
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1.4.1 Development and verification of reduced order therimalraulic solver

Many engineeringpased suigchannel T/H codes have been developed for
modelling light waer reactors, gas cooled reactors, or other traditional systems. However,
none of these codes are directly applicable to NTP reactors due to the complicated flow
paths within the active core. The reduagder solver will need to include an iterative
soluion scheme to solve the counter flow within the ME and capture the heat flux from
FEsto MEs. The reducearder code must be verified against higheter solvers to
ensure that the solution accuracy of the rediwareér code is suitable for multiphysics

calculations.

1.4.2 Development of coupled therrtaydraulic and thermemechanical solution

sequence

The FEs in NTP reactors experience elevated temperatures (>2700K) and thus
significant thermal expansion. This thermal expansion has a significant impact on the
friction pressurdosses within the FE coolant channels, and thus 4fl@ssdistribution
within the reactor core. The redueerdler T/H code described in Sectibil.1, must be
able to account for thermal expansion of coolant channels. Therefore, an iteratiVar/H
solution scheme must be developed to convergence theflmasdistribution within the
FEs. The T/M solver must also be able to accoontife temperature dependence of the
mechanical properties within the solution of the thermoelastic equalibexapability
represents anovel contributionin reduceeorder modellingmethodsas the presented
coupled sequence has not been previotegiprted in the published literature; at least not

in the context oNTP gplications
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1.4.3 Development of fuitore multiphyiscs analysis sequence

As stated previously in Sectidn3the sparse literature on multiphyiscs modelling
of HALEU NTP reactors does not provide adequate insight into which thermal fields have
a significant impact on the neutronic solutidmerefore, the development of a flexible
multiphysics analysis framework capable of preformingdolle multiphysics analysis is
an essential tool for the design and deployment of NTP reactors. The multiphysics
framework should allow the user to have #igant flexibility when defining the neutronic
model such that necessary phenomena of a realistic NTP reactor design can be accounted

for during multiphysics analysis.

1.4.4 Development of timdependent analysis sequence

HALEU NTP reactors require a signifidaamount of moderation to achieve a critical
configuration. As such, the neutron spectrum within the core is far more thermal than
previouslyanalyzedHEU NTP reactor designs. This fact subsequently leads to reactivity
losses on the order of hundreds ofmpdue to the accumulation of fission products,
primarily **°Xe, during engine operation [35]. The control drums located at the core
periphery must be rotated to compensate for these reactivity losses, which can lead to
power shifts and subsequegglosses (reaching 100 sec) depending on the reactor design
[35]. Therefore, the multiphysics analysis should be able to perform neutiepletion
calculations that account for control drum rotation within each depletion step. The
sequence should also be aldatcepttimeal e pendent T/ H boundary coc

the reactor will experience variation in its chamber conditions during operation.
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CHAPTER 2 CODES AND METHODS

This chapter will describe the codes and methods developed to achieve the
dissertatiorobjectives detailed in the previous chapBaction 2. Hetails the methodology
of the ntpThermo code which achieves the objectives detailed in Séetidandl1.4.2to
develop a T/HT/M sequence. Sectidgh2gives a brief overview of the Serpent code, which
is used as the neutronic solver in the multiphysics analysis sequence. 3etetails
the Basilisk multiphysics framework which achieves the objectives detailed in Section

1.4.3and1.4.4to develop a flexible timelependent coupled multiphysics framework.

2.1 ntpThermo Code

This section describes the ntpThermo code which acts as the T/H and T/M solver
in themultiphyscsanalysis sequence. This section focuses on the methodology of the code,

while the verification of the implemented methods is detailedhapter 3

2.1.1 Philosophy and structure of the ntpThermo code

The implemented methodology heavily relies on the THERM@edB86], which
was primarily used for light water reactor (LW&)alysis however multiple deficiencies
and needs were discovered while performing a <todmde verification against

OpenFoam [37]. Therefore, it was decided to develop the ntpThermo coderify its

T/H codes, outside the MOOSE framework [38], have been developed for modeling LWRs,
gas cooled reactors (GCRs), or other traditional systems. Howevegfrthese codes are
directly applicable to NTP applications due to the need to capture heat transfer between
adjacent channels and the impact of thermal expansion on thdlavassstribution. One

of the primary objectives of the ntpThermo code is to pi®an efficient T/H solution
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with an acceptable level of accuracy for the-tulte multiphysics analysis. Currently,

there is a gap between higheder finemesh and wvalidated reduced order coansesh

T/H codes for solifuel NTPs. Higheiorder codesare necessary for higlesolution
analysis of a specific element or supercell and cannot be replaced by reduced order codes.
However, it is expected that reduced order codes will perfoost ofthe engineering

designand safety analysis during the deysteent of NTP technology.

The ntpThermo code was developed using the python programming language, due
to its adequate speed, free om@urce licensing/libraries, and flexible data structures.
Pyt h o n Gosientedocapabdities were leveraged to createodular framework for the
construction of complex solution schemes from relatively simple classes. This approach is
extremely beneficial when implementing iterative solution schemes to address the
complexities of an NTP system. This flexibility also maketpThermo capable of
modeling more traditional singighase gas cooled reactors, which are currently under
consideration for Nuclear Electric Propulsion concepts [7]. The general construction of a
full core ntpThermo model is presentedrigure7. The element definition (denoted as the
Element) is the most basic constitute within the core. It contains information about the fuel
element geometry and meaials, such as dimensions, number of coolant channels,
geometry type (e.g., hexagonal, square, circular), etc. An arbitrary number of element
definitions can be used to define a thermal hydraulic channel (denoted as the Channel),
each having a differemiumber of layers and nodes (i.e., the subdivision of a specific
channellayer to multiple fine nodes). This flexibility allows ntpThermo to model any
variation in thermephysical properties in each channel. An arbitrary number of channels
(denoted as Chamis) can be used to define the final model (denoted as Core), which is
the largest structure that can be assembled in ntpThermo. Once the full core is constructed,
it can be solved using a variety of convergence schemes. Due to the presence of both

moderadr and fuel elements in an NTP reactor that do not share a common inlet or outlet
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plenum, two unique Cores exist within the active region a single NTP reactor and are linked
through boundary conditions. These boundary conditions are automatically agsie=t b

on the core map given in the input file definition.

| MATERIAL DATABASE |

= Heat transfer correlation

| | I

| | I |
| | I |
: : : -at + Core map l
| * Geometry 1 | * Friction factor + Coupling between |
|+ Materials | | correlation channels I
| Me: 1 I R

i Mesh |‘:>| * Orificing * Convergence |
|+ Power Fuel ] | * Power Profile scheme :
| ot ] | + Lavers thi ;

| fraction 1 | Layers lhlsk‘nesnes - Mass flow rate |
| 1 | * Inlet conditions - Orifice I
I : : * Boundary conditions l
| | I |
| | I :
l——- Element ————-————— | L—— Chamnel -——————————— Core ——————m e ]

Figure7. ntpThermo model construction scheme

2.1.2 Numerical conductiotonvection solver

The computational sequence implemented in the code relies on an equivalent model
with a 1.5D conductiotonvection solution, where radiative heat transfer is not
considered. A finite difference model was used to solve the sttatiyconduction model
with the flexibility to accept various boundary conditiofie formulation relies on the
resistance model, where the temperatilein each nodeis obtained by considering the
heat transfer between multiple adjacent nodé® tEmperature of each nodean be
calculated vigEquation4, wherer is the heat produced in nodeY is the resistance

between nodeisandj. An example resistance network is detaile@igure8.

. Y
n By |
Y — Equationd

p
B v
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Figure8. Radial conduction resistance network

Nodei has only two adjacent neighbors, the l&ft { and right side'{ ) resistances. The
equivalent annulus is then discretized into radial layers with a thickn¥ss dhe volume

of each elemenitis Yo 1 Y1 Y-Ya& The heat produced in a specific layaran be
determined by taking the product between the power density and the corresponding volume
in layeri. In a cylindrical coordinate system, the conduction resistances are calculated
using Equation5. The outer most nodéQ U, of the resistance series is modified to

account for any slight differences between the mesh structure and geometry of the given

probdem. The resistance term is modified in accordance Egilation6.
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Combing the relations into a matrix format, the followingréfation can be written:
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In this formulation the temperature of the outer surface (not explicitly shown here) is
calculated by knowing the bulk hydrogen temperatiivg, @nd the outermost resistance

'Y which is a function of the heat transfer coeffici€if). To account for temperature
dependent thermal conductivities, the implementation relies on an iterative solution
scheme, in which the thermal conductivities are initially guessed according to a uniform
nodd temperature distribution’Y Y 8 Y “Y. The initial thermal conductivity

guess assumes the temperature in each node is equal to the inlet bulk coolant temperature
of that node. Once the nodal temperature distribution is calculated, it is rddappljgdate

the conductivity values and therefore the resistances and the heat transfer from the solid to
the fluid. This iterative methodology is repeated until the residual error in temperature
between two sequential iterations is below 0.5 K for allnbdes. The wall temperature

and radial heat flux is the natural result of this iteration scheme since the amount of heat
transferred from each axial layer is updated with each iteration. This iterative sequence is
also required to converge the outer stef'emperature as the Nusselt number correlations
developed during the NERVA program have correction terms that include the surface to
bulk coolant temperature ratio. The radial heatffasiees f ound wusing t he
cooling via heat transfer o@lations which are detailed in Appendix A. The heat flux is
used to calculate the exit bulk temperaturé) (of the hydrogen from each layer via

Equation?.
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0
Y Y —— ek Equation?
ao

whered is the mass flow rate of hydrogem, is the heat flux through areg 6 is the

heat capacity of the coolant, aritf is the bulk hydrogen temperature. The inlet
temperature)Y , of the axial layer is set as the outlet temperatifte  of the

previous layer.

o
Y Y —— e Equation8

The total pressure loss across axial layet0 ) is calculated vi&quation9. Wherez-0
is the pressuross due to frictionz0 is the pressurdss due to acceleratios)

is the pressurtoss due to gravity, ang0 due to fom pressurdosses

30 30 30 30 30 Equation9

The friction pressure losses are calculatedBgaation10, where'Qis the friction factor,

“Ois the mass velocityQ is the hydraulic diameter of the chanridis the average fluid
density in the noda) is the axial length of the node, a¥d is the heated channel
multiplier. The friction factor correlations implemented into the ntpThermo code are
detailed in Appendix A.

0

T Equation10

5
30 %0 Qa



The acceleration pressure losses are calculateBquation11, where” in the bulk

coolant exit density, and is the bulk coolant inlet density

30 0 — — Equationll

By default, the ntpThermo does not consider gravity pressure losses as the rocket operates

in-space, however when gravity losses arsatered they are calculated Hguation12.

30 " Q0 Equation12

where "[is the layeraveraged density,nd 0 is the length of the layer in meter§.
structures protrude into the flow channels the resulting pressure loss can be accounted using

form loss coefficients via Equation13. By default, no form losses are included,

and the position and form loss coefficients must be specified by the user.

30 —_ Equationl13

The solution procedure for each layer is showRigure9. The proceduréegins
with known channel i nl et conditions, whi ch
conditions. An iterative predictarorrector scheme is implemented to convergaveeage
node fluid conditions, represented by the dashed arrowigare 9. This approach
minimizes the number of axial layers required to obtain k-@amverged solution. The

boundary conditions can either be set by the user or set as variables internally passed by

the program.
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Inlet property evaluations including
coolant properties, conductivities, heat transfer, friction factor

}

Radial heat transfer solution to obtain:
temperature distribution and heat flux to/from coolant

!

Calculate the outlet conditions:
bulk temperature and pressure

}

Update the layer average properties
by using the inlet and outlet conditions

Temperature
fields
converged?

Calculate outlet
conditions

Figure9. Conduction convection solution scheme

2.1.3 Thermoelastic equation solver

The T/M solver implemented in ntpThermo leverages the approach developed by
Peng and Li [39], where the thermoelastic problem is cast as a second order Fredholm
integral equation. One of the advantages of this approach is the ability to capture
temperature depende properties in the solution of the thermoelastic equations. This
capability is necessary to model an NTP system as the memsities inherit to NTP
systems induce significant temperature gradients within the fuel. Additionally, the thermo

physical proprties of the fuel and cladding materials are a strong function of temperature.

The solution method assumes an axisymmetric plane stress problem where the axial
stress,( ) and strain{ ) are assumed to be zero, which is consistent with previoudindus

studies [1,40]. Based on this assumption, the equations for the radiain@ tangential
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(, ) stresses can be detailedibyuation14 andEquationl5, respectively. The radial ()

and hoop strain-() are detailed b¥quation16 andEquationl7, respectively.

. 1 —_— - 01 - i 01 “Yi Equation14
o U1 | p q
‘ Wl - ‘ Y Eauationds
w1 —_— - Ol - I V| I uation
0 U | P q
- — Equationl6
Ql
0 ,
- T Equationl7

Where,Oi s t he Younig® sP mios s b uis the codfitientoof theanal d
expansion, which are all temperatgtependent and thus spatially not uniform. It is
important to note thatYi is the differencebetween the absolute temperatuig ()

obtained by the thermal solver and the reference temperature zero stress tempérgture (

as shown ireEquationl18.

“Yi Yo Y Equationl18

Based on the equations detailed above the radial displacemgrn@d tangential stress
(, ) can be represented BEyguation19 andEquation20, respectively. Ta equivalent Von

Mises stress,( ) is calculated vi&quation21.
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Where 0 in Equation19 is a constant to be determined through appropriate boundary

conditions, 6 (r Equati@e22 be cal cul ated via

‘ vi o, :
i A@b ——Qi Equation22

WhenEquationl6 andEquationl? are substituted into the equilibrium equatiBguation

23is produced.

Q— Ll Equation23
Ql I

Substitutingequation19 into Equation20 and then intdequation23, yieldsEquation24,

Equation24
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where®is the inner radius of the equivalent annulus, @id is:

"Oi — .. p " Y QN —m7m Equation25

. vik, Q@ Oi 0Q 0
. V, p U ” p U ” ” Ol
O iIH E ok : : Qi
Equation26
Ol HOLENO]
Oi

"Qi —Qi

The constants and6 can be found vikquation27 andEquation28 respectively. Where
, O isthe radial stress at the inner radius of the equivalent annulys ands the radial

stress at the outer radius of the equivalent annulus.

L . 0, O 0O p Y G o Equation27
0 00 I |
& H Equation28

27



Now we insert the constanisand0 back into the integrdlifferential equation for the
radial stress to obtatBquation29 which has the form of a second order Fredholm integral

equation.

, Oif , 7@ Qi Equation29

The kernel functio i i is detailed inEquation30and™Qi is detailed irEquation31.

oin : Equation30

M 0l = , ® , ® 0w , O Equation31

The T/M solution is obtained using the finite element data provided by the T/H heat
transfer solution. More specifically, the finite element solid material temperatures are used
to obtain the temperattltte pendent mechani cal erelerpeatr t i e s
temperatures, properties, and radial dimensions are then used to solve the different integrals
appearing irequationl9throughEquation31via numerical integration. The latter enables
the calculation of stresses and thermal expansion in each finite element radial region. This
in turn can be used to update the finite element mesh dimensions within an iterative T/H
T/M solution sequence. The described solution relies onhyDoradial approach, which is
aligned with the equivalent annulus approximation. The radial and axial discretiaation

the mesh is identical to the radial mesh used to solve the condoetigaction problem
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detailed in Sectio.1.2 which enables the T/H and T/M solvéseasilypass information

and form a coupled TH/M sequence. The numerical solution technique implemented in
ntpThermo leverages a previously developed and verified approach by Atkinson and
Shampine [41]. The algihm provides a numerical solution for integral equations in the

form:

_ o O iIM®OQO QA O i o Equation32
which can be written symbolically as:
_ Lw Q Equation33

The routine implemented solves integral equations with kernel fundiiori® that are
relatively smooth on R=[a,b]l[a,b] for the
rule to discretize the equation to get anragjpnate solution within the [a,b] radii range.

The solution begins by approximating the integral operator using a quadrature scheme:

"QOQ® 0 Q0 Equation34

For smooth kernel s t éferirr€olanpuneventsgaceddatmpitho n 6 s
an even number of suhtervals each with a subterval thickness ofQis detailed in

Equation35.
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"QOQO 5 Qw ¢ Qw T Qw
Equation35
Qw

It must be noted that the current implementation is limited to only cases where the radial
mesh is divided into an even number of regions. Howevemdnadual thickness of each

subr egi on may be different. Si mpsonoés Rul e
coefficients 0 ) such that _ 0 @ ™Qcan be approximated b¥quation 36.

Combining the relations detailed above leads to a linear system of equations that can be

solved viaEquation37 which is ultimately used to obtajn i .
W i OR0 PO ®OR "Qi Equation36
W i ="Qi O0RL iDR ®OF Equation37

2.1.4 lIterative solutiorsequences

This section details the iterative solution schemes that were implemented in the
ntpThermo code to accommodate the complexities of the flow paths in an NTP system. In
Section2.1.4.1the moderator counter flow solution sequence is described. In Section
2.1.4.2the FE to ME heat conduction solution sequence is described. Finally, in Section

2.1.4.3the coupled T/HT/M solution sequence is described.
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2.1.4.1 Moderatorcounter flow solution sequence

The inlet conditions to the ME (i.e., supply channel) are well known and are not
dependent on either the return annulus or the fuel channels. The ME is solved by
decomposing the element into separate supply and return chahatlare linked via
boundary conditions. First, the moderator return channel is solved using either an outer
surface temperature or heat flux outer surface boundary conditions depending upon the
user input. This yields the return channel bulk coolanpaature distribution™¥ ¢ ), and
heat transfer coefficient(® ¢ ). The supply channel is then solved with the outer surface
heat transfer coefficient & ) determined by the return channel bulk fluid temperature
(Y &) and the heat depositewithin the moderator material. The return channel inlet
conditions (Y fD ) are then updated from the supply channel solution outlet conditions
(including the heat flux® & , from the outer edge of the moderator). The solution of the
ME block yields the heat flux from the surrounding elements if an outer surface
temperature boundary condition is given, or obtained from the outer surface temperature if

a heat flux boundary condition is given. This sequence is detailEdyure10.
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2.1.4.2 Coupled fuel and moderator element solution seqguence

Boundary conditions:
*  Outer Surface temperature, or
*  Heat flux Gpg_pyp(2)

Solve Return channel:

* Assume inlet pressure and temperature P;, , T;,

*  Obtain the bulk heat transfer and temperature
distributions hy,(2), T}, (2).

| meT @

Solve Supply channel:

*  Axial heat transfer coefficients and temperatures are
set as B.C.

*  Obtain the outlet pressure and temperature and heat
flux from/to return and supply

FigurelO. Iterative solution scheme for the moderator element

Pin ’ Tin ’ 5”(2)

Coverged?

Pexit , Texit

Calculate FE-ME heat flux
2

Grg—me(Z)

The FE to ME heat transfer problem is challeiggbecause the FE inlet boundary

condi

cycle mixes the flow from the ME and reflector before passing through the turbine and then

toi

ons

are highly dependent

on

t

he

entering the FE. Accurately predicting theterbderator element flow conditions requires

prior knowledge of the temperature distribution within the FE, which is needed to predict
the heat flux to the MB#
and pressure distuitions within the FE/ME supercell are obtained by solving the FE and

ME separately and linking them through boundary conditions. The solution sequence
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implemented in ntpThermo relies on an inner Idéigre10) to solve the ME and an outer

iterative convergence loofigurell) for the entire supeell.

To solve any combination of FEs and MEs the supercell is decomposed to its FE and
ME constitutes. The FE is solved as a single equivalent annulus channel first to obtain the
outer surface temperature which is set as the outer surface temperdheanaiderator
return channel”l; & ). The solution of the ME relies on the sequence presented in
Figure 3. It must be noted that the same outer surface temperature is applied to all faces of
the ME assuming that six FEs surround a central mamterglement. From this
configuration the heat flux from the fuel to the moderator elenfent (¢ ) is calculated.
This heat flux is then scaled by the number of fuel elemeintsin the supercell
( aXO ® Q). This scalecheat flux @ &) is then applied as a boundary
condition to the moderator element. The heat flux from FEs to the ME is used to balance
the axial power within the FE to conserve the total energy within the supercell. The default
convergence critex for the supercell solution requires that the exit gas temperature
(Y &) from the return channel must be within 0.1K of the previous iteration and that
the maximum temperature within the solid regions is within 2K of the previous iteration
Additionally, the return channel exit pressube ( & ) must be within 150 Pascal of the

previous iteration. These convergence criteria can also be controlled by the user.
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Solve the Fuel Element channel:
Set Gy, () as a boundary condition. Obtain
temperature distribution including outer surface T, (2)

Ts.0ut (2) l

Solve the Moderating Element channel:
Solution of the return-supply block.
Obtain the temperature distribution and Gz, (2)

e, |

Scaling the heat flux from FE to ME:
The heat flux is scaled according to the number of FE
neighbors: g, (2) = drg,"(2)/Npe

O Gt (@ |
OO Resolve the Moderating Element channel:
O. Solution of the return-supply block.

Obtain the temperature distribution

Grey(2)

Coverged?
ME oME
ngi.r ' l'euw'l‘

END

Figurell lterative solution scheme tapture the FBME heat transfer

2.1.4.3 Coupled thermahydraulic and thermechanical sequence

The T/M solution approach utilizes equivalent annulus approximation and uses the
same radial and axial mesh as the T/H solution. The temperature distributionsdbbtaine
from the T/H solution can be directly used by the T/M solver in conjunction with
temperature dependent mechanical properties. The coupled/WHolution sequence,

detailed inFigurel2, begins by iteratively solving the mutthannel T/H problem to obtain
the converged madkw rate distribution &P . The multichannel T/H solution

temperature distribution, dimensions, and temperature dependentmicatimioperties

are then input to the T/M solver. The T/M solver returns the radial stress and thermal
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expansion distributions for each axial layer of each coolant channel specified in the
problem. The T/M solution is used to update the radial mesh bofaaal layer of each
channel including the node volumes, power densities, and fluid flow areas. The updated
geometry is then used by the next T/H solution iteration, where the iteration number is
represented by n, to-@nverge the madtow distribution The outlet pressure is chosen

as the convergence criteria for the coupled - sequence as the T/M feedback
primarily significantly affects the pressure drop due to variation in flow characteristics

(e.g., velocity).

Initialize models:
Power distributions
Boundary conditions

Dimensions
Solve T/H:
N Execute ntpThermo model to converge AP
via 7 to obtain radial and axial temperature
| distribution for each channel (J?)
1 T l

. s T

Update Dimensions:
Update each coolant Solve T/M:

channel’s radial dimensions
for each axial layer

Execute ntpThermo model to obtain stress
and deformation (u,) radial distributions for
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Figurel2. Coupled thermahydraulic and thermanechanical analysis sequence

2.1.5 Massflow convergence schemes

Two massflow convergence schemes were implemented into ntpThermo as the

radial power distribution causes a significant redistribution of flagsin the oth the
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FEs and MEs. Sectio?.1.5.1details the presswdrop masglow convergence scheme,

while Section2.1.5.2 details the orifice masfow convergence scheme.

2.1.5.1 Pressurarop convergence scheme

The pressurelrop masglow convergence scheme is detailedFigure 13. The
scheme begins by solving all the channels in the core using an initial, usually uniformn mass
flow rate distribution to obtain the initial pressure drop. The Hiagsrate is iteratively

adjusted according tBquation38 until the pressure drop across the channels is uniform.

a ——— 0 Yo Y0 G Equation38

WhereYd andd& are the pressure drop and méew rate in channelQat iterationn

respectively.

MM, Qi

k4
Initial mass-flow guess:

Initial guess of each channel’s mass-flow rate

k4

,| Solve channels:

Obtain each channel’s total pressure drop APppq -

Converged?
max(|8Peotatk = BPayg|) <

Emdot

No

¥

Update mass-flow guess:

Update guess of each channel’s mass-flow rate via Eq. 4

Figurel3. Pressur@rop masglow convergence scheme
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In some special cases, an under/over relaxation fadr) (s required to prevent

predictions of negative ma#lew rate, however by default the code s€is equal to one.

2.1.5.2 Orifice convergence scheme

The combination of high gwerdensities and noeaniform radial power
distributions pose a significant thermal design challenge. One strategy used to address this
challenge during the NERVA program was to apply orificing at the inlet of each fuel
channel in conjunction with a namiform fuel loading pattern. A significant amount of
computational and experimental resources was expended to validate the orificing
performance of the XE series reactors [42]. The Westinghouse-Natiear Laboratory
(WANL) developed design specific agé pressure loss coefficients [43]. While these
coefficients proved to be effective for the NERVA program, an extensive amount of
research has since been conducted to improve the understanding of flow fluid through an
orifice. The American Society of Meahical Engineers (ASME) has developed well

established methods for modelling fluid flow through orifice plates [44].

The ASME relation for presswdrop across an orifice plate can be calculated using

Equation39,

Yo ~ Equation39

where” is the density atinle§ is the area of the orifice openings the expansibility

factor,0 is the discharge coefficient, ahdis the orifice flow area to channel flow area

ratio. This relationship is nelmear as the expansibility factor is a function of pressure
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drop and requires a numerical solution to obtain the pressure drop across the orifice

o ).

The objective of the orifice solution scheme is to distribute the -flmsgate to
achieve a uniform exit gas temperature distribution and minimize the maxineim f
temperature. This objective is achieved by maintaining a constant power tlonasgio
in all channels, thus resulting in a nearly equal enthalpy gain in each channel. The mass

flow of each channely , is distributed based dfquation40,

. Q
a 0 = Equation40
where0 is the axially integrated power of chanf@lé is the total masfiow rate,
and0 is the total power.

The orifice masglow convergence scheme sequence is presentédunel4. The
scheme begins by distributing the mélesv using Equation40 and then solving for the
pressuredrop across each channel without any orificing applied. The target presepre
YO ) is the maximum pressureajr of all the urorificed channels and is held
constant throughout each iteration. This approach minimizes the total pressure drop across
the core as the target pressure drop charetel () has no orificing applied. The
solution scheme iteratesnt i | al |l of t hedrapdannpelYs8d6 tot al
YO ;) are within a given criteria of the target pressure drop, Where, is the pressure
losses only due to orificing ané is the pressure loss due to acceleragiod friction in

channelQonly.
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Figurel14. Orifice masdglow convergence scheme

2.2 Serpent Code

The Basilisk multiphysics framework, described in SecB@relies on the Monte
Carlo (MC) neutrorphoton transport code Serpent [45] as the neutronic solver in the
multiphysics analysis framework. The inherit flexibility of MC codes to capture complex
geometry isextremely advantageous for modeling NTP reactors due to the heterogeneity
of in-core elements and use of rotating reactivity control devices. Additionally, Serpent has
been validated against experimental results [46,47] and extensively verified via nsimerou

codeto-code benchmark8,49].

The Serpent code was specifically chosen over other MC codes due to its
multiphysics interface which enables the application of arbitrary temperature and density
profiles in an efficient manneb()]. The Serpent code al¢@s builtin depletion solvers
and timeintegration schemes which are required to perform time dependent andlysis |

52]. Additionally, the serpentTools python package can be used to efficiently parse Serpent
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outputs b3|. These features and supportexpsystenmakeSerpent an ideal MC code for

full-core multiphysics analysis.

2.3 Basilisk multiphysics framework

This section describes the Basilisk multiphysics framework, which is a python based
objectoriented framework that integrates the Serpent and etpid codes to perform

full-core timedependent multiphysics analysis of NTP reactors.

2.3.1 Motivation for development and structure of the Basilisk framework

The design of a NTP system is an inherently iterative process which in some cases can
require the compte redesign of the reactor core. Thus, it is extremely valuable to develop
a flexible and robust framework that can enable the user to rapidly reconfigure all aspects
of the reactor geometry and with minimal additional effort performdoite multiphysis

analysis.

In addition to the data management required to perform multiphysics analysis, the
Basilisk code has several objects/classes that aid the in constructionafréulberpent
models. The construction of a fidbre Serpent model using the Basdliframework is
detailed inFigure15. First, the user must define eackcoreelementwhich includes the
geometry, material definitions, and variollesgs. These flags are used to define which
elements are FEs, MEs, and which materials should be burned during depletion analysis.
Any arbitrary number of elements can be defined by the user. €lgsentsre then used
to assemble &ttice. The latticearranges the previously defined elements into a regular

structure, such that the exact location of eatdmentis known. This information is
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required to ensure that the T/H fields are correctly mapped to the Serpent model. Once of
all thelatticeshave ben defined, they can be assembled irdtaak The user must spegif

if a specific layer is to be considered in multiphysics analysis. This allows the user to add
additional structures such as upper plenums that are not included in the multiphysics
analyss. The largest structure that can be created by the Basilisk co@eiie@bject. The
Periphery object defines the radial reflector and optional control drums. An arbitrary
number of radial regions, control drums, and control drum positions can béespbyi

the user to generate tReripheryobject. The final object that must be defined before the
Core object is complete is tBettingbject. The settings object contains all the simulation
settings, detectors, multiphysics interface file specificetj and other read files
required to construct a Serpent model. Once this object is assembled, the user has access
to several useful functions, such as writing the Serpent model to text file, and calculating
the mass of every material defined in thedelo Additional useful capabilities have been

implemented into the Basilisk code but are not discussed here for the sake of brevity.
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Figurel5. Basilisk fullcore Serpent model construction process

The process detailed figure 15 allows to construct the required geometry for the
analyzecdcore andequires no additional input by the user to detime ntpThermo model.
Having a single framework that defines the neutronics and the thermal models
simultaneously assists multiphysics analysisAdditionally, all the material volumes are
automatically calculated for depletion analysis. The only aafditiwork required by the
user to perform fulcore multiphysics analysis is to provide the ntpThermo material
properties object, define tmeultiphysics analysis settings, and define the tdependent
T/H boundary conditions. Th€ore object can also bfed into the fuel loading analysis
sequence detailed in Sectidr3.3to tailor the radial power distribution. The Basilisk code
was developedusin modern coding practices and has

supporting examples. It should be noted that analysis sequences implemented in the
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Basilisk code were developed in an extremely modular manner, such that redieed

transport solvers (e.gipdal diffusion) could be easily incorporated into future research.
2.3.2 Coupled neutronithermathydraulicthermemechanical analysis sequence

The coupled Neutronic+TH/M (N+T/H-T/M) sequence implemented heeties
on a traditional Picard iteration amsl detailed inFigure 16. The sequence begins with
initializing the Serpent and ntpThermo models. Next, Serpent is executed to obtain the

neutronmultiplication factor (kr) and the local power deposition distributiofs;() with

¢ hQand Qdenoting the iteration number, radial channel index, and axial layer index
respectively Power deposition is collected instead of fission power, amnanegligible
amount of energy is deposited in the moderator elements and core periphery via neutron
and gammaay interactions. The energy deposition in the active core is tallied as a function
of axial height on an elemebt-element basis where each BBd ME is individually
tracked. Additionally, each material region within each element is uniquely tallied based
on the user defined settings. However, the energy deposition within that region is assumed
to be uniform (i.e., intr&lement power peaking ot accounted for); however, future
research may expand the FIHM solution methodology to account for the inglement

power distribution within the FEs.
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Initialize models:
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Figurel6. Coupledneutronicthermathydraulic and thermemechanicabnalysis
sequence

Next, the multichannel ntpThermo model is executed based on the user defined
T/H boundary conditions and convergence schemes. From the ntpThermt/M/H
simulation, the spatially dependent temperati¥ and density distributions’  are
obtained for every region of each fuel and moderator element within the active core. The
T/H fields are mapped to the neutronic model via the approach presented in Figure 3, where
each color represents a unique material region within theldEE. The ntpThermo code
relies on the equivalent annulus approximatés such, the volume average of the radial
temperature profile obtained from the ntpThermo model of material ré&poaxial layer
Oof eIemenfS)("YF‘) is applied to theaspective region in the neutronic model, as detailed

in Figure 17, via the ®&rpent multiphysics interface. The user has the option to specify
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which T/H feedback is accounted for during the simulation. The research presented in this

dissertation accounts for all T/H feedback, including cladding and gas temperatures.

Coolant channel

Obtain Tik'j for a specific region (i)
by volume weighting T ()

l

k.
TFuIel (T‘)

FE Serpent geometry FE ntpThermo geometry

a. FE T/H feld mapping

Supply coolant channel

Return coolant channel

Obtain Tik" fora
specificregion (i) by
volume weighting
T (r)

ME Serpent geometry ME ntpThermo geometry

b. ME T/H field mapping
Figurel7. T/H field mapping to Serpent model
The sequence iterates untidskand the local power distributions converge based on
Equatiord1andEquatiord2respectively. Ilsome lower power regions of the reactor core,
such as the coolant or cladding, the fractional change of the local power in axialjhode (

of channelQ (0 ;) may have largerelative fluctuations and struggle to achieve
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convergence while havingvary minor impact on the overall solution. To avoid such issues
each axi al nodeds relative fluctuation
power of the reactor.

Qr Q ;i - Equation41

a4 —s V = V - Equation42

2.3.3 Critical drum search algorithm

NTP reactors rotate the control drums located in the core periphery to control excess
reactivity during operation. The coupled multiphysics critical drum search sequence is
detailed inFigurel8. The sequence begins by executing the N+T/M sequence detailed
in Figure 16 to converge the excess rawity and local power distributions for a given
control drum position-¢). If the calculated reactivity” () is within the convergence
criteria ¢ ) of the target reactivity’() the iterative loop is exited. If the desired reactivity
is notachieved, then a new critical drum positier () is predicted using the critical
search sequence detailedFigure19. The T/H fields %), which include solid material

temperatures and coolant densities, are fixed during critical drum search.
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Execute multiphysics analysis:
Iterative execute Serpent and ntpThermo for
a fixed control drum position (8,,) to obtain
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Converged?
Abs(pn - p:) < & _-?-_* END

O Ons T‘n No
y
Execute critical drum search:
Execute critical drum search detailed in
Figure 2 with fixed T/H fields (T, ) to obtain
target reactivity (p,)

6n+1

Figure18. Coupled multiphysics critical drum search

The computational cost of each MC solution is-negligible, therefore mimizing the

total number of iterations within the critical drum search is desirable. Since the integral
reactivity worth curve of a typical control drum design is a monotonic cosine shape, the
possible searchpace can be reduced with each iteratiba given control drum position
predicts a reactivity greater than the desired reactivity, then the lower control drum angle
limit (— ) is updated1f* represents drum fully rotated away from the core). Likewise, if

a control drum position predicts a céigity lower than the desired reactivity, then the upper
control drum angle limit-{ ) is updated. Each new control drum positier () is
predicted via the NewteRaphson method. The neutronic model geometry is updated and
then Serpent is exe@d to obtain the new reactivity ( ). Once the calculated reactivity
within the convergence criteria, the search sequence is exited, and the sequence detailed in

Figurel8resumes.
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Figure19. Critical drum search sequence

2.3.4 Timestepping sequence

The timestepping sequence implemented in the Basilisk framework is detailed in

Figure 20. The sequence requires that the user specify the T/H boundary conditions

(B. C. 6s)

the total reactor power and inlet conditions to the FEs and MEs change significantly. The

sequence allows the usersjgecifyu p t o t wo B. C.

A

oS

f

or

fstepr NTE angites d¢am undergo several phases of opevndiere

each

is required tanalyzethe transition from mahstage to throtd-hold operation. The time

stepping sequence begins by executing the coupled multiphysics sequence detailed in

Figure19to converge the initial contibns. The sequence checks if there is a change in
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the T/ H B. C. 6d-stepisdtopiao apncentration for eaam durnable material
@ ) is predicted using the depletion solver and time integration schemes implemented
within the Serpent codé&1,52]. The sequence continues until the last time step has been

completed.

THB.Cs
;
|
1
h
Execute steady-state

multiphysics:
Run iterative multiphysics analysis sequence e - - -,
detailed in Figure 1. Convergence T/H fields
and critical drum position, with given B.C.’s
and isotopic inventory

R

e ___ Checkif B.C.’s change
for same time point

No

h

Execute depletion step:

Execute single depletion step with
converged T/H fields and drum position to
obtain new burnable material compositions

i
Nt
¥

No
/ Last time step? % ______

Yes

== =]

END

Figure20. Time-stepping analysis sequence

2.3.5 Fuel loading design search sequence

Reducing radial power peaking is crucial when designing anfd&étor. Uniformly
loaded reactor designs, where each FE has the same fuel particle packing fraction, can

experience radial power peaking factors greater th2h [f.the masslow is allowed to
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naturally redistribute itself based on this radial powekpgathen the maximum fuel
temperature can exceed0tK, which would imply catastrophic thermal failure of several
FEs [54].In practical terms this would requieeredudion the total power of the system
and deteriorate the performance of the system,spedifically k. Therefore, the radial
power peaking of a given core design must be reduced beforeofallmultiphysics

analysis can be performed.

NASA is currently testing Uranium Nitride (UNQERMET and CERCER fuel forms
[7]. The composite CERCER fueurrently be investigated by NASA utilizes Zirconium
Carbide (ZrC) coated UN particles embedded in a ZrC matrix as detaifgdure 21.
Previous tudies shown that radial power peaking can be significantly reduced by adjusting

the fuel particle packing fraction in the FEs [55].

UN kernel ZrC matrix

ZrC coating

Figure2l. Coated patrticle fuel diagram

The fuel loading algorithm implemented into the Basilisk code allows the user to adjust
either the fuel kernel enrichment or fuel particle packing fraction to achieve a specified
radial power shape and excess reactivity. Previous analysis has showrjustagthe

fuel kernel enrichment, with an upper limit of 19.75 wt%, resulted in increased particle

packing fractions and thus HALEU mass requirements due to the increased parasitic
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neutron absorption if*8J [55]. Reducing the total HALEU mass is desleabs NASA
and the Department of Energy have yet to determine if the planned HALEU fuel feedstock
production capabilities will be sufficient to meet the needs of the NTP baseline mission
[7]. Therefore, the recommended design approach is to adjust tiheeppecking and

maintain a constant 19.75 wt% enrichment in the fuel particles.

The fuel loading search sequence implemented in the Basilisk code is detailed in
Figure22. The user must provide a radial shape function (i h—) to which the radial
power distribution will be matched. The user is given the flexibility to have the desired
radial power distribution be a function of core radius arichathal angle. The user must
also provide &oreobject, as the spatial position and material composition of each FE in
the core must be known during the design process. The sequence begins by calculating
what each FEG6s radial bp aceoedng tp the kser mefined act o
"Q ih—. Next the radial power peaking search algorithm detaileigure 23 is

executed. Serpent is executed to obtain the actual radial power peaking distribution of

every FE in the model{ WD) based on the current fuel loading)( If the relative error

betweenY @WP and the desired radial power peaking distii (Y ® D) is greaterthan

required convergence criteria () then a new fuel loading is predicted #quation43.

Equation43
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Where(Pis the average particle packing fraction of the current iterationparftds the
average particle packing fraction of the previous iteration. The user must also specify a
maximum patrticle packing fraction, typically 65 vol% particles [1], to ensure the final
design remains within realistic limitEquation43 acts as a simple cost function giving
underpowered FEs a larger share of the total uranium in the core by redistributing uranium
from the oveipowered FEsEquation43 ensures that the total uranium within the core is
constant throughout the inner loop by preserving the average loading. When the total mass
of uranium in the core is not held constant throughout each iteration some cases fail to
converge to desired radial power distribution when convergence would otherwise be

possible.

Once the radial power distribution has been achieved the sequence detailed
Figure22 resumes. The fuel loading search algorithm contains an outer loop that adjusts
the global average particle packing fraction to ensuredhe maintains a specific excess
reactivity ( ). The radial power shaping process detailedrigure 23 can cause
reactivity lossesonth or der of 10006s of pcm as fl att
increases the neutron leakage from the core. Additionally, NTP reactors are typically
designed to be critical at fytlower conditions for a specified control drum position [1].
The outedoop enables the user to obtain a specific radial power shape, while preserving

the desired initial critical drum position.
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Figure22. Fuel loading search algorithm

The sequence performs well when a reasonable core designeah&@ome designs
may not be able to achieve the desired target reactivity while maintaining realistic particle
packing fractions. However, the Basilisk code outputs includes convergence flags which

notify the user if either the radial power peaking ogeareactivity goals are not achieved.
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Figure23. Fuel loading radial power peaking search algorithm
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CHAPTER 3 VERIFICATION STUDIES

This section contains the verification and convergence studies of ntpThermo code.
Section3.1provides a summary of the convergence studies which are detailed in Appendix

D.1. Section3.2contains several OpenFoam benchmarks and analytical benchmarks.

3.1 Convergence study summary

This section describes tmpThermoradial and axiameslesused to perform the
analysispresented in this dissertatioi.convergence studyasperformedto determine
the required axial and radial mesh thicknesses to obtain aevelerged solutiomsing
the ntpThermo cod®etailed analysis can be found in Appéx D.1 and is not included

here for the sake of brevityhe final mesh thicknesses are detailedablel.

Tablel: ntpThemo axial and radial meshes

Parameter Value
Axial mesh thickness, m 2E-2
FE radial mesh thicknesm 5E-6
ME radial mesh thicknesm 1.25E5

3.2 ntpThermo verification studies

This section contains the OpenFoam and analytical verification studies of the
ntpThermo code. Sectidh2.1details several of the OpenFoam veafion benchmarks,
while the complete benchmark set can be founb@h. All the benchmarks detailed in

Ref. 56 show good agreement between codes, therefore only a subset is presented in
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Section3.2.1 Section3.2.2 details the analytical verifications of the numerical heat

conduction and theraglastic solvers.

3.2.1 OpenFOAM verification studies

OpenFoam is an opegource finite volume code [57] and is used to generate high
resolution reference solutions. Previous research validated the conjugate heat transfer
(CHT) to model against the NERVA NRX6 experimental data [58,59]. Subsequent
research verified the solution of the coupled fuel and moderator supercell [60]. The
development of the CFD benchmarks is outside the scope of this dissertation. The objective
of this Section is to use the previouslgveloped CFD benchmarké( to verify the

ntpThermo code.

3.2.1.1 OpenFoam benchmark description

The CHT method implemented in OpenFoam couples the solid and fluid domains by
enforcing the continuity of the heat flux at the interface of the two connected domains. The
solver has a muHiegion capability to allow each sulomain to have its own uniqueesh
structure. For the fluid domain the Navi®tokes conservation equations are solved
numerically with useselected turbulent models; while only the heat conduction equation
is solved in the solid domain [61]. The higésolution CHT model adopts a hmdmesh
structure that consists of structural hexahedron cells and unstructured tetrahedron cells. A
fine mesh structure is used near the fluid and solid boundary interface to avoid any potential
heat flux discontinuity at the interface. A coarser unstimecd mesh is used in the solid
domain wherfar away from the solidluid interfaces Figure24a shows the subivision

of the FE mesh structure intour different layers: (a) freestream layer, (b) fluid boundary
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layer, (c) solid fine mesh layer, and (d) solid layer. The ME mesh structure is detailed in
Figure 24b and follows the same logic as the fuel element. In both mesh models, the
freestream layer is relatively distant from the wall where turbulent flow candaoeled
without neaswall treatment. To capture the turbulent wall effect, the fluldlayer uses a

finer mesh where the size of the first interface cell center is estimated to maudtdiesa

than 5. Lastly, the solid layer is relatively coarse as the physics is only governed by thermal

conduction.

Supply
channel

a. Fuel element b. Moderator element
Figure24. Description of OpenFOAM meshest]
The FE and ME geometry and material definitions for the sample calculations were
obtained from publicly available papers [30,62]. The problem considered is a NERVA
derived design, whe the fuel element is a hexagonal element with 37 internal coolant
channels. The fuel cladding material is molybdenum (Mo) tungsten (W) alloy which has a
mass fraction of 30% tungsten and is referred to as Mo:30W. The fuel form considered
here is CERMETwhich had continued development in the NASA Game Changing
Development Program [30]. The CERMET fuel contains 60 vol% uranium nitride (UN)

and 40 vol% Mo:30W. The exact geometry of the fuel element is detaileabie2 and
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presented irrigure4. The moderator element is a dual pass cotftter element, where

the flow enters in the supply channel and exits through the outer return channel. The
moderator supply channel includes thaar coolant region (region #4), inner Zircalby

alloy cladding (region #5), and moderator material isigtHregion #6). Only the inner
supply channel surface is cladded, while the exterior hydride in the return channel is left
unclad [30]. The moderat return channel includes the return coolant (region #7), insulator
cladding (region #8), insulator (region #9), and outer sleeve (region #10). The exact

geometry of the moderator elements is detaileBainle3 andFigureb.

Table2: Fuel element definition

Parameter Value
Hexagon Flat to flat distance 2450 cm
Number of coolant channels 37
Coolant channel radius 0.132 cm

Coolant channel cladding thickness| 0.015 cm

Active fuel height 100.0 cm
Axial reflector height 15.0 cm

Fuel meat material Mo30W-60UN
Clad material Mo30W

Axial reflectormaterial BeO

Lower support plate material Al-2024
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Table3: Moderator element defintion

Parameter Value

Hexagon Flat to Flat Distance | 2.4500 cm

Supply Channel Radius 0.2000 cm
Supply Channel Cladding Radiu| 0.2570 cm
Moderator Region Outer Radius| 0.8749 cm
Return Channel Outer Radius | 0.9749 cm
Insulator Cladding Outer Radius| 1.0019 cm

Insulator Outer Radius 1.1269 cm

Height 100.0 cm

Cladding Material Zircaloy-4

Moderator Material ZrHa g9

InsulatorMaterial Porous ZrC

Sleeve Material Yttria Stabilized Zirconia (YSZ

Several different supercell patterns are considered in the verification studies,
however only the 6FOM supercell study is presented in this dissertation for b&#ity [

The superceltonfigurations are detailed Figure?25.

The axial power profiles used in the verification study were calculated by Serpent
3D using the explicit supercells presente&igure25. The axiabower profiles for the FE
and ME are presented Figure 26, only the energy deposited in the fuel meat, hydride
moderator, and moderator sleeve weléed as they account for over 99% of the total
energy deposition in the supercell. The fuel axial power profile experiences a small peak

near the entrance due to the beryllium oxide (BeO) axial reflector.
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Figure25. OpenFoam supercell benchmark configurations

The data provided in this section is included for reproducibility purpodes.solid
material definitions are detailedTiable4. The coolant/propellant hydrogen gas properties
were fitted as function of temperature using the NASA standard hydrogen dataset [63], and
are detailed in Table 4. Each region was fitted separately wsingalistic region
representative pressure. This simplification was made to reduce the uncertainty on thermal
properties and place more emphasis on comparing the solution procedures. However, as
both ntpThermo and OpenFoam use identical temperdapenént correlations the
comparison is consistent. For the purposes of the benchmark power is only generated in
the fuel meat (region #3), the Zrkbmoderating region, (region #6), and the sleeve (region
#10). The power is generated only in the active fdarteocore for the entire 100 cm length
of the problem, with the axial reflector region included in the neutronic modeling, but not

in the thermal hydraulic modelling. The boundary conditions to each element are given in

Table6.
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Figure26. Axial power density profile for different regions of FE and ME

Table4: OpenFoam benchmark material definitions

Material Label Description . r]_
[ £
21 FE Clad Mo:30W 90
371 Fuel Mo:30W-UN 50
51 ME Clad Zircaloy-4 30
61 Moderator ZrHa.s9 20
81 ME Clad Zircaloy-4 30
91 Insulator ZrC
10- Sleeve YSZ
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Table5: OpenFoam benchmafkiid material definitions
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Conductivity and viscosity are correlated using the following polynomial relation:

0 0°Yd6Y 0QOY 0OY

Table6: OpenFoam benchmark fluid boundary conditions

Fuel Element Boundary Conditions

Inlet Temperature

300 Kelvin

Inlet Pressure

7.0 MPa

Mass flow rate

0.054042 kg/s

Moderator Supply Elemefoundary Conditions

Inlet Temperature

40 Kelvin

Inlet Pressure

14.0 MPa

Mass flow rate

0.02393 kg/s
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3.2.1.2 Moderator element with known outer wall temperature boundary condition

The first moderator benchmark presented in this dissertation apresvnouter

surface temperature profiléY(; &) was as a boundary condition to the moderator

sleeve outer surface, detailed by Equation 44, and inlet conditions base ofi.Table

Yhoo«Q CCHp pw@® CYuwpwoR Equation44

An explicit hexagonal and equivalent annulus OpenFoam model was constructed to
determine the importance of explicit geometrical modelling. The results presented in
Figure 27 show good agreement between the three models and confirm the ability of
ntpThermo to model a ME with realistic boundary conditions. However, there is a
systematic error in the return channel that causes a ~25K-prettction in thereturn

channel bulk fluid temperature presentedrigure27a. This discrepancy can be observed

in both ntpThermo and the equivalent annulus OpenFfuoadel, thus demonstrating that
the error i's not due to ntpThermods moder
modelling an equivalent annulus rather than a hexagonal element. The outer surface area
of the equivalent annulus model is ~95% the surdaea of the hexagonal geometry model,
which results in a slight under estimation of the total heat flux from the fuel element due
to the equivalent outer surface boundary condition detail&ture27c. This systematic

error has been resolved by using geometric scaling factors.
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Figure27. Results for various thermal fielddVIE with fixed wall temperature
boundary conditions

Several different heat transfer correlations were considered for the solution of the

moderator return channel, detailedFigure 28. The moderator return channel bulk and
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inner surface temperature profiles for each of the heat transfer correlations are detailed in
AppendixA.1 Heat transfecorrelations The bulk fluid temperature in the return channel

is almost unaffected by the heat transfer correlation. However, the return chraranel
surface temperature is sensitive to the heat transfer correlation and is best predicted with
the Taylor correlation. The Taylor correlation is the most accurate as it was fitted based on
data obtained from experiments with hydrogen that encompdssedrige of conditions
present in the moderator supply chaniBlq2 5 K, P OIYCO 2. VPt 7
Therefore, in future reduced order modelling of dual pass moderator elements, the Taylor

correlation is recommended to obtain the most accurate results
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a. Coolant bulk temperaturepT b. Inner surface temperature,f

Figure28. Inner surface and bulk temperature distribution using various heat
transfer correlations

3.2.1.3 Fuel and Moderator Element Supercell

This section presents the benchmark results for the 6FOM supercell, which is a
single moderator element surrounded only by fuel elements. The results presEigackin
29 show that the bulk fluid and surface temperatures are well predicted in both the fuel and

moderator, where the ntpThermo calculated fields are presented by the triangular marks
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and the OpenFoam calculated fields are representee ylild line. The FE and ZrH inner
surface temperatures are slightly over predicted by ntpThermo. However, this over
prediction is favourable for engineering analysis as it results in conservative thermal
margins. Despite the over prediction of inner stefaemperature, the bulk fluid

temperatures are well predicted.

.......

OpenFoam
4 ntpThermo

2500

et
o
L

5500 M%

2000

2000

1500

1000 1500

OpenFoam
& ntpThermo

500 1000

FE temperature profiles, K

Sleeve average temperature, K

00 02 04 06 08 10 00 02 04 06 08 10

Axial height, meters Axial height, meters

a. Fuel element b. Sleeve outer surface average
] P a— %4 <+
W[ e e Y N
2 500 1 = 2 150 Bl
i= iy s i
O o 4
a | | TThm a Ay
o 400 o5t
5 S Vi
B ‘100 f
g 300 g
: :
J; 200 OpenFoam ; OpenFoam
E & ntpThermo —% 50 & ntpThermo
& ]

00 02 04 06 08 L0 00 02 04 06 08 L0
Axial height, meters Axial height, meters

c. Return channel d. Supply Channel

Figure29. Selected axiaistributions results for 6FOM supercell
The 6FOM supercell solution sensitivity to various heat transfer correlations applied to the
fuel element is detailed iigure 30. The best agreement is achieved with the Wolf
McCarthy correlation, and the worst agreement is found with the Petukhov correlation.

This sensitivity demonstrates that a naive heat transfer correlation selection could result in
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highly conservative solid fuel temperatures, which could have a negative impact on engine

performance.
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Figure30. Surface temperatures using various heat transfeelations, 6FOM

Based on the results presented in previous sections and the results presented above
the authors recommend the WicCarthy correlation for solving the fuel element. This
recommendation is preliminary and if the use case differs signtfic from design
considered in this paper additional benchmarking should be performed. Additionally, any
reduceedorder T/H modelling would greatly benefit from additional experimental work to

develop updated NTP specific heat transfer correlations.
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3.2.2 Analytical verification studies

This section contains two analytical benchmarks. The first verifies the numerical
heat conduction solver in Secti@R2.2.1 The second verifies the thermoelastic equation

solver in Sectior3.2.2.2

3.2.2.1 Numerical heat conduction solver verification

The finite difference heat transfer solver within ntpThermo was verified against analytical
solutions for characteristic conditions in the fuel element and moderator supply channel.
The purpose of this benchmark is to verify the accuracy of the sparse sater
implemented to evaluate the resistance model described in S2cti@nThe geometry
detailed inTable 2and was used to construct ecalent annulus fuel and moderator supply
channel benchmark problems, respectively. Only a single axial layer was modelled, and
only a single coolant channel was considered in the fuel element analytic exercises. The
thermal conductivities fronTable4 were implemented in the benchmark problems, and
fixed heat transfer coefficients and bulk coolant temperatures were applied to obtain an
analytical solutio. The radial temperature distributions are compared against analytical
solutions inFigure31 for the fuel and moderator supply channels. Both beacksrhave

near perfect agreement with analytical solutions, demonstrating that the numerical solid

heat transfer solution scheme is correctly implemented and produces accurate results.
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Table7: Analytical heat conductiosolver benchmark inputs

Parameter Fuel Element Moderator Element
Heated region power densi| 5 MW/Liter 0.1 MW/Liter
Heat transfer coefficient | 20000 W/m3-K 20000 W/ni-K
Bulk coolant temperature | 500 K 100 K

740 { == analytical 220 | = analytical

ntpThermo ntpThermo
735
200
>; 730 j
?} 725 % 1801
:
720 F 6o
#
715 o
i v
Py 140 4 /0
701 T | | | | | | |
0.0013 0.0014 0.0015 0.0016 0.0017 0.0018 ©.0019 0.0020 0.0021 0.002  0.003  0.004 000; 0.006 0.007 0008 0.00
radius, m radius, m
a. Fuel channel b. Moderator supplghannel

Figure31. Analytical heat conduction solver benchmark results

3.2.2.2 Thermaelastic equations solver verification

The thermoelastic equation solver implemented in ntpThermo was validated against
the analytical solutions detailed in Re€39. The material properties applied to the
benchmark solution are detailed Table 8, and are a function of radius. The applied
temperature distribution is detailedtguation45, whereTa= 0 K and =500 K, and is

detailed inFigure32c.
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Table8: Thermoelastic equation solver benchmark material properties

Material Property Correlation
0 i
Youngds Mod| Oi 0 o =
W
Thermal expansion . o |
coefficient,K'? I pUpm »
Thermal conductivity, e i
W-mil.Kit Ql (V) ] a)
Poison ratio, unitless 30=0.324
YoOUY L '
Vi ~iie Y Equation45

The radial stresg-{gure 32a), hoop stresg-{gure 32b), and rdial displacementHigure

32d) were calculated for different exponent values. The ntpThermo results are
represented by the dashed lines in Figunetiile the analytical solutions are represented
by the solid lines. The results detailedrigure 32 show that the implemented numerical

scheme correctly solves the strsimin equations through the Fredholm equation.
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Figure32. Analytical thermemechanical solver benchmark results

3.2.3 Propagation of differences in thermal fields to neutronics

As stated previously in Sectiadh4 one of the primary goals of ntpThermo is to
provide T/H solutions for coupled neutronic and T/H calculatioms.dxly is it important
that neutron multiplication factor is well predicted but also the local reactivity of each axial
layer, and thus the axial power distributions. The supercell configurations detailed in
Figure 25 were modelled in Serpent with the thermal hydraulic solutions obtained from

ntpThermo and OpenFoam. This included all the solid material temperatures and coolant
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densities. The global retity difference between ntpThermo and OpenFoam calculated
thermal fields for all the considered cases was less than 3 pcm. This level of agreement is
more than sufficient for coupled N#T analysis. The muHlgroup cross sections were
generated for eachctive fuel axial layer of the supercell models and local reactivity of
each supercell was calculated using the formtla& fn wé& p ™ p

aj & , where is the onegroup absorption cross section and is the one
group neutra production cross sectiomhe local reactivity of each supercell is detailed in
Figure33, where the local reactivity scale is on the-ledind sideand the error is on the
right-hand side of each figur&he local reactivity shape is peaked near the entrance of the
fuel element due to the presence of the BeO axial reflector. The local reactivity of each
supercell is well predicted with a maximum ermmir 7 pcm present in the 6FOM

configuration, while average local reactivity error of all the supercells is less than 2 pcm.
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Since the local reactivity is well predicted for each supercell configuration, the axial
power profile for each region in is also well predicted. The axial power profile average and
maximum errors are detailedTiable9. The maximum percent difference of 8.87% occurs
in YSZ axial power profile for the 6FOM configuration. The average error in the fuel
region, which is the most important to accuratedust, is less than 0.65%. The maximum
error for each supercell occurs in the lower power regions of the YSZ near the lower

support plate in each configuration, where the axial relative peaking factor is less than 0.7.

Table9: Powe profile percent errors

Configuration Fuel (avg / max) | ZrH (avg / max) | YSZ (avg / max)
6FOM 0.33%/1.52% | 0.43%/2.84% | 1.35%/8.87%
4F2M 0.57%/2.11% | 0.70%/1.97% | 1.45% /6.34%
2FAM 0.64% /1.55% | 0.66% /1.75% | 1.08% /5.72%

The neutrommultiplication factor, local reactivity, and axial power distributions are well
predicted with ntpThermo calculated thermal hydraulic fields. The agreement presented in
Table 21and Figure 33 demonstrate that ntpThermo is an ideal code for multiphysics

analysis of NTP reactors.
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CHAPTER 4 FULL -CORE MULTIPHYSICS A NALYSIS

This section focuses on analyzing the impact of various multiphysics feedback
mechamsms on the predicted excess reactivity, spatial power distributions, and
thermal/mechanical safety margins of a given design. In Settidime selected reactor
design is described. Sectidi2.1presents fullcore multiphgics analysis. Sectioh.2.2
investigates the relevant importance of specific T/H feedbacks on the neutronic solution.
Finally, Sectiom.2.3investigates the importance of accounting for T/M feedback on the

T/H solution.

4.1 Design description

Recent industry studies have laid out ground rulesgHe design of HALEU NTP
reactorswhichare summarized ihable10[1]. The reactor subsystem mass limit specified
in Tablel0does not include the mass of the turbopump or the convedgemgent nozzle
mass. The ground rules allow the use of Ceravietallic (CERMET) fuel, which is the
focus of several ongoing research activities [65,66]. However, the analysis in this section
focuses on a CERCER fueled reactor, which is currently favored in industry designs [1].
One of the primary advantages of CERCER fuel is a reduction in parasitic absorption due
to the use of ZrC as the matrix material. Additionally, the effective densitigeofuel
material is significantly reduced enabling a considerably lighter reactor deSgn.
mentioned previously, the reactor design considered in this dissertation is a NERVA
derived configuration with HALEU UMCERCER fuel and a Zirconium Hydride (Zirkd)

moderator material.
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Tablel1Q: Industry design ground rules

Ground Rule Value

Thrust 12,500 15,000 Ik
Specific Impulse 900 s

Reactor subsystem mass 03,800 kg
Reactor fuel form CERCER or CERMET
Fuel kernel UN-HALEU

Maximum fuel particle packing fractiof O6 5 v ol % p a
Maximum fuel temperature design lim{ 02 850 K

An inverse pewee lattice configuration was chosen to ensure that the active core possess a
similar HZ*U as the baseline industry design. The axial and radial reactor cross sections
are detailed ifrigure2 andFigure3 respectively. The geometry of the fuel and moderator
elements is identical to those used in the OpenFoam benchmarks (see $&€ctjon
however the active fuel length has been increased from 100 cm to 120 cm. Several of the
key design parameters are detailedablel1l. The reactor has a dry mass of 2680 kg,
which leaves a 1,120 kg mass budget for supporting mechanical structures, and radiation
shielding. The design relies on an expander engine cycle Wieereflector and moderator

flows are recombined before passing through the turbine to drive the pump before entering

the FEs as described in Sectibi.
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Tablell: Key reactor design parameters

Parameter Value
Reactor subsystem dry mass, kg 2680
Main-stage thrust, tb 15,000
Main-stage specific impulse, s 900
Total HALEU mass, kg 40.3
Fuel enrichment, wt%**U 19.75
H:2%U ratio 334:1
Active core height, cm 120
Active core diameter, cm 62
Number of FEOSs 127
Number of MEOSs 390
In-core element flato-flat distance, cn| 2.45
Radial reflector thickness, cm 14
Number ofcontrol drums 18
Control drum radius, cm 5.75
Poison vane thickness, cm 0.5
Poison (BC) enrichment, wt%4°B 95
The Basilisk codebds fuel

to adjust the fuel particle packing fraction of each FE in the core to obtain a-cadiale
power shape with a maximum radial power peaking factor of 1.1. The final fuel loading
pattern is detailed ifrigure 34. The periphery fuel elements have an increased particle
packing fractions to pull power away from the center of core where the thermal neutron
flux is greatest. Detailed analysisrefctor fuel loading design can be found in Appendix

C. The fuel loading analysis relied on the Space Nuclear Thermal Propulsion (SNTP)
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programbs fuel particle architecture. This
particle where 81% of theolume in the fuel particle was occupied by the urarbgaring

fuel kernel [67]. Assuming that the SNTP particle architecture is characteristic of
contemporary fuel architectures the maximum particle packing fraction is only 38.9 vol%,
which is well belav the 65 vol% limit specified iTable10. The fuel loading design was
performed with fixed T/H fields whictverecalculated from a fultore ntpThermonodel

The model relied on assumé&& and ME power distribution which wesanilar butnot

identicalto the final power distributionghis yielded aliscrepancypetween thepplied

T/H fields and the actual T/H fields present within the cat@ich slighly increased the

radial power peaking (+2%). The final configuration is detaile@iahle11 and was used

for the analysis presented in this chapter.

- -
@®®@@®@ 40
06,658 858 Sug. 555N
. e & _o© _&_o O 3
e @ . o _o_o 353
.2 o _ & _&_&_ £
e @ _&_&_ & _D a
e 2 © O _&_ & _ & R
e o o & _&_O 30°s
o @ & _& & _&_ .
2 & o & _ & _O 2
e 2 & & _ o _ O 8
658,670,876 6% 6% E7eS =
@ o0 0, 2,0 0 O 20
L2 & & _ &
@@@@®@@®®
@ 2" 15
&

Figure34. Reactor fuel loading pattern
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For each burn the reactengine system undergoes several phases of operation
including startup, mahstage, shutdown, and cedbwn [68]. This section only considers
main-stageoperation where the reactor is producing its rated nominal power to provide
maximum thrust ands) The T/H boundary conditions were calculated using the steady

state system solver in the ntpTransient code and are detailedlgil2 [69,70].

Table12: Main-stage operation T/H boundary conditions

Boundary Conditions (B.C.) Main -stage
Chamber temperature, K 2700
Chamber pressar MPa 6.89
Reactor power, MW 333.4
System mas8#ow rate, kg/s 7.68
Inlet fuel temperature, K 221.4
Inlet moderator temperature, K 45.0
Inlet fuel pressure, MPa 7.49
Inlet moderator pressure, MPa 12.9

4.2 Multiphysics feedback studies

The objective of this section is to demonstrate the impact of T/H and T/M feedback
on the neutronic solution of an NTP reactor. The coupled N-ATM analysis scheme
detailed inFigurel6was applied to the design detailed in SecBd@2 In this Section the
control drums are fixed to a position of-@dégrees as the critical drum search is not
enabled. The pressudeop masglow convergence scheme, see Secfidn5.] is applied
to solve the FEs and MEs. The FEs were solved using-M@@arthy heat transfer

correlation and the Churchill friction factor correlation, while the MEs were solved using
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the Talyor heat transfer correlati and McAdam friction factor correlation detailed in
Appendix A. The temperature dependent material properties detailed in Appendix B are
applied to the solid materials in the FEs and MEs. The temperature and pressure dependent
hydrogen thermqgohysical poperties were obtained from the NASA standard hydrogen
dataset [71]. The ntpThermo code contains a bilinear interpolation technique to capture the
temperature and pressure dependencies of the hydrogen {pleysiocal properties. The

effective CERCER fuelmt er i al properties were obtained
[72]. The T/H fields initially applied to the neutronic model were obtained from-KEE

supercell model, the average value of the axial distributions for each region were applied

uniformly acioss the neutronic model.

4.2.1 Coupledneutronic, thermahydraulic, and thermanechanic calculations

The multiphysics analysis sequence was able to converge the excess reactivity and
fuel power distributions in 6 iterations as detailedFigure 35. In this analysis the'
iteration refers to the first solution where the initially assumed T/H fields were applied to
the neutronic model. The excess reagfiificreases significantly aftef"Gteration as the
uniformly applied significantly overestimate the parasitic absorption near the fuel element
entrance (z=0 cm). Thus, when cooler temperatures are applied to the upper region of the
core inthe Yiterai on excess reactivity increases by
convergence criterion () was set to 5 pcm, as shown by the dashed grey likgure
35a. Throughout the design of an NTP reactor excess reactivity is commonly traded to
reduce reactor mass or increase thermal safety margins. The resHiguie 35a
demonstrate that multiphysics analysis is required to accurately assess the amount of excess

reactivity available to make such tradis.
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In general, the fission source converges rapidly in NTP cores due to thacimall
core volume and the primary moderator (ZrH in the MESs) is fixed in position. The
maximum local power distribution errors () are detailed inFigure 35b and
continuously decrease with each iteration. Due to this behavior no relaxation treatment was
required to converge the local power distributions. The power distribution convergence
criterion was settp p 1T, represented by the dashed grey linEigure35b. Figure36
shows the axial power peaking profile for the FE experiencing the highest variation
throughout the multiphysics solution. The forward shift in the axial power distribution is
due to the reduction in fuel temperatures near the chanmeheet leading to significant
increase in local reactivity. The axial power distribution experiences almost no change

between iteration 4 and 6, thus demonstrating that the ofp p 1T is satisfactory.

B I o H
-50 1 - 300
; B

~100 1 F200 ¢
E / ]
o ! -
= —150 100 S
= ! o
= ! >

=] | X
Jg —200 IIzzooizzooo % IIIIIIITIIIIIIIIIiZ % O g
@ X X E
@ —250 - g
@ / - —100 >
o / w0
x / O
“ _300{ Q
! F— w

/ - Pexcess 200
-3504 X Perror
o % - g, - —300
1 2 3 4 5 6

Iteration number

a. Excess reactivity convergence

81



Fuel axial power peaking

6 =
ﬂ‘ B Epower | 60
N esons
51 ‘:::\ e L;ue;‘ 50
- i\ e
[e] L
£ 41 407
[q] N o
5 Wy 5
2 - 30
g3 ) E
° %™ =
Z L20 <
2 B
|- S L 10
1 s o B byt Mttt
“““““ E-::::::“"'E
’ . . v —+0
1 2 3 4 5 6
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Figure36. Fuel axial power profile convergence




The L-2 norm error ¢ ) of several key T/H andl/M fields for each iteration are
detailed inFigure37. Thed represents the normalized sum of the distance between two

vectors and is a common convergence criterion to measure the convergence of spatial
distributions [3]. Thed is defined n Equation46, whereiwPrepresents the array of values

of the reference solution ai@represents the array of values from the perturbed solution.

O — pmnumnb Equation46
2]
To provide additional clarity the norm of a vectBiis detailed inEquation47, wherer)

represents the order.

® WS Equationd7

By iteration 6 the maximura of any of the T/HT/M fields detailed irFigure37 was less

than 1%, thus demonstrating a well converged solutnsummary of T/HT/M

f e e d b a @dt 6nsthe thempal and mechanical safety margins, excess reactivity, and
maximum radial power peaking is detailed Table 13. The maximum radial power
peaking factor is reduced by 3.8%, thus demonstrating thafTAVHfeedback has a

significant impact on the spatial power distributions.
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Figure37. Convergence of thermal and mechanical fields

Table13: Summary of multiphysics feedback effects

Parameter Initial Converged Percent
Solution Solution difference, %
Excess reactivity, pcm -375 -37 +90.1
Max. radial power peaking 1.16 1.12 -3.8
Max. fuel temperature, K 3148 3071 -2.5
Max. fuel VM stress, MPa 289 295 +2.1
Max. ZrH Temperature, K 568 539 -5.1
Fuel pressure drop, kPa 424 433 +2.1

Full-core figures are presented in this section to demonstrate that the Basilisk
framework is capable of elemely-element analysisThis capability will be essential for

future offnominal analysistudies such as stuellrum scenarios where a high degree of
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asymmetry Wi be present in the corédditionally, full-core trends are presented to

demonstrate that the MC solution is well converged.

The radial power peaking distribution from the initial neutronic solutidh (0
iteration) and the converged solutiori"(&eraion) are compared iffigure 38. When
comparingrigure38a andrFigure38b it becomes clear that T/HM feedback reduces the
radial power peaking the core. The{a¢ment radial power peaking is reduced by 3.8%,
and the outer ring of FE radial power peaking increases/erage by 2.0%. This behavior

is favorable as it reduces peak fuel temperatures.

The maximum temperature of each FE for the initial and converged solution are
compared irFigure39. The peak fuel temperature decreases by 77K from 3148K to 3071K
when T/HT/M feedback is accounted for and is primarily driven by the reduction in radial
power peaking. The most complex behavior is exhibited by the YeakMises (VM)
stress of each FE, which is detailedrigure40. When T/HT/M feedback is neglected the
peak VM stress in the core is underpredidigdd MPa. Additionally, the location of the
peak stress FE moves from the periphery to the center of the core. The T/M solution is
extremely sensitive to the T/H solution as the VM stress is dinear function of the
temperature gradient within fuel atide mechanical properties which are also a strong

function of temperature.

The analysis in Sectioch2.2shows that the local ZrH temperature digition has
the most significant impact on the radial power distribution of all the T/H feedback
mechanisms. The initial and converged maximum ZrH temperature radial distributions are

compared irFigure4l. The maximum ZrH temperature of the MEs surrounding the central
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FE decreases by 5.1%, while the outer ring of MEs maximum ZrH temperature increase by
~7.0%. Two factors are responsible for this cleanbhe first is that the direct energy
deposition in the central MEs decreases as the fuel radial power distribution flattens. The
second is that as the fuel radial power distribution flattens the fuel temperature of the
central FEs decreases, seégure39, which decreases the total heat conducted to the central

MEs.
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The maximumVM stress and total displacement of ttentral FEas function of
axial height is detailed iRigure42. Severalfactors contribute the shape of the VM stress
distribution.The first is that along the initidength of the channét=0-0.4m) the increase
in temperatureauses a decreasethe difference between the fuel temperature and zero
stress reference tempereg also causing the coolant channel to contract represented by a
negative total displacement value kigure 42b. However, once the fuel temperagur
becomes higher than theerostressreference temperatur@>0.4m) the fuel begins to
expand causing an increase in strdsh.e Youngo6s Mo doropoddignaltdo s i n v e
temperaturendappears in the numerator Bfjuation14, andEquationl5. Therefore as

t he Youngds Msodbedthe predittedd]istess searghe exit of the channel

(z=0.8-1.2m).
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The largest error in the predicted VM stresecurs at the entrance of the BEan axial
height of0.01m Thesolidtemperaturehoop stress, radial stress, and Goieint of thermal
expansion are detailed as a function of radiugigure 43. In this case thd/H-T/M
feedbackresults intemperature increase, which causes a relatively larger increase in the
both thepredicted radial and hoop stress distributidieesharp variation in theoefficient

of thermal expansiors due tothe materiathangesrom the ZrC cladding to the ZrON

fuel meat materialAdditionally, the trendsn Figure 43b demonstrate that ntpThermo

accounts for the temperature dependent of the mechanical properties.
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4.2.2 Neutronic sensitivity of thermdlydraulic feedback

The objective of this section is to determine the sensitivity of the neutron
multiplication factor and the fuel power distribution to specific T/H property and feedback.
The Basilisk framework allows the user to apply arbitrarily defined temperature and

density distributions to every region of a kdbre Serpent model. The importance of a

specific T/ H

f

i el dos

spati

al di stribut

specific T/H field obtained from the converged solution from Secti@rilto a fullkcore
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model, while all other T/H fields from the reference solution were applied with the correct

spatial distribution. The five cases conseatkare the following:

1. Fixed fuel temperaturéd uniform fuel temperatureY) profile was fixed to

the global average fuel temperature of 2140.1 K obtained from the reference
solution.

2. Fixed fuel gas densityA uniform fuel gas density’ () profile was fixed to

global average fuel gas density of 1.7 k¢intained from the reference

solution.

3. Fixed supply gas densit uniform supply channel gas density ) profile

was fixed to global average supply gas density of 26.0%gjstained from
the reerence solution.

4. Fixed return gas densit¥ uniform return channel gas density ) profile

was fixed to global average return gas density of 8.3 kghtained from
the reference solution.

5. Fixed ZrH temperaturéd uniform ZrH temperatureéy ) profile was

fixed to the global average ZrH temperature of 341.9 K obtained from the

reference solution.

The reactivity errors are the result of errors in the neutron economy -beailcayge
probability, and in most cases a partial cancelation of errorgcdue neutron economy
and norleakage probability terms in the diactor formula was converted to a simplified
two-factor detailed byEquation48. Where,w represents the infinite multiplication factor
using a standard formalism gfQR, and the nofleakage probabilityh encompasses

both the fast and thermal leakage terfige errors in neutron econoniy ( and neutron

leakage ( ) can be evaluated by substituting the perturbed value into théatter

formula, as demonstrated Byuation49.
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Equation48

Equation49

The errors in the fuel power distribution were quantified by calculating thiethe radial

power

peaking

t

0]

t he

reference . Theréautivity on o s

and fuel power distribution errors are detailed@able14, whereY 0 0 is the maximum

radial power peaking factor. In this specific reactor design the fuel and ZrH temperature

distributions hae the most significant impact on the predicted reactivity and fuel power

distribution.While the hydrogen gas density profiles have only a very minor impact on the

neutronic solution. However, the NRX and ¥&r i

me

reactor 6s

| ocal

wereparticularly sensitive to variations in the local hydrogen gas density as the active core

region maintained an average’#U ratio near one [18]. Therefore, if the overalf#

ratio or the moderator material of a given design significantly differs fhatnconsidered

in this section additional analysis should be performesimilar manneto redetermine

the relative importance of specific T/H feedback

Table1l4: Summary of T/H feedback sensitivities

ﬁérlgplified T/H Z ar» PCM zfﬁ,,pcm 4 Fdsee [m. %
Y -122 +90 1.122 3.8
Y +26 +75 1.152 20.9
" -1 -2 1.117 0.6
" +3 -3 1.118 0.7
" +10 -2 1.115 0.7
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The greatest error in the fuel power distribution occurs in upper region of the core
where the propellant enters (z=0 cm) to the FEs of the reactor core, specifically from
z=0.36 0.40 m. The radialY and fuel power percent difference from the reference
solution in this axial region are detailedRigure44, where a negative number represents
an urderestimationThe trends irFigure44 demonstrate that the underestimatiofiNof
in the center of the reactor induces significantly higher p@&aking. The primary cause
for the redistribution of power is the forward shift (towards higher energies) of the
Maxwellian thermal neutron flux peak as the ZrH temperature incrégdsedehaviour is
detailed inFigure45 for the central FEat an axial height of z = 0.86.40 m The energy
dependent neutron production cross sectibn)(is also detailed ifrigure45. Due to the
high H2*U ratio over 95% of total fissions in this region of the core occur at energy less
than 1 eV. The shift in the thermaéutron peak detailed iRigure 45 causes a 6.6%
reduction in the total neutron production reaction rate in thee® energy range, thus

causing chage power distribution detailed Figure44.
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4.2.3 Thermemechanical feedback on therntaldraulic solution sensitivity study

The analysis presented in Sectidr?.1 utilized the coupled T/H/M routine
detailedFigurel12. In order to demonstrate the importance of accounting for T/M feedback
the converged power distributions from Sectidr2.1 were applied to a fultore
ntpThermo model, however the T/M feedback was disabled. Instead, a decoupled serial
calculation was performed where the solid material temperatures used to predict the solid

material stresses anéfdrmation is compared to the reference solution.

When T/M feedback is neglected, the maximum fuel temperature is overestimated
by 160K, pressure losses across the FE channels was overestimated by 171 kPa, and the
maximum VM stress was underestimated ByMPa. The maximum fuel temperature of

each FE is detailed irigure46, where the percent differenc& ¢ is calculated vido =
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100 x @uryvo T Qo ~vWoue “vp where @ is the quantity of interest. The mafsw

distribution of the FEs with (w) and without (w/0) T/M feedback is comparé&tgure47.

It becomes clear when comparifigure47a,b that T/M feedback significantly impacts the

mass flow distribution within the FE chansehs the hot channel experiences a 11%

increase in mass flow when T/M feedback is considered.
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Figure46. Impact of T/M feedback on maximum fuel temperature

9¢



Figure47. Impact of T/M feedback of FEhassflow distribution

The difference in mass flow distribution is caused by the thermal expansion of
coolant channels. The thermal expansion of coolant channels increases the flow area within
the FE, resulting in reduced pressure drops, thus, requiring additional mass talipee
the pressure drop across the FE channels. The percent difference in the flow area of each
FE at the core migllane (z=0.60 m) with and without thermal expansion is detailed in
Figure 48. The masdlow and flow area percent difference distributions show this
relationship as they have nearly identical shapes. As expected, the hottest channel
experiences the greatest increase (+20.9%) in flow a&eaube of its elevated schidel

temperatures. The average increase in coolant channel radius is only 75 micrometers,
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