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Abstract

The NIST Neutron Source (NNS) is the proposed reactor for ensuring continued future availability

of neutrons for the United Statesdé scientifi
Bureau of Standards Reactor (NBSR) at the NIST Center for NeugseaReh (NCNR) to be
decommissioned without affecting the availability of neutrons in the United States. This work
describes preliminary thermhbidraulics assessments of the preconceptual design of the NNS, and

t he NNSO6s behavi or cooditions and varusiacciddnt scepagos. &£oré n g
level and systerdevel analyses are conducted via models using the United States Nuclear
Regul atory Commissiondéds (NRC6s) TRAC/ RELAP Ad
code. The TRACE code allows for an gdate understanding of the thermal and hydraulic
characteristics of the reactor and its components during various analyzed conditions. Safety
analyses revealed that the proposed NNS operation maintains adequate margins to ONB, OFI, and
CHF. In addition, acident analyses indicated that NNS remains within the safety critefion

blistering temperaturéhroughout all analyzed condition€omputational fluid dynamics (CFD)

analyses revealed the opportunity for various design optimizations, including the design of the

inlet to the reactor, the fuel assemblies, and the outlet to the reactor for improved performance and
enhancedafety margins. The analyses in this work serve as a first step toward defining a holistic
understanding of the thermal hydraulics in the NNS, and it provides a valuable reference for future
design iterations.
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1. Introduction

The NNS isa nuclearreactor planned to eventually replace the NBSR as -#€d48d source
primarily for outof-core neutron scattering and irradiation reseaftie current preconceptual
design for theNNS isa compact 20 MW reactor core composed of nine fuel asserabiresinded

by a heavy water reflector tank housing two cold neutron sourcegedbtorcoregeometry is
shown inFigurel andFigure2, where emphasis is shown on the coolant pdths coolant flow

paths through the core become clear when looking at a top view of the core as skayunein

2(b), where each row in the core contains three fuel assen(Bie3 with 21 fuel plates (FPs)
yielding 64 coolant channels iotal throughout the row. Each channel conforms to one of the four
types listed below, whetbe channel gap and length are the main differences between each of the
channel types.

1 FP-Chimney (marked indotted orangg is the channel formed by theght-mo s t FPOs
surface in the row and the chimney wall.

1 FP-FP (marked irsolid blug is thechannel formed by two adjacent FPs in the same FA.

1 FA-FA (marked indashdotted refl is the channel formed by two adjacent FPs from
different FAs on the same row in the core.

1 ChimneyFP (marked in )/is thechannel formed between the chimney wall
and thdeft-mostF P 8usface in the row.

Hot Leg
Siphon Breaker

Flap Valve - . Cold Legs
Reactor Pool | Service Pool

/", Chimney

Pool Cooling
Bypass Line _ Shutdown cooling

~ return pipe

D0 %\
Drainage Tank

. Cold
. Sources

Heat Exchanger

Decay Tank

_____________ Pool Cooling
System

Shutdc;;lvn
Cooling System

Primary Pump

Figure 1. An overview of the NNS geometry.
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2 @
) ) )

(a) (b)

Figure 2. The NNS core (a) exploded view and (b) top-view with different channel types denoted with their
respective lines.

Thiswork providessan under st andi n g-hyrulics satetynNtba8ystateatdh e r ma |
transient conditions using a variety of thershgtraulics modelsSteadystate assessmerdse
conductedusingresultsfrom system codenodels of the NNSSystem code modeblre developed

using the TRAC/RELAP Advanced Computational Engine (TRAEIgE[1]. Transientanalyses

are conducted usirtpe TRACE models of the NNS, whicimvolve understanding the behavior of

the corein variouspostulatedaccident scenariofetailed assessments of the flow behavior are
discussed using results from CFD models of various portions of the NNSTbereesults and
discussions provided in this document serve as a holistic and detailed assessment of the
preconceptuatl e s i g n 0 andhydraalic seduacyandthey provide recommendations for

future works in pursuit of a safer and more efficientdestgor t he reader 6s conv
nominal parameters for the reactor (as relevant to thik)vaoe inTablel.

Table 1. Nominal values for various thermal-hydraulic parameters in the NNS.

Temperature (K Flow Rate (kg/s
Nominal Fst:)(\)/\rlgr P (9 e Pressure Pool
Parameter (MW) Inlet Outlet System ﬁl?éf Drop (bar)  Level (m)
Value 20 316.5 331 600 540 0.442 15°

aThis is the pressure drdpm the inlet plenum to the outlet plenum (entrance to chimney).
b The top of the pool is at 15.33. m
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1.1. Overview of the NNS Primary System and Relevant Geometric Details

All relevant geometric constraints for each of the channel typesFrgane2(b) can be found in
Table2, where the reader should note that the FPs are 780 mm long, 75 mm wide, and 1.13 mm
thick. Note that the side FPs are 20 mm longer than the rest (bringing their length to 800 mm),
where the fuel coren all the plates is identical and occupies a volume of 700 mm in length, 65
mm in width, and 0.25 mm in thickness. Note that the channel widths and inner chord lengths are
identical for all the channels Figure2(b). Relevant to the discussions herein is the notation used

to describe different components in the core. Considering how each FA contains 21 platés, the 1
plate is the lefmost plate and the 2plate is the rightnost plate, respectively fégure2(b). As

such, the lefmost channel is the ChimnéyP channel in thesicolumn of the core; and the right

most channel is the Chimné&P channel in the8column of the core.

Table 2. Relevant geometrical constraints for the curved fuel channels in the NNS core.

Constraint (mm) Chanr.mel Type X Cu_rved Channel_s
FP-FP  FA-FA Chimney-FP FP-Chimney | Guidance Graphic

Inner chord length 69.757 :

R1 141.13 141.13 140 141.13 x,‘N

R2 140 140 140 141.13 B

Arcs center sl 3874 5.39 4.024 4.024

Channel width 69.757 ~

Flow area ﬁ. ., mm2) 190.581 297.824 201.043 201.043 > = =

Wetted perimeter (|, J)« | 146.402 140.998  140.984 140.984 < o

Hydraulic diameter ( |1-|) 5.207 8.449 5.704 5.704

Minimal gap 2.707 4.223 2.882 2.882

Maximal gap 2.744  4.260 2.882 2.882 S

Height 780 800 800 800 '

Figure3i | l ustrates the NNSO6s pr i mar P4} aresiricleded |

in the system; but only three are needed for operation; the fourth is left ofbgtiordedundancy.
Each pump is connected to a separate {bjgie heat exchanger (HX1X4). For simplicity, we
assume the primary pumps and heat exchangers used for our analyses are the exact same as the
NBSR pumps and heat exchang@is Each of the primary pumps is equipped with a flywheel to
help in the coast down of the pump during a loss of power transient. This is a design feature that
is common with other podi/pe high performance research reacf8fsAll pumps in the primary

loop are equipped with cheslalves at their discharge lines to prevent backflow.

Note the presence of two cold legs with a pipe connecting them (visiblégare 1). This
connector pipe equalizes the pressure in both cold legs, ensuring the operation of the flap valves
(when needed) at the same timecase one of the flap valves &iBimilar to the NBSR2], the

NNS has two centrifugal pumps that provide forced convection cooling to the reactor during
shutdown periods (SDP3DP2), where only one of the two pumps would be necessary to remove
decay heat from the core. The shutdown pumps feed into a shutdet@mslyeat exchanger
(SDHX), which send the flow to the peoboling bypass line, maintaining cooling in the pool
during shutdown periods.

oop.
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The shutdown system takes the hot coolant from the chimney, sends ishuttiewn decay

tank (a smaller tank than the normalll decay tank), then offloads the hot coolant towards the
shutdown pumps and into the shutdown system heat exchanger. This allows the pool to remain
relatively unaffected by the decay heat generated in the core during shutd@pool coolant
bypasslineallowsswe of the pri mary cool ant to be direc
via theshutdown valve (SDV1)which allows minimaflow to be sent to the pod\ote that

during operatiq, it is eypected that SDV1 is kept minimally opexhile SDCV1-SDCV2 are

closed. During shutdown, SDCV1 or SDCV2 is fully open with a fully open SD\@he

conservativegpur analyses ignore this shutdown systdmble3 shows a set of hydraulic

diameters for some of the piping in the primary system.
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Figure 3. A diagram of the primary system in the NNS.
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Table 3. Hydraulic diameters for relevant portions of the primary system.

Pipe Hydraulic Diameter (m)
Pump Discharge Line 048

Cold Leg 0.38

Hot Leg 0.59
Chimney 0.46

Cold Leg Connector 0.06

Hot Leg Siphon Breaker 0.06

Pool Cooling Bypass Line 0.20

Pool Cooling System 0.04

(41 opening®ver 330 circumference (Foreach opening)
Pool(15.8m deepfiled o 151) | ; 4 (Wi‘:fr(é‘;ggtortank)

2. Power Profiles

Thiswork is part of a series MIST technical notes describipgeconceptualesign activities for

the NNS It borrows data from analyses conducted irptieliminaryneutronicassessments report

[4]. Powerprofiles are imported directly from the neutronics models described in that report, and
they are vital to setting upur analyses and modelg the neutronics analyses, different cycle
stateswvere considered from startupeadof-cycle Figure4 shows an assessment of the relative
power sd maxi i lecationsamdthatthen® and21% FPs are always the hottest
platesin anygivenFA.

Note the usage of dimensionless relative poviermsur analyseswhich are relative to average
power of a given stripeThe relativepower at any locatiod (0.5 ) is presented in Eql), where

0 is the actual power at that location ands the total number of locations within the set that
liessuchthate N msp & 0 .Thatis,Eq.(1) can be applied to any set of locations that share
the same characteristics such as volurhe.only relevant characteristic set is that of a set of finite
volumes making up the entirety of an FP or a chamk, the denominatomi Eq.(1) is not the
same as the average presenteligure4, where that average corresponds to the relative powers
average (summing acro8s; ) and not necessarily the average of the actual powers (summing
across) ). It is important to understand how the relative powers are computed because the power
resultsin our analysewill be presented in this dimensionless format to ensure a convenient
comparison.
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SU BOC Q2
Startup Beginning of Cycle (1.5 days after SU) Quarter-2 (8.5 days after BOC)
Max : 1.95 Max : 1.44 Max : 1.68 Max : 1.98 Max : 1.52 Max : 1.68 Max : 1.86 Max : 1.56 Max : 1.61
FP1S37Z:-8 | FP21 S3Z: 0 | FP21 S3 Z: -6 FP1S17Z:-6 | FP21 S1 Z: -6 (FP21 S3 Z: -10 FP1S37Z:-2 | FP21 S3Z: -6 | FP21 S3 Z: -2
Al Avg:1.06 Avg:0.98 Avg:0.97 A| Avg:1.03 Avg:0.99 Avg:0.94 Al Avg:1.03 Avg:1.02 Avg:0.94
Min : 0.48 Min : 0.42 Min : 0.45 Min : 0.41 Min : 0.37 Min : 0.4 Min : 0.4 Min : 0.34 Min : 0.38
FP18 S2 Z: 32 | FP15 S1 Z: 32 | FP1 S1 Z: 32 FP15 S2 Z: 32 | FP6 S1 Z: 32 | FP1 S1 Z: 32 FP17 S2 Z: 32 | FP14 S1 Z: 32 | FP1 S1 Z: 32
Max : 1.69 Max : 1.37 Max : 1.93 Max : 1.68 Max : 1.62 Max : 1.97 Max : 1.61 Max : 1.68 Max : 1.9
FP1 83 7:10 | FP1 S1 Z: -22 | FP21 S3 Z: -8 FP1S17Z:-6 | FP1S37%:-8 | FP21 S3 Z: -4 FP1S17:-2 | FP1S1Z:-8 | FP21 S3 Z: -6
B| Avg:0.99 Avg:0.93 Avg :1.07 B| Avg:0.98 Avg:1.02 Avg :1.06 B| Avg:097 Avg:1.03 Avg:1.05
Min : 0.46 Min : 0.43 Min : 0.48 Min : 0.39 Min : 0.36 Min : 0.41 Min : 0.38 Min : 0.35 Min : 0.39
FP12 82 Z: 32 | FP13 S1 Z: 32 | FP6 S2 Z: 32 FP21 82 Z: 32 | FP10 S3 Z: 32 | FP12 S2 Z: 32 FP20 S2 Z: 32 | FP12 S2 Z: 32 | FP10 S2 Z: 32
Max : 1.96 Max : 1.46 Max : 1.67 Max : 1.94 Max : 1.5 Max : 1.65 Max : 1.85 Max : 1.56 Max : 1.59
FP1S37:2 | FP21 S1 Z: -8 |FP21 S3 Z: -10 FP1 S3 Z: -10 | FP21 S3 Z: -8 |FP21 S3 Z: -12 FP1 S3 Z: -10 | FP21 S3 Z: -4 |FP21 S3 Z: -10
C| Avg:1.06 Avg:0.98 Avg:0.97 C| Avg:1.03 Avg:0.99 Avg:0.94 C| Avg:1.02 Avg:1.01 Avg:0.93
Min : 0.49 Min : 0.43 Min : 0.45 Min : 0.41 Min : 0.37 Min : 0.4 Min : 0.41 Min : 0.35 Min : 0.39
FP10 S2 Z: 32 | FP13 S3 Z: 32 | FP1 S3 Z: 32 FP13 82 Z: 32 | FP9S37Z: 32 | FP8 S2 Z: 32 FP15 S2 Z: 32 | FP15 S3 Z: 32 | FP1 S3 Z: 32
1 2 3 1 2 3 1 2 3
MOC Q4 EOC
Middle of Cycle (10 days after Q2) Quarter-4 (10 days after MOC) End of Cycle (10 days after Q4)
Max : 1.76 Max : 1.65 Max : 1.5 Max : 1.61 Max : 1.55 Max : 1.4 Max : 1.6 Max : 1.5 Max : 1.4
FP1S3Z:-4 | FP21 S1 Z: -6 (FP21 S3 Z: -10 FP1S1Z7:-6 | FP21S1Z: 0 | FP21 S2 Z: 2 FP1S37Z:10 | FP21 S1Z: 2 | FP21 S1 Z: 18
A Avg:1.01 Avg:1.04 Avg:0.92 A Avg:1 Avg:1.05 Avg:09 A| Avg:0.99 Avg :1.06 Avg:0.9
Min : 0.39 Min : 0.35 Min : 0.36 Min : 0.45 Min : 0.39 Min : 0.44 Min : 0.49 Min : 0.47 Min : 0.48
FP14 82 7: 32 | FP8 S1 Z: 32 | FP1S2 Z: 32 FP11 82 Z: 32 | FP13 S1 Z: 32 | FP6 S2 Z: 32 FP12 S2 Z: 32 | FP12 S1 Z: 32 | FP1 S2 Z: -32
Max : 1.53 Max : 1.74 Max : 1.8 Max : 1.44 Max : 1.65 Max : 1.51 Max : 1.64
FP1S27Z:-10 | FP1S1 Z: -4 | FP21 S3 Z: -4 FP1S17Z: 18 FP21 S1 Z: 12 FP1S17Z: 18 FP21 S1 Z: 10
B| Avg:0.95 Avg :1.06 Avg:1.04 B| Avg:0.94 Avg:1.03 B| Avg:0.94 Avg:1.03
Min : 0.35 Min : 0.33 Min : 0.38 Min : 0.4 Min : 0.46 Min : 0.47 Min : 0.5
FP21 S2 Z: 32 | FP9 S1 Z: 32 | FP6 S2 Z: 32 FP21 S2 Z: 32 FP4S2 Z: 32 FP21 S2 Z: 32 FP11 S2 Z: 32
Max : 1.77 Max : 1.64 Max: 1.5 Max : 1.66 Max : 1.53 Max:1.4 Max : 1.63 Max : 1.52 Max : 1.38
FP1 83 Z: -12 | FP21 S3 Z: -8 |FP21 S1 Z: -10 FP1S17:10 | FP21 S3Z: 4 | FP21 S3 Z: 10 FP1 S1 Z: 10 | FP21 S3 Z: 10 | FP21 S2 Z: 10
C| Avg:1.01 Avg:1.04 Avg:0.92 C Avg:1 Avg :1.06 Avg:0.9 C| Avg:0.99 Avg:1.06 Avg:0.9
Min : 0.39 Min : 0.34 Min : 0.38 Min : 0.45 Min : 0.4 Min : 0.43 Min : 0.5 Min : 0.49 Min : 0.47
FP12 S2 Z: 32 | FP12 S3 Z: 32 | FP1 S2 Z: 32 FP11 S2 Z: 32 | FP9 S3 Z: 32 | FP9 S2 Z: 32 FP12 S2 Z: 32 | FP14 S3 Z: 32 | FP12 S2 Z: 32
1 2 3 1 2 3 1 2 3
Figure 4. Relative power distributions from the neutronics model. fFPoist he f u el pl ate number
stripe number with stripes 1-3 going from bottom-to-top, and AZo0 i s t hefromthacanter. | oc at i
- 0
U:zp ——
h 0 D
B -

U

Figure5 shows that the power shape throughout the cycle does not change. Figthveg shows

the NNS starts with a flattened power shape within the center 40 cm of the FPs; then progresses to
a chopped cosine biased towards the bottom half of the FPs throughout the first half of the cycle;
then becomes more biased towards the top of theTfleschange in the chopped cosine bias from
bottom to top can be correlated to the movement of the shim blades in the core as they are removed
slowly from the core. The flat and suppressed power shape at startup (relative to the other cycle
states) can battributed to the cadmium burnable poison wires in the fresh FAs suppressing the
power early in the cycle. Cadmium gets burned up as the cycle continues, enabling the observed
increase in the power as the cycle progresses. This power shape variati@mvast rehen
considering a certain accident scenario taking place. In most accident scenarios considered, startup
is the power shape of interest.

(o]
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0 Power Shapes Through the Cycle
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Figure 5. The evolution of the power shape of any given stripe in any given FP in the NNS throughout the
full cycle length of 40 days. The tick marks on the x-axis are left for convenience (to scale it to any
desired power range).

3. Methodology

3.1. Overview of TRACE

The thermahydraulics behavior of the core is assessed using the TRACE V5.0 Patch[%]code

The NRC developethe TRACE software tool to provide comprehensive simulation capabilities

for analyzing thermahydraulic conditions within nuclear reactor systems. TRACE is engineered

to model thermal and hydraulics phenomena within nuclear reactors under both normalrgberatio
conditions and hypothetical accident scenarios. It incorporates models for reactor core kinetics,
decay heat, heat transfer, fluid flow, phat@ange phenomena, control logic, and component
interactions in both singlphase and twphase flow dynamicsthereforeit offers a robust

platform for the safety analysis of watgpe reactors. TRACE is utilized for regulatory reviews

and safety assessments, and it plays a pivotal role in ensuring nuclear reactors operate within safety
limits.
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3.2. NNS TRACE Model

We use TRACE for our thermdlydraulics analysis of the NNS because the code has robust
modeling capabilities and a proven track record in nuclear safety analysis. Using TRACE for the
thermathydraulics analysis of the NNS, we aim to achieve an accumtdprct i on of t he
response to various operational states and accident scenarios. This predictive capability is crucial
for ensuring the NNS design meets the necessary safety margins and complies with regulatory
standards.

The NNSTRACE modelcontains the reactor core, primary cooling loops, reactor coolant pumps,
heat exchangers, decay tank, and the reactor pool, as shéwuiial. This model serves as the
foundation for both steaestate and transieminalyses angrovides insights into potential areas
for further optimization

The physical components of the NNS are modeled in the TRACE model with actual physical
dimensions and connections. The only exception to this approachNsNIHg éeactor core. The
reactor core has a simplified model because it would be too computationally expensive to model
every coolant channel. The following sections detail the modeling approach for reactor geometry
and components.

3.2.1. Core Nodalization

The NNSO6s reactor core contains nine fuel ass
The fuel assemblies at each row share a coolant channel with the adjacent fuel assembly, and the
rows are isolated from the other rows by control blade housifiys arrangement allows the
treatment of each row as a grouped fuel assembly. For each row, the FPs near the reflector tank
have the highest power peaking factors; therefore these plates are modeled as sikgleciaels.

row, three FPs at each side aredeled as a single FP, and the remaining 57 inner FPs are lumped
into one FP by conserving the total power generation of FPs and total heated area. The coolant
channels are also modeled by following the FP pattern. The lumped FP is in a lumped coolant
channel with the total flow area conserved. The single FPs are connected to the neighboring
coolant channels with the dimensions givefatle2. The openings of the control blade housing

are lumped into a single flow channel, and this single channel models the core bypass flow. The
layout of the NNS core model is shownHigure3.

For each fuel assembly, the end plates are 80 cm long and the inner plates are 78 cm long. But
the fuel core is 70 cm long at each FP. Neutronics analysis of the NNS provides the power
profile for each FP separately with 2 cm intervals. To reduce the ¢atigmal cost of the

transient analysis, the fuel core in each FP is divided into seven nodes with 10 cm length each
To represent the accurate power profiles of FPs, each FP's power generation is lumped together
with the consideration that the total power generation by each FP is the same as the value
calculated by the neutronics analysis. The nodalization of thentadlannels follows the
nodalization of FPs, so each node in the FPs is connected to a single node in the coolant
channels.
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Figure 6.The NNS lumped-core nodalization in the system model.

The simplification of fuel elements into lumped groups reduces the computational cost of transient
simulations. However, this approach compromises the precision of core calculations and
introduces additional uncertainty to the thengdiraulic analysis othe core. To evaluate the
impact of this simplification on accuracy, a separate core model of the NNS was constructed using
TRACE V5.0 Patch 5The separate core modeliminatel the concerns related to solution
approaches to conservation equations apslce relations. This dedicated model prosalbetter
understanding of how lumping thermal and hydraulic components affects the overall core behavior
predictions. The core model contains the whole EB8and 192 coolant channels. Neutronics
analysis of the NNS provides the power profile for e&€hseparately with 2 cm intervals
thereforeeachFP has 35 axial nodes with different power generations. The core model provides
detailed velocity, temperature, and pressure profiles of the NNS core to compare WthiShe
system model.

The core model focuses on the core components, such as fuel elements and inlet/outlet plenum. To
integrate with the NNS system, the core model requires boundary conditions. For coherence, the
core inlet mass flow rate and core outlet pressure from therebemsive system model are
replicated in the core model. To ensure uniformity and accuracy across analyses, identical
modeling techniques and parameters are used for both the system and core models. This approach
guarantees a reliable comparison and uao#st related to the lumping of core components in the
system model. The nodalization adopted in the core model is shdviguire7.
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Figure 7. The nodalization adopted in the NNS core model.

3.2.2. Reactor Coolant Pumps

Reactor coolant pumps circulate the coolant water through the system to remove the heat from
FPs Modeling the reactor coolant pumps is important to predict the behavior of the pump and
coolant flow during the transients. Since the pump characteristics of the NNS are not determined,
existing pump characteristics of the NBSR are used to model the NNiBrreaolant pumps.
TRACE models the pump head and torque using homologous curves, which represent the
performance of the pump in a normalized format. Thampaters of the homologous curves and

the rated values for the NNS pumps are giveigpendix A

Although the pumps used in the NNS are identical to those in the NB&&fective moment of
inertia of the pumpare dstinct The NNS reactor coolant pumps are equipped with hypothetical
inertia flywheels designed to maintaioolant flow to the core after reactor coolpnimps are shut
down. The total moment of inertia of reactor coolant pumps, including flywheels, is chosen to be
75 kgm?, which is compatible with the OPAL desiff]. In the TRACE model, three of the four
reactor pumps are modelgdlividually, reflecting operational strategyherein the fourth pump

is designated as standby, ready to activate as necessary or bafftira@ntenance.

In the NNS design, the pump discharge line has an interconnection with the reactor pool that
diverts 10% of the total system coolant mass flow to the reactor pool. This flow creates a downward
flow in the upper section of the chimney, preventing activatddpes from reaching the top of
the reactor pool. To achieve the 10% flow diversion, a valve is added to the TRACE model and
the flow area of the valve is iteratively calibrated to provide the desired 10% flow diversion.

During normal operation, the coolant flow through the reactor coolant pisipdirectional.
During transient conditions, if one or two pumps are tripped, forced flow from the remaining

10
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energized pumps can create a backflow on tripped pumps that may lead to reverse rotation of the
impellers and result in damage to the pumps. To prevent backflow, NNS pumps are equipped with
check valves at the location of pump exits. In the TRACE modeFutiictionality of these check

valves is represented by connecting valve components to the corresponding pipe components. The
model is designed to reduce the flow area of the valve to zero whenever the liquid water velocity
falls below 0.5 n's at the intdace between the valve and pump components. The control logic for
the check valves is simulated using TRACEGs ¢
reduces the flow area of the valve and isolates the pump from the coolant flow path. The closure
time of the check valves is chosen to be 1 second to be compatible with the NBSR nozzle check
valves, which are reported to be ~0.7 seconds.

3.2.3. Heat Exchangers

TheNNS TRACE model incorporates heat exchangers that reflect the specifications of the NBSR
heat exchangers. These modeled heat exchangers feature plates that extend to 1.83 meters in length
and collectively offer a total heat transfer area of 422enoss the primary and secondary loops.

Since the specifications of the NNS heat exchangers are not finalized, this gives flexibility to adjust
both the heat exchangers and the parameters of the secondary cooling loop. Such adjustment
ensures that the mebdmeets the specific inlet temperature of the NNS core.

In a simplification within the NNS TRACE model, the entire secondary cooling loop is represented

by a single mass flow rate source and pipes rather thimtaded loop. Through iterations, the
secondary coolant mass flow rate has been determined to be 900 kg/s, entering the heat exchangers
at a temperature of 302 K. To ensure the syst
reactor core inlet tengoature, TRACE employs a steaskate controllerThis controller adjusts

the total heat transfer a®f the heat exchanger, thus enabling the NNS TRACE model to define

and maintain steadstate conditionsThe NNS TRACE model utilizes this controller to define
steadystate parameters.

3.2.4. Flap Valves

A key feature of the NNS is its classification as a ggpe reactor. This design ensures a
substantial volume of coolant, which can function as a heat sink during certain abnormal
conditions, and the NNS core can be cooled with natural circulation tveetine decay heat. To
establish a natural circulation path, the cold legs are equipped with two flap valves that connect
the cold leg lines to the reactor pool. Both flap valves are above the upper edge of the chimney:
the upper flap valve is located 188 above and the lower flap valve is located 65 cm above. In
the event of a loss of coolant where the water level of the reactor pool drops, the upper flap valves
serve as siphon breakers and prevent the water level from dropping further below theappper fl
valve. The lower flap valves will open, thus creating the natural circulation path. If primary cooling
pumps are stopped, both flap valves open due to pressure loss of the system and establish the
natural circulation path. Both cold legs have sepasiteds flap valves. The upper flap valves are
connected to each other with a pipe to allow siphon breaking on both cold leg lines if one of the
flap valves fails to open.

The flap valves are modeled in the TRACE model using -builtalve components with an
actuation trip. The actuation trip is generated based on arithmetic computing blocks that calculate

11
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the hydrostatic and gravitational forces that act on the valve disc. In normal operation, the
hydrostatic force is greater than the gravitational force because of the forceuidthveed byhe

reactor cooling pumpsTheflap valves are fully closed in this scenaribthe reactor cooling

pumps are stopped, the gravitational force becomes greater than the hydrostatic force and the flap
valves open in one second. The actuation trip is sisigked, meaning the flap valves are locked

once they are open artley cannot be closed even if the hydrostatic force overcomes the
gravitational force.

3.2.5. Reactor Power

The reactor power component of the TRACE model is responsible for modeling the heat produced
by nuclear fission within the nuclear fuel elements and decay heahdidershe distribution of

power density across the core, which is influenced by factors such as fuel type, geometry, and the
arrangements of the fuel elements. The power density distribution of the NNS is calculated in
neutronics analysigl] and the TRACE model uses the calculated power profiles offeRacrhe

NNS TRACE model has a lumped core, and the power profiles ¢fRbare modified to reflect

the lumping strategy.

TRACE uses point kinetics equationsdalculate the dynamic response of the reactor power to
control actions and feedback mechanisms. The reactivity feedback @ffemts changes in
temperature, coolant density, or other reactor parandetaes neglected and will be included in
future design revisions. The point kinetics equafianameters are taken from the neutronics
analysis of the NN#4].

For the decay heat calculations, TRACE has multiple optidieshave selecteANS-79 w/
Decay for U239/NP23f5] to model the decay heat.

3.2.6. Reactor Protection System

The reactor protection system (RPS) is an instrumentation system that initiates actions to safely
shutdown the reactoRPS is modeled using the control logic blocks of the TRACE. The initiator

of shutdown systems would be any one or more combinations of RPS trips considexeld

The current design of the NNS has two shutdown systems: (1) the primary shutdown system (PSS)
is the insertion of safety blades into the ¢¢2¢the secondary shutdown system (SSS) is dumping

the DO in the reflector tank. The shutdown systems provide unique transient reactivity feedbacks
that depend on their temporal evolution, where the PSS would be able to insert negative reactivity
quicker than the SSS because the safety blades can be iriast¢edhardrainng the reflector

tank to its halfway lesl.

12
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Table 4.Considered trips to the reactor protection system.
Trip Name Trip Value
Reactor Power 125% (25 MW)
Pool Level 1 m below the top of the poc
Reactor (A # o)< 338K
Primary Coolant Flow (O) 370 kg/s
Core Temperature Difference ¥4 ) 13 K
Pressure Difference High ¥ |} 5 bar
Pressure Difference Low ¥ |} 4 bar

In accident conditions, if on@ more combinations of RPS trips are generated, the RPS generates
the scram signal. The first responder to the scram signal is tharRiSEstarts inserting safety
blades into the core &hut dowrthe reactor. The safety blades are assumed to start moving after
0.5 secondgonce the scram signal is generated, which is begaservativelyon the maximum

time it takes for the NBSR shim arms to fully indeit In the current design of the NNS, it takes

0.9 secondfor the blades tde fully inserted into the core at a height of 70 cm. The worth of
safety blades are calculated in the neutronics andlsi8asedon the presumed velocity and
integral reactivity of the safety blades, the reactivity feedback inserted into the core by the PSS
once the scram signal is generaiedh Table5. The reactivity inTable5 is inserted into the
POWER component of the TRACE model.

Table 5.The transient evolution of reactivity inserted into the core by the PSS.

Time(s) PSS React|Time(s) PSS React
0.0 0.0 1.0 -0.067711
0.5 0.0 1.1 -0.09030
0.6 -0.0072333 1.2 -0.11321
0.7 -0.017022 1.3 -0.13167
0.8 -0.030067 14 -0.1389
0.9 -0.046789

The PSS is the first shutdown system that the NNS relies on, but it is not the onfhe8&S

can be used to insert sufficient negative reactivity into the core to shut it down without any
additional operator interference. The SSS deitme DO from the reflector tank into a-D
drainage tankReactivity as a function of the dump level is computed in the neutronics assessment
[4]. However, details of such a shutdown system are not spe@fedieassume that the reflector
tankdrainage system is identical to that in OPAL. The safety analysis report of [3Padsumes

that when the SSS is triggered, approximately half the reflector tank is dumped and replaced with
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He in ~10 seconds. The SSS actuates automatically only if the PSS fails (i.e., only if the safety
blades are not inserted into the core). Hypothetically, it takes 1.4 seconds for safety blades to be
fully inserted into the core. The SSS should detecteifctbntrol blades are not fully inserted and

start opening the dump valve&'e assumat takes one second ftine SSS to detect safety blades

are not insertetully and open the dump valveso, no reactivity insertion occurs prior to opening

the valves athe 2.4 seconds mark, yielding the behavior showiralie®6.

Table 6.The transient evolution of the reactivity inserted into the core by the SSS.

Time(s) SSS React|Time(s) SSS React

0.0 0.0 74 -0.01643
14 0.0 84 -0.03755
24 0.0 94 -0.05422
34 -0.00234 104 -0.07154
44 -0.00384 114 -0.09215
54 -0.00566 124 -0.12315
6.4 -0.00730

3.3. Steady-State Analysis

The steadystate analysis in the TRACE modlistratesthe baseline operational behavior of the

NNS under nor mal operation. This analysis pro
thermathydraulic performance, serving as a benchmark for evaluating deviations during transient
scenarios.

The primary objective of the steadyt at e anal ysi s is to simulate t
power level, where all parameters are expected to be stable and within the design considerations.
This analysis aims to confirm that the reactor maintsafis temperature profiles, adequate coolant

flow rates, and proper pressure levels throughout the systder normal operating conditiaris

also serves to validate the effectiveness of the NNS cooling systems in maintaining the core within
safeoperatimal limits.

To accurately r epr-sateperaton, theeTRAGEanodeldscanfigured witha d y
predefined operational parameters such as reactor power output, core coolant inlet temperature,
and system mass flow rate to corresptongormal operating conditions. The reactor power of the

NNS is 20 MWassuminghat all the heat is generated in #es The power generation of each
FPnode is calculatedutomaticallyby TRACE with theprovided power profiles and the lumping
strategy.

The nominal mass flow rate through the NNS core is determined to be ~54U0ekyfsercenof

the total system coolant mass flow is diverted to the reactor pool, resulting in a total=ysiam

mass flow rate of 600 kg/s. Since three pumps are working in normal operation, each pump should
deliver ~200 kg/s. To achieve the required mass flow rate, TRACE has an internal controller that
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modifies the pump impeller velocity. This controller is used to ensure that each reactor cooling
pump delivers 200 kg/s.

The TRACE internal controller is used to regulate the temperature of the reactor core inlet. The
desired temperature of the reactor core inlet is approximately 316.5 K. The TRACE internal
controller adjusts the heat exchanger's heat transfer area untifittegldmre inlet temperature is
achieved. This process involves iterative calculations during which the secondary cooling system
parameters are fixed, and the TRACE controller is used to match the maetoret temperature

of 316.5 K.

3.4. Transient Analysis

The transient analysis of the NNS is a comprehensive safety and performance evaluation of the
reactor. The@rimaryobjective of the transient analysis is to assessothigstness and resilience of
theNNS design under conditions that differ from the stestdye operation. These conditicare

a set of preselected potential accident scenarios. The analysistaim | denti fy the
behavior under such transient conditions, evaluating the effectiveness of its inherent safety
features

The selection of transients is based on a combination of regulatory requirements and engineering
judgment. Each of the transient analyses includes two distinct cases. The initial case presumes an
orderly shutdown via thé®’SS The alternative scenario adopts a more conservative stance,
hypothesizing a scenario where the safety blades fail to be insertedwidassume the reactor

shus downvia activation of the SSS. The analyzed transient scenarios include:

1 Loss of Power Accident (LOPA): This scenario examines thaplications of a complete
electrical power outage at the facility, triggering an automatic reactor shutdown that is
independent of the RPS. The-eleergization of control rod electromagnets causes the
safety blades to drop into the core, marking the ooké¢he event. Concurrently, the
electrical power supply to both the primary cooling pumps and the secondary loop is
severed. While the primary pumps decelerate, leveraging the inertia of the flywheels, the
flow in the secondary loop ceases within a sgamme second.

91 Loss of Heat Sink Accident (LOHSA):This scenario examines the condition where the
reactor faces a complete loss of cooling capability in the secondary loop, rendering the heat
exchangers nofunctional. The accident starts with the loss of secondary coolant flow
within the first second. Fldwing the initiation of the accident, the reactor stays at full
power until the RPS is activated, triggering a reactor trip. Throughout this transient period,
the primary cooling pumps operate at their maximum capacty manage t he r e
thermal load.

1 Reactivity Insertion Accident (RIA): This scenario examines the consequences of the
insertion of reactivity into the reactor coféhe considered accident for this report is the
simultaneous and inadvertent withdrawal of control blades at their maximum feasible
velocity of 3.5 mmg. This rapid removal of the control blades introduces excessive
reactivity into the core. Once the RPS trip points are reached, the reactor is tripped, and the
withdrawal of the control blades are stopped. Throughout the accpmengry cooling
pumps and the secondary cooling system continue to operate at their fullest capacity.
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Loss of Flow Accident (LOFA): This scenario examines when one or more primary
cooling pumps fail and lose their functionality. The first scenario, termed the pump shaft
seizure accident, occurs when the shaft of one of the primary cooling pumps seizes
unexpectedly, causing an immediatdt in coolant flow through that pump. Despite this
abrupt failure, the remaining two primary pumps persist in operating at their maximum
capacity. The reactor is tripped once the RPS trip points are reached and thesrshator
down by the shutdown systems. The second scenario, termed the pump motor failure
accident, occurs when two of the primary cooling pumps motoratfiie same timé his

results in a gradualecrease in coolant flow as these pumps coast down, guided by the
inertia of their flywheels. The third pump, unaffected by this issue, continues to operate at
full capacity. Similar to the first scenario, the reactor is brought to a controlled shutdown
upon reaching the RPS trip points. Throughout both tygelsQi-As, we assume the
secondary cooling loop remains fully operational, with the heat exchangers functioning
efficiently to dissipate the residual heat.

1 Loss of Coolant Accident (LOCA): This accident examines when the primary cooling
system is compromised, leading to the escape of coolant from the sy&teime
conservativethe hypothetical breach is positioned at the primary pump discharge line to
increase the loss of coolant. The LOCA scenarios explore varying sizes of breaks at the
same location. The reactor is shut down once the RPS trip points are reached. Under normal
operational circumstances, the primary coolant pumps are independent of the RPS.
However, the current NNS design has not yet finalized the trip system for the primary
cooling pumps when the system pressure is disrupted. Thergfassume the primary
pumps are deactivated once the RPS trip is trigg@&rezl.OCA scenario assumes that the
secondary cooling loop remains fully functional and unaffected by the primary system
breach.

3.5. Computing Safety Margins

To assess the thermiaydraulic safety of the NN®nesafety criteronis consideredthe blistering
temperatureLiterature reports a blistering temperature feMd aluminumcladded fuels in the
range 0f638K to 823K [7], and the NBSR adopts a blistering temperature criterion of 723 K
Studies provide correlations for the blistering temperature, with suggested temperature limits
based on lower bound of the 95% confidence interval as a function of the maximum fission density
in the plateqd8]. Based on this data, the literature suggests a safety limit oK @4Bugh the
maximum fission density of 4.5x30cm™ relevant for the NNSwhich is the ultimate bounding
criterion given that exceeding this temperature incredsessk of fuel failure and release of
radiation to the staindthe public Threeadditionalsafety marginarealsoconsidered: the critical

heat flux ratio (CHFR, subsecti@b5.1), the onset of flow instability ratio (OFIR,5.2, and the

onset of nucleate boiling ratio (ONBR.5.3. Eachof thesemarginsconsists of the ratibetween

a heat flux at which a certain level of boilingcursandthe local heat flux encountered the

flow in the analyzed configuratiomn the casg of the critical heat flux (CHF) and the onset of
nucleate boiling (ONB), each of thokeat fluxesrefer to a specific poindbn the boiling curve
pioneered byshiroNukiyama[9]. The curvas illustrated inFigure8 by plotting theheat flux of

the wall as a function of théifference between the wall€., the FPsurface temperaturend
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coolant saturation temperatui¢/( "Y ). Note that the ONB precedes CHF, and thereifore

a more conservativmeasure of the thermbldraulics safety in the coolant channéfsich like

the NBSR, the NNS is not a pressurized sysfiee, no pressurizerand any nomatmospheric
pressure conditions adele to either hydrostatic or dynamic pressure loading from the syStem.

we expect to see some bubbling in accident scenarios that cause excessive heating. Such bubbling
is manageabld it remains below the CHAf a local channel reaches CHF, it shall experience
nearly immediate burnouéssentially making the jump from the CHF point to the burnout point

in Figure 8. Although ONBR is the more limiting safety criterion, CHFR is the criterion that
signifiesthe NNS reachinighly undesirable ansevere operating conditions (i.e., burnout).
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Figure 8. A Nukiyama-style boiling curve with added labels relevant to this work.

When looking for the thermodynamic properties for a given fluid, one nacstount forboth
temperature and presséreneaning the thermal and hydraulic conditiaristhe fluid must be
considered Although it h t hheat #ful anglits proximity to the coolant saturation
temperature Y ) are relevant,they are not the only relevant parameters. Tlgdraulic
parameters of h e ¢ onms$sdlowt rédtes{ ) and the pressure drop in the chann&l)(are
relevantparameters thahouldbe considere@hen assessing the safety of the NNge curven
Figure 9 illustrates the importance of the hydraulic parameters, whaths various points of
interest on the curve including ONB. The point of net vapor generation (NVG), also referred to as
the onset of significant voiding (OSM} a relevant parameter usually considesad grouped
with the onset of flow instability (OFI)n Figure9, theONB is still the most limiting parameter
But OFI is the pointat which the flow may experience a Ledinesggticinstability [10] causing
more severe operating conditions than bubbling.
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As thed in a channel is reducettere isa point reached where boiling ocswwvhich is the ONB.
At a later point, significant amounts of vapor will be generated in the channel, whichOSYhe
or NVG point. This increased presence of vapor will increas¥dh&Vhenthe effect is significant
enoughthe Y0 increase will overwhelm th#) decreaseesultingfrom the flow decreasavhich
leads to the OFI poinAt this pointof OFI, the overalY0 in the heated channel will increassed
flow will decrease, caing the Ledinegg flow instabilityl his results in a rapid loss of adequate
cooling for the FPsTherefore,similar to the CHR-ONBR relationship mentioned earlier, the
ONBR is more Initing (conservative) than OFIBut OFIR is the criterion that signifies the NNS
reaching undesirable flow conditions (i.e., the Ledinegg instability).
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Figure 9. An illustration of the Ledinegg instability with relevant labels shown.

3.5.1. Critical Heat Flux Ratio (CHFR)

The CHFRis definedby Eg. (2), which is the ratio of the critical heat flux (CHF) to the local heat
flux  at a locatiort. € is oftenthe location with the hottest temperatusdaich is either the hot
channel, or the hot stripa ¢ertain finite volume within a channel). Note that thedtdpe can be
in a channel that is colder than other chanragld it is not necessary for it to lie in the hot channel.

#( &
0 00 n— (2)

The CHF is obtained via correlations from literature: regarding this work the correlations are from
Mirshak[11] and SudeKaminagg12]. Both have been effective for safety analyses in the NBSR

18



NIST TN 2323
February 2025

[2, 13] SudeKaminaga in particular has been used by other facilities including the MR
The following parts summarize each of the cor

3.5.1.1. Mirshak (1959) Correlation

The Mirshakcorrelations baseanfits from water heating datan experiments with downflowing
waterin rectangular channel3he correlation haReynolds numbersn the ranges 09x10° i

2x10P, with one side of the channkeatedelectricallyto causeburnout and measure CHRs a
result of 65 burnout tests, an enigat correlation forthe CHF wasfound, whth can be
represented in E@3). In Eq.(3), & is the flow velocity (irunits ofm/s),0 is the coolant pressure

(in units of bay,and”Y and”Y are the saturation and coolant temperatures, respectively (in units
of °C). This correlatiorhas beemised atheNBSR to compute CHF and provides results deemed
appropriate for safety assessments.

0 OC0pdppmp TMpwy p MWNwPYt Y p ™ €)

3.5.1.2. Updated Sudo-Kaminaga (1998) Correlations

The SudeKaminaga correlatios are a set of correlations that describe the CHF in a rectangular
channel with heating on two sides of the chanfleky were proposed for the Japanese Research
Reactol(JRR 3), and they covered a wide range of coolant flow rates in both upflow and downflow
conditions.They rely on a dimensionless mass flli®), which is computed per E@) as a

function of the mass flow raté (), the critical wave length §, theacceleration due to graviti),

and the coolantds mass de'nand”t, respectivelyl Notgthatd and
is a function of t he).Teexarklaions aselya thedinansienledise ns i o
subcooling(Y’Y ), which ispresented in Eq(5) as a function of the specific heab ) and the

latent heat for vaporizatioffY ).

— — %)
(“) _ "Q ” ” Q

- LYY

Y'Y w T (5)

Depending on the flow conditions, the CHF is comgduyter one of four different formulae
presented in Eq7)-(10). Note that ando are the flow and heated areas, respectjvely
while U is the channel width. The fact@®from Eq.(6) is used tadimensiomlize heat fluxes in
physical units.

RO TNO) o (6)
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The selection oCHF correlation is based on tf@ valueand how itrelatesto two othermass

fluxes"O 7 "O in Eq. (11)-(12), separating lowmediunthigh mass fluxflows. The logic for
selection is summarized Eq. (13).
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3.5.2. Onset of Flow Instability Ratio (OFIR)

The onset of flow instability ratio can lsemputedper Eq.(2), which is the ratio of theelevant
heat flux at low flow to the local heat flux] at a locatiore . We considertwo heat flux
correlations the Costa correlatiofil5] and the SahaZuber correlation[16]. Both of those
correlations predict the heat fluxtae point ofonset of significant voidingy ) or at the point
of net vapor generatiom (), which can be used to compute the OFIR shown ir{ ).

600 —k (14)
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3.5.2.1. Costa (1969) Correlation

TheCosta correlation is useful for finding the heat faixhe point of OSV Figure9), and itwas
usedfor the NBSR and forHigh Flux Isotope Reactor (HFIR) #@he Oak Ridge National
Laboratoryfor their safety analysesThis correlation is only limiting at low flow and low
subcooling, where significant amountswafpor aregenerated prior to achieving CHBeing a
predictor of this OS\makes it a conservative choice for the OF3iee thecorrelation in Eq(15)
as a function ofhe coolant velocityfw ) andthe saturation and bulk coolant temperatures (
and"Y, respectively. All units are in Sl units

n YoOY —‘;gﬁ (19

3.5.2.2. Saha-Zuber (1974) Correlation

The Sal-Zuber correlations useful for predicting the heat flux at the point of N\Vi&g(ire9),
and it was sed in other research reactors as v@&#ke theorrelation in Eq(16), whered ‘Gs the
Peclet numberQis the thermal conductivity of the coolant, &ddis the hydraulic diameter of
the channelNote that) ‘@an be computed as a product of the Reynolds and Prandtl nyarmbrs
it represents the ratio of advective transport rate to the mass diffusiofliratgts arein Sl units.

a 1) 2 A .
~TI8T TT -8 5 h 0Q xmmnTm
n oYY N ) (16)
T U8————Nh DLQ xMmmTm

3.5.3. Onset of Nucleate Boiling Ratio (ONBR)

TheONBR, the most limiting of the three margimsutilized insomeresearch reactors as a safety
criterion. It provides an indication of whether flow in theliquid phaseor if it started bubbling

It is computed per Eq17) as the ratio of the heat flux at ONB ( ) to the local heat flug at

a locatione . We usethe BerglesRohsenow{17] correlationto determinej

00 or

17)

3.5.3.1. Bergles-Rohsenow (1964) Correlation

The BerglesRohsenowcorrelationis based on experiments with walerated by stainless steel
and nickel surfacesThe experiments encompassed a range of pressuresli@nto138 bar
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which is within the range ofThedorelathdNiShovniex p e ct
Eq.(18) asa function of pressura)(in bai) and wall temperaturéY in °C).

f pBTYcwmd?® p&Y Y 8 (18)

3.6. CFD Models

Using system codes like TRACE or RELARS] is sufficient for lightwater research reactors
using material test reactor (MTR) type f@aesl demonstrated by safety anabsf the NBSR[2],
the Operpool Australian Lightwater reactor (OPAI3}], and theMassachusetts Institute of
Technology Reactor (MITRL4]. This is true for the NNS as welowever there are variety
of NNS design featuresxpected to affect the performance and safety of the re&cichn features
includetriple-channelmixing at the inlet preceding tté°s high velocities in the coolant channels,
reliance on natural circulation farooling said channels in some transients, armi@ancy
affected mixing plenum at the outlet of the coBeich features are discusskdther in the
following subsectior3.6.10f the reportand they are the basis the CFD work on the NI$. Note
thatCFDtoolsare not expected to be used for NS safety analysis report, but they are used to
assistdesignand optimizatiorefforts The CFD studies would be supplemesitabnd auxiliary
from the NNS safety assessmeritae CFD work would be as generic as possible to imprts/e
usage for multiple desigrend to assist imunderstanding théow behaviorprimarily from a
phenomenological perspectivedditional discussiosion the CFD models anelevantphysical
phenomena aniatroduced insubsectior8.6.1and elaborated on Bections.1-6.3.

3.6.1. Identifying Regions of Interest

A section view of the current NNS core design iBigure10, where threeegionsare identified

Note that allregions are affected by design features including the cold legs, the lowdorgrid
legs), the row window in the inlet region leading up to the active height (the coolant chaheels)
annular reflector tankoncentric with the core, and the chimney encasing the flow out of the core
in the outlet region.

1 Inlet Region(solid red includes turbulent separation and mixing phenomena.
1 Active Height Regior{ ) includes waHlheated curved flow channels.
9 Outlet Region(dashdotted blug¢includes a mixing plenum with buoyancy effects.
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Figure 10. A section view of the NNS highlighting distinct design features and identified regions of interest
for CFD work.

The inlet region contains design features that enable both turbulent separation and mixing upstream
of the coolant channels providing cooling to the FFbis prompts questions regarding the
hydraulic developmerof the flow including the mixing length and the uniformity of the coolant
velocity entering the coolant channels in each BEscovering any potential bias in the flow
distribution (i.e., more flow going towards the outer FAs as opposed to the inner FAS) requires
CFD andbr experimentalflow investigationsof parallel channel mixingand separationMore

detaik on the inlet regiomre discussenh section6.1

The active height region requires an understanding of the validity of exiséngathydraulics
safety margins correlations (such as S@minagg12]) for usage in the NNS coolant channels
with the NNS inlet flow characteristics and geometry. This includes understanding the validity of
the existing correlationgor describing the safety margins during natural circulation cooling in
someaccidentscenariosMore detaik on the active height regiare discusseih section6.2

The outlet regiorserves as a mixing plenuior all coolant channels exiting the FAs and entering
the chimney. The chimney itself is open to ploe!; it is also connected to a hot leg for circulating
the flow backtowards the primary pumpé~igure 1). This requires understanding mixed
convection flows (buoyancy aridrcedflow effects) which is dificult for any model to capture,
including a CFD modelnvestigating this will require heavy explorations of different modeling
approaches angotential experimental wor& all of which could be pursued in future works.
Section6.3offers some preliminary characterization of the expeittedphenomena at the outlet
of the core
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3.6.2. Turbulence Modeling

Modeling turbulence can be performed with various levels of fidgl®y 20] A modeler may
choose to resolve all scales of matdown to the smallest dissipative length s¢ifewn as the
Kolmogorov length scalg21i 24]), which is a turbulence modeling approachlled Direct
Numerical Simulation (DNS)A modeler may choose to resolve scales/nto a certain length,
and then model themallerlength scalesemployinga Large Eddy Simulation (LESA modeler
may choose tanodelall scales of motioty averaging across themvhichis the implementation
for ReynoldsAveraged NavieStokes (RANS) modeld\ote that there are hybrids-between,
including PartiallyAveraged NaviefStokes (PANS) model$25, 26] but they are not as
developed as the other three turbulence modeling techniQN&sis most accurate, bititis more
computationally expensivéES is less computationally expensive than DNSnire expensive
than RANS models.

Although RANSIs the least accurate of the mentioned modeling approaches, it is the most feasible
for complex geometriesModern computational capabilitiean runboth RANS and LE$nodels

in a reasonable amount of runtintdowevey LES presents a greater challenge when setting up
the simulationsand it may not be necessary if RANS can provide an acceptable level of fidelity
and accuracy for the usmse.We preferredRANS over LES or PANS due to the preliminary
nature of the work on NNBut PANS or LES may be considered for future studies if deemed
necessaryWe consideredeveral RANS modelandwe providea brief overview irparts of this

report.

3.6.2.1. General RANS Modeling Approach

The RANS models utilize averaged forms of the Na@trkes equations, shown in E#j9)-(20).

In the RANSequations@YQs the averaged form of arth component of the velocignd® O

is the averaged pressuvenere both are dependent on the kinematic viscosatydthe Reynolds
stresse$d 6 O The Reynolds stresspseventa real solution from being reached and reqaire
model to solve the RANS equatioriBhe Boussinesq approximation shown in Eg1) is a
common closure modeihich relieson the turbulent kinetic energ§)and the turbulent viscosity
(" ) to close the RANS equation$his closures the primary distinction between each of the
RANS models.
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3.6.2.2. Standard |

The 2-equationRANS turbulence models atbe most commanOne such model is the standard
‘G model[27], whichrelies ormodelng the Qtransport peEg.(22), and the turbulent dissipation
rate { ) per Eq(23). Both the®Qand; transport equation®ly on’ , which is modeleéh Eq.(24).
Note trat standard® (like other turbulence models) yebn model coefficientdo solvesuch
aso . Each of those coefficientsan be derived frordifferent turbulencexperimentg§28]. For

0 , decaying isotropic turbulencexperimental data can be used with the assumption of
homogeneity to derivan acceptable range of values most flows with the range 0l.6-1.95
being acceptabl®r most simulationselevanto the CFD communitywith 6  known, data from
homogenous shear turbulenoe Couette flowan be used tealculated , whichis oftenin the
range of 1.340 1.51 With6 andd known,the model coefficiend can becalculategdwhich
fits within a range of values between 0.05 and Orbé remainingoefficients,, and, , can be
calculatedvia turbulent boundary layexperiments and by utilizing knowledge of the otmedel
coefficients The values used for the standaf® model coefficientsare tabulated imable 7,
which follow recommendationsom Launder and Spaldinf9], andapplicatiors by El-Tahry
[30].

7, ) 7 P O y 7,
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Table 7. The values used for the standard Ef model in this work.

M F F Jg @
009 1.44 192 10 1.3

Althoughthis model is very popular in practical applications (such as induapjications) its
popularity is not attributed to its accuracy, but rather to its low computationsiretatve to more
sophisticated RANS models. The stand&dmodel was developed with high @lows in-mind,
making it less favorable for low ‘@ows. This isareason whythe standard¥ model struggles
in modeling neawall and turbulenrboundarylayer behaviorRegardless of its flaws, it usually
provides a good stangg point for most CFD modeling warlsoit is valuable to model flows
despite itdimitations
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3.6.2.3. Standard Model

Another common and weknown 2equation RANS model is tretandard® model[31], which
models the titulaiQand| transport equations shown in E5) and Eq(26), respectivelyln this
model] is the specific dissipation ratblote there arealtered model coefficient® from the
standard®¥ model is replacedy] “; andthe other coefficients can be obtained from relevant
experimental and empiricéihdingssimilar to thed model.The’ is foundusingEq. (27).

.1 oYo . 0
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Table 8. The values used for the standard @ model in this work.

a0 A a d
0.09 0.5 0.075 0.5 05

Note that this modetasfirst proposed by Kmogorov in 194232], but lateimproved by Wilcox

[19]. This Q-1 model and its implemented coefficients are consistent With | ¢ 0 x 0 s
recommendationsT hi s mo d e | § simpeodesnmdeing mearwall behavior of flows

than the standar@ mode| since’@ was calibrated for sheaominated flows Although it
performs better neawall, the’@ mocel coefficients were found at steady state, which makes it
limiting for modeling transienbehaviorsof flows. Further, thenodelstruggles in lowY Qegions

of undevelopedurbulene. Its adoption of a lineasonstitutiverelationcan bdimiting for certain

flows, which includes mixing flowsLike "G , this model provides a good starting point for the
CFD studies.

3.6.2.4. SST Model

The'@ Shear Stress Transport (SST) md@&, 34]acts as a hybrid of the standd@ andQ

1 models where thé® model is emloyed neawall and the G model isemployed elsewhere
(i.e., in the freestreanT)he substitution betweénand] awayfrom andneartowalls of a domain
produce arossdiffusion term betweef@and , whichuses a blending function to smoothen the
transition between the two model$is requires an adjustment to theransport equatigrshown

in EqQ.(26), by adding @ermat the endsielding the form shown in Eq28). Some of thenodel
coefficients are defined i&g. (29)-(31) while others are constants asTiable9.
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Table 9. The values used for the @ SST model constants in this work.

) ) i i 7 Og Gg G, G
5/9 0.44 3/40 0.0828 0.09 0.85 1.0 0.5 0.856

Note how' is defined different for the SST modehen compared to the previousguation
models This allows it to consider the influence of the shear stress compaseint the half
equation model of Johnson and Kifgp]. This allows the SST model to offer significant
improvementver the@ and@ modelswhen simulating flows with strong adverse pressure
gradients (like mixing flows)This transition and usage @ in theinner parts of the boundary
layer improves the usability adhe SST model for lowy Qurbulent flows without reliance on
damping functionsHowever, note that the SST model tendsitamatize turbulent effecis
regions withstagnating pressure or strong acceleration [@eye normal stinregions).

3.6.2.5. Realizable Model

The Realizabl&¥ model is a varianof the standard¥ model| whichreformulates Eq(23) to
the form shown in E(32). Note the addition of a new term to fhéransport equation, which
relies on coefficients and variables defined in(&8). The modeladjustsd to satisfy the
realizability of the Reynolds stress#so Qwhered canbe computedia Eq.(34) as a function
of the shear velocity"{) andthe model constants andd . Note thatd is a function ofthe
shear stress ratioy(), which is discussefilirtherin literature[36, 37] In this work, theeemaining
model constants for realizablg are identical to the ones adopted for the stan@&ranodel
shown inTable7.
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The alterationsoffered by the realizable variant @ enable greater generalizabiliyd makes

it more applicable télow topologiesthat aremore complex than a single channel or a pipe
adjustingdynamic ofé offersgreater sensitivity of the model to flow topology and improves the
prediction of mean flow quantitig88]. This makes the model more applicatilan the standard
G for simulating norequilibrium turbulence like rapid distortiohike all other RANS models,
Realizable [ is not without limitationsas itfaces ballengesrom its adoption of the Boussinesq
approximation In particular, the model is limiting when simulating swirling floaved secondary
flows in rectangular ductsboth representingelevantflow topologies in the regions of interest
identified in subsectioB.6.1

3.6.2.6. Spalart-Allmaras Model

SpalartAllmaras mode[39] is a 1-equation model that isseful and computationally efficient for

low Y ‘@ows. This modelrelies on" transport equations shown in E85). This model depends

on a variety ofmodel coefficientssome of which are described in E86)-(38), while others are

constants shown ifiable 10. This report will be limited to the description of the model shown

below, butadditional information on the model can be foun&ip al art and Al |l mar a
work [39]. Notewe usethe original model coefficients used by Spalart and Allmdrasnot the
DaclesMariani modification[40].
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Table 10. The values used for the Spalart-Allmaras model constants in this work.
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3.6.2.7. Near-wall Modeling

Regardless of the adopted RANS modek challenging tanodel the behavior of flow near the
wall due to themulti-scale naturefdurbulence in the boundary lay&o, several wall models can
be adopted, all of which make different assumptions regarding the evolution of the boundary layer
A wall model can be neglected if the mestiine near the wali.e., smaller finitevolumes near
the wall). Such mesh resolution near the wall would yeddl-resolvedRANS models,which
offer the most accuramulation of neawall behaviorthat RANS can offer. The level flelity
required can be dictated liye modeler using aon-dimensionabarameter known as , which
represents the ratio of inertial to viscous forces for a fluid near any given wall bouidary

p is considered small enough to reach aedblved RANS modePer Eq(39), w is a function
of themesh resolution near the wall§), the dynamic viscosity of the fluid ), and thefiction
velocity (6 ). Theo is a function of thavall shear stressf(), whichrelies on the skin friction
coefficient ¢ ), fluid mass density’(), andthe bulk velocity TY ) shown in Eq(40). Thed can
be obtained vimumerical or experimental correlations, and it vadegending on geometry and
flow conditions. Assuming turbulent boundary layer overflat plate (with the 1/7 power law)
thed can beestimatedy Eq.(41), with limitations further discussed in literatu#d].

e Vo, .t
w —h 0 - (39
t Py (40)
C
6 mru XY@ (42)
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4., Steady-State NNS Characteristics

Results from bth steadystate TRACE modelg@he system model and theremodel fromsection
3.2) are reportedh this chapterSteadystate thermahydraulics characteristics for the NNS from
both steadystate modelare reported in secticghl Safety marginfrom bothsteadystatemodels

are also reported in sectidi2

4.1. Thermal-hydraulic Behavior

The axial temperature distributions in the hot channel for each stethdystatemodelsare shown

in Figurell, where theoolanttemperature™{ ), theright-facingor outer clad temperaturéyf ),
and theleft-facing or inner clad temperaturérf) are shownThe left and rightacing clad ad
the hot channel number are respectiveiture2(b), where channel 1 in any given row is the-left
most channeh that row,shownin Figure2(b). The startugpower profiles were used for the core
model since wefound themto be the moslimiting cycle state for the NN$rom a thermal

hydraulics perspective)

Hot Channel

40 . . | ' '
.......... System Model :
30 f= = =Core Model |} Q e
e : %1%
g 20t oedheens T i b %
o wea@ees T i 'Y :é
N 10! : '
. 10 i Al
S g &
z 0 / H
: j 4
=10 | i &
— i '3
< : 3
oI rl e
< 20} i LA
i 7
. y \
-30 | ‘A 1
g \
-40 ' ' | '

300 310 320 330 340 350
Temperature (K)
Figure 11. Axial temperature distributions in the hot channel according to both the system model and the

subchannel model (at startup). Note that axial centerline is at @ 0 cm. The hot channel in the system
model was channel 63 in row B. The hot channel in the core model was channel 2 in row A.
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As the caption ofigure 11 indicates, each of th&teadystatemodels predicted a different hot

channel The system model predictedannel 63 in row B is the hot channel, while the core model
predicted the hot channel the 2% one in row A. This deviatioris likely due to the flow
distribution between the channels being modelgl greater fidelity in the core modslfielding

differing pressure and flow profilellotethatfor the preconceptual neutronics analysis which has

been completed and used as the basis for this woeksystem model predicts hotteeak
temperatures than the core model (at any cycle state), making it the more conservativi@biedel
llprovides a summarized comparison .between the

Table 11. An overview of the hottest temperature values according to both steady-state models.

System Model Core Model

Hot Channel Row B A System Model
Location Channel # 63 2 atthecoremo d e Hota&isannel
Y (K) 331.16 330.38 331.10
Maximum ——eye iy 364.28 361.17 357.58
Temperatures
"Yi, (K) 364.38 360.38 358.07

The pressure results from both models are showrigure12 and Table12. On average, both
models predict a pressure drofb] of approximately2.7-2.8 bar, but variations can be observed
depending on the channel location and the model used to compute the pFessboth models,
the pressure varied depending on whetherchanneis an outer channel (channel 1 or channel
64) or whether it is an inner channel (remaining channEfst is referencingrable2 andFigure
2(b), thepressure profédsfor the FAFA and FPFP channels matched those of the inner channels,
whereas the chimnelyP and FRchimney channels matched those of the outer chanhleés
models vary irtheir pressurerediction but lie withire a ¢ h o t h eThe®ystenbnoodeatiodss .
not show variations between thelumns whereaghe core model predicts theblumn#2 has
uniqueprofiles relative tacolumns#1 and#3. In particular, the core model predicts lower for

the channels igolumn#2. The lowerYD in column #2is attributedto thereducedfow rates in
the middle colummelative to the other twoolumnsas shown irFigure13.
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Figure 12. Axial pressure distributions in any channel in the core according to both the system model
(dotted lines) and the subchannel model (dashed lines). Note that axial centerline is at & 0 cm.

Table 12. An overview of the computed pressure-drop values (Y0) across the core according to both
steady-state models.

Location Y|F (bar) AverageV |} (bar)

Inner Channels 299

SystemModel 2.72
Outer Channels 245
Inner Channelé Columnsl & 3 298
OuterChannels in Columns & 3 3.36

Core Model . 2.80
Inner Channels in Colunma 2.64
OuterChannels in Colum@ 2.21

Figure13shows the mass flow rafé ) in each of the channels in the core as modeled by both the
core and system models. Note that the system nadglmodels the outer 3 channels on each
side of any row and lumps the rest of the channels in one equivalent channel (Fejerré®),
which is why the system model onyovides relevant data points in the outer 3 channels of any
given row in the cordn contrast, the core modeptures thé in each of the channels, providing

an understanding of the variationthe flow in each row and in each column. Note tteg error
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bars inFigure 13 arerepresentative of the standard deviation inchalong theheight of the
channel and they ardramatized (scaled by a factor of #0° kg/s)to demonstrate which channels
yieldthe mostxially variedd . This demonstrates thvalidity of utilizing a constandt to describe

the flow rate inany given channeNote that this axial variation is not physical due to continuity,

but it is the inadvertent consequence of numerical convergence errors (which are insignificant in
magnitude).
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Figure 13. The mass flow rate distribution across the core according to the system model (red triangles)
and the core model (black circles). Note that the error bars are scaled by a factor of 4 105 kg/s to
improve graphical visibility.

In Figurel3, channels in the middle column (column 2) have lodvehan the resgpproximately

20% lower than channels in the outer coluniss reductionn flow is expectediue to the triple

channel mixing behavior encountered at the inlet of each FA in any given row in the core, where
the middle channglmiddle column in this scenario) experiences notable decrement in velocity
comparedo the outer channel3his flow reduction isdue tothe middlec o | u mn ®angi nl et
bounded by two mixing layersausing shearing in the flow on either side of the column, whereas

the outer columnare bounded by only one mixing layer (and a boundary laferore detailed
assessment of this behavior can be fourglibsectior6.1and in literaturd42, 43] This mixing

is not modeled by default in TRACE, biitwas incorporatedin both modelsvia the adopted
nodalizatiors (Figure6 andFigure7).
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4.2, Safety Margins

The safety margins for each of tiNS steadystatemodelsare summarizednd compared to
NBSROs s af iaTaplel®Margns fran mth the highenriched uranium (HEU) and
proposed lowenriched uranium (LEU) cores for the NBSRe presented iable 13 for
comparison to the NNSteadystatemodels, where the NBSR data was obtained fronNBSR
SAR [2] and the LEU conversion Preliminary SAR (PSARJ]. Results from all NBSR data
sources are based on equilibrium csteadystateanalysesNote that the NBSRoredoes not
have reportable ONBR dat®NB results from an assessment on the NBSR Ldgdign
demonstratiorelementin the experimental irradiation conditi®are available in literaturg5],
which are not appropriate for this comparison to NHig&e NNS core model results Trable13
reflect themostlimiting cycle state of SU, whereas the margins for the remaining cycle atates
in Table14.

Table 13. A summary of the safety margins according to both steady-state models in comparison to
NBSR safety margins with both HEU- and LEU-fueled NBSR cores. These are all at the hot channels
(denoted in Table 11). @ s the axial location relative to the center of the fueled zone in the core
(negative being below the centerline, and positive being above the centerline).

NNS NNS NBSR NBSR
SafetyMargin Correlation System Core (SU) HEU LEU
Value 4. (m) Value . (m) Value Value
Mirshak 3.03 -1 3.09 -13 3.04 -
CHFR )
SudeKaminaga 3.22 -1 3.28 -13 3.99 3.96
SahaZuber 7.17 -11 7.22 -13 550 561
OFIR

Costa 562 -11 548  -13 - -
ONBR BerglesRohsenow 1.96 9 2.15 13 - -

For CHFR, the NNS provides comparable results to the minimum computed for NBSR with
Mirshak correlation; but it is lower for NNS than NBSR when using the Baoinaga
correlation. Based on the current assBSRsment,
For OFIR, the NNS yields larger margins than NBSR using either correlation, with the Costa
correlation providing more conservative values under the evaluated -stedelgonditions. The

system model yields lower margins, making it the more conseevatbdel to use for the accident
analyses (identified in secti@gnl). Both the NNS models yield ONBR values that are higher than

unity, indicating that the NNS would maintain singlease convection in steadtate operating
conditions. Any remaining differences in comparison to NBSR are suitably analyzed and later
work incorporating uncertainties since NBSR has substantial margins.

The evolution of the safety margins throughauycle in the NNS is shown ifable 14, where
the most limiting conditions are obserwdaring the SU cycle stateiith the margins growing as
the cycle progresse® EOC Note that the position of the minimum safety margmanges
throughout the cycle, which is reflectedTiable 15. This demonstrates that evaluating transients
with SU power distributions would yield the most limiting conditiodéth SU being most
limiting andthe system modddeingmoreconservativeghan the core model, utilizing the system
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model with the SU power distributions would provide the most limiting reactor transgerits)
this istheapproactadopted for the results in chapger

Table 14. An overview of the NNS results for the system model and the core model at various cycle

states.
NNS NNS Core
SafetyMargin Correlation System SU BOC Q2 MOC Q4 EOC

Minimum Values
Mirshak 3.03 3.09 3.08 3.24 3.42 3.72 3.74
SudeKaminaga 3.22 3.28 3.26 3.41 3.59 3.90 3.92
SahaZuber 717 7.22 7.25 7.71 820 9.17 9.31
Costa 562 5.48 551 586 6.23 6.96 7.07
ONBR BerglesRohsenow 1.96 2.15 2.23 2.31 2.42 2.39 2.38

CHFR

OFIR

Table 15. A companion to Table 14 that shows the axial locations of the hot of the minimum safety
margins. Note that the location is @ , which is relative to the axial centerline of the fueled zone in the
core (negative being below the centerline, and positive above the centerline). All locations are in cm.

NNS NNS Core
Correlation System SU BOC Q2 MOC Q4 EOC
£|D ©m)
Mirshak -1 -13 -11 -7 -9 7
CHFR )
SudoeKaminaga -1 -13 -11 -7 -15 7
SahaZuber -117 -13 -11 -7 -15 -9 7
OFIR
Costa -1 -13 -11 -7 -15 -9 7

ONBR BerglesRohsenow 9 13 7 9 7 15 15

5. Accident Analyses

The transients are run using the nodalizatemtopted in the system model, with the trips,
shutdowns, andccident scenarios discussedubsectior8.2.6and £ction3.4. For each accident
scenariothe transient evolution of the temperatuids, @ndfor evaluating the safety criterion of
not exceeding the blisteririgy; , and™Y;;) are shown alongside the temporal evolution of the
minimum CHFR, OFIR, and ONBR (i.e., mMCHFR, mOFIR, and mON&R)rovide additional
understanding of system responsHse minimum safety margins encountered throughout each
accident are tabulated in the following sections.
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5.1. Loss of Power Accident

The loss of power accident (LOPA) is modeled as explained in s&&doA summary of the
minimum ONBR, OFIR, and CHFR throughout the LOPA are showitahle 16, and are
compared to relevant NBSR values for a LOPA. According to the valugéahile 16, NBSR
maintains higher mCHFR than NBSR when utilizing the Mirshak correlation and similar mCHFR
values when utilizing Sudgaminaga. Using Sahauber, the NNS yields higher mOFIR than
NBSR, whereas the Costa correlation yields more limiting mOFIR valbesughout the LOPA,

the mONBR is maintained above unity, indicating that no transition teptvase flow would be
observed in this accident. Both the PSS and SSS yield similar safety margins, demonstrating that
both shutdown systems are adequate forabedent and yield almost identical behaviors. The
following subsections show a more detailed assessment of the results for each of the shutdown
systems (PSS and SSS, as explained in subsé&cfidi). Note that the minimum ONBR, OFIR,

and CHFR for the NNS are found in the hot channel, with the axial location indicataedlei6.

Table 16. A summary of the minimum ONBR, OFIR, and CHFR throughout the loss of power accident.

NNS (PSS)  NNS(SSS) NBSR NBSR LEU

Correlation
Value 4. @m) Vvalue L. m) Value Value
Mirshak 3.03 -1 3.03 -1 2.19 -
CHFR )
SudeKaminaga 2.70 -1 2.66 -1 2.67 2.75
OFIR SahaZuber 7.17 9 7.17 9 2.97 3.03
Costa 2.72 -11 2.28 -11 - -

ONBR BerglesRohsenow 1.34 19 1.32 19 - -

5.1.1. PSS

Figure 14 shows he temporal evolution of the temperatutesoughout a LOPA with the PSS
applied for the hot channel and the hottest elevation represent&d bym from the axial
centerline of the fuelThe hottest channel in this transient (with the Bf8ied is channel 63 in

row 2, where the hottest temperature is reached at an elevation of 23 cm above the fuel core
centerline.Note how the temperatures of both the coolant and the cladding all remain below the
saturation temperatund the coolant, affirming that the flow does not experience phase transitions
(i.e., singlephase flow is maintained). The temperatures peak Hi sdcondsifter the initiation

of the transientwhich is the point when the flywheedsop. After this point, temperatusadrop
becausdhe natural circulatiostartsup throughout the coyelemonstrating the effectiveness of
natural circulation for maintaining sufficient cooling in the core gbstdown.
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Figure 14. The temporal evolution of temperatures throughout a loss of power transient with the PSS
applied.

At ~110 secongbointis when the lowest safety margins can be observed. For mQFigiRre 15
shows that at any point throughout the LOBY%, mCHFRwith either correlationjemainshigher
than two, which is thecceptednCHFR limit for research and test reactors in US for typical
operating conditionf46]. PerFigure15, the mCHFR increases at the start of the transient due to
the core shutting down argbing from 20 MW to decay heat while the forced convection flow
continues due to the flywheels on the pumfgsproximately40 seconds into the transient, the
MCHFRreaches a maximum and then starts dropguggto the flywheels losing momentuithis
drop in mCHFR appears to occur at a uniform,riearly forSudeKaminaga angbarabolically

for Mirshak, until the ~100 second point, @hthe flywheelstop,and natural circulation becomes
the primary cooling mechanisn®ast that 100 second point, tlae at which thenCHFRdrops
becomes more dramatic footh correlationsintil they reach a minimumtthe ~110 second point.
At that point natural circulation begingand the mCHFR starts risin@er Figure 15, Sudoe
Kaminagais more limiting than Mirshak for a LOPA in the NN&urther, Sudéaminaga
capturs a more realistic evolution of the transiaitthe ~100 secongoint, wheras Mirshak
predics a sudden increase in the mCHFR once forced convection ends
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Figure 15. The temporal evolution of mMCHFR throughout a loss of power transient with the PSS applied.

The mOFIR offers similar behavior to mCHFRsk®wn inFigurel6, wherethe Costa correlations
appear to be more limiting than Sabhaber. Per the Costa correlation, the mOFIR drops to as low
as 2.28, whiclstill remains above two for mOF&Rwe conclude this is large enough margié
fluctuating behavior is observable for hahe mCHFR(with SudeKaminaga and for mOFIR
(with Costa) in the period between the flywhesehpingdownand the start of natural circulation
(between ~104.10 seconds)The fluctuations are likely caused Ifiipw instability from the

transition from forced to natural convectjovhichis obseredin other relevant c®s in literature
[47].
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Figure 16. The temporal evolution of mMOFIR throughout a loss of power transient with the PSS applied.

The
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MONBROG s
at ~110 seconds’he same qualitative characteristics of mMCHFR and mGifiRetained for
MONBR,demonstrating consistency in behavior across all the thdmypaahulics safety margins.
We expect thigonsistency fomost accidentsThroughout a LOPA, the mONBR does not reach
unity, indicating no expected transition to twbase flow at any time throughout the accident.
Note thatfor all computed safety margins, thdo not dip below their nominal value untiie
forcedto-natural convection flow transition is observed witthe ~100110 seconds rang8o,
this periods likely the most limiting period of time for the LOPNotethe lack of fluctuations in
the safety margin(within this limiting period is omitted from the mONBR plotAnother

correlation to comput

limiting period during the LOPAThesed e monstr at e

safelywhen using the PSS.
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may yield this fluctuating behavior, but the BergRshsenow
correlation used in this worllid not detect any potential fluctuations in the mONBR in that

39

t he

NNSOs

capabil



NIST TN 2323
February 2025

Bergles-Rosenhow (1964) «seeeseees Bergles-Rosenhow Nominal

2 5 T T T T T

mONBR

Figure 17. The temporal evolution of MONBR throughout a loss of power transient with the PSS applied.

5.1.2. SSS

Figure 18 shows he temporal evolution of the temperatures throughout a LOPA with the SSS
applied for the hot channel and the hottest elevation represent&d bym from the axial
centerline of the fueBimilar tothe PSSassessment in subsecti®d.], the hottest channel in this
transient (with the SS&pplied is channel 63 in row Zndthe hottest temperature is reached at

an elevation of 23 cm above the fuel core centerline. Note how the temperatures of both the coolant
and the cladding remain below the saturation temperature of the coolant, affirming that the flow
does not experiengeghase transitions (i.e., singbhase flow is maintained). The temperatures
peak at ~110 seconds after the initiation of the transsmth is identicato the PSS behavior in
Figurel4. After this point, the temperature drops due to natural circulation stagitfyoughout

the core This demonstatesthe effectiveness of natural circulation for maintaining sufficient
cooling in the core posthutdown.
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Figure 18. The temporal evolution of temperatures throughout a loss of power transient with the SSS
applied.

The behavior of mMCHFR with the SSSsisnilar to thatof the LOPA with the PSS-igure 19
shows the evolution of mMCHFR throughout the LOFi#h SSSwhich issimilarto the one shown
in Figurel5for the PSSThe most notable difference between PSS and SSS behaviasliglkit
delay inthe rise of MCHFR at the beginning of the LOQRAe PSS behavian Figurel5signaled
a neainstantaneous risa the mCHFR, while the SSS behaviorFHigure 19 has a visibleffset
wheninitiating the increasing slop¢his isdue to the delagd start of SS8omparedo PSSEven

with the delay, the mCHFR does not reach two throughout the LOPA, indicating the SSS is
effective in maintainingafety throughout the LOPA.
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Figure 19. The temporal evolution of mMCHFR throughout a loss of power transient with the SSS applied.

The mOFIR behavior ifigure20 demonstrates a similar behavior to the one exhibited by the PSS
in Figure16. Maintainingcooling effectiveness appears tolbss sensitive to the time it takes to
shutdown the core and more sensitive to the extended availability of forced convection offered by
the flywheelsand the natural convection offered by the water in the pdekefore delays on the

order of seconds will not cause siBytmeductionsant cF
in the flywheelémomenturmor pooll evel woul d yi el d significant
to a LOPA.
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Figure 20. The temporal evolution of mMOFIR throughout a loss of power transient with the SSS applied.

The analysisn Figure20 are also reflected ithe mMONBR behavior shown Figure21. Whether

PSS or SSS amapplied the behavior is sensitive to the extended availability of forced convection
from the flywheels and the natural circulativom the pool.The delay caused by the SSS is not
enough to cause any difference in the NNSO6s
all the other accident scenarws analyzed.
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Figure 21. The temporal evolution of MONBR throughout a loss of power transient with the SSS applied.

5.2. Loss of Heat Sink Accident

The loss oheat sinkaccident (LHSA) is modeled as explained section3.4. Table17 shows a
summary of the minimurmebtained safety margins throughout the HEA for both NNS
shutdown systems. Note there werecomparable accidents for NBSR in either the SAR or the
LEU conversion PSARTable 17 demonstrates that the Mirshak correlation is more ilagpifor
MCHFR and the Costa correlation is more limiting for mOB&h the CHFR and OFIR remain
abovetwo throughout the incident, demonstrating the effectiveness of both the PSS and SSS at
shutting down the core during the LOH320oth shutdown systems are adequate forabedent
andyield near identicabehaviorsTherefore this section providea more detailed assessment of

the LOHSA resultsfor PSS, with the SSS resutespoted in AppendixB.1. For this accident, the
shutdown systems aappliedvia an outlet temperature trip
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Table 17. A summary of the minimum safety margins throughout the loss of heat sink accident. The
minimum margins are all found in the hot channel at the axial location &

NNS (PSS) NNS (SSS)
Value &y. m) Value . Em)
Mirshak 2.81 -1 2.81 -1
SudeKaminaga 3.12 -1 3.12 -1
SahaZuber 514 -11 5.13 -11
Costa 4.04 -11 4.03 -11
ONBR BerglesRohsenow 1.81 19 1.81 19

Safety Margin Correlation

CHFR

OFIR

Figure 22 shows he temporal evolution of the temperatures throughout $£with the PSS
applied for the hot channel and the hottest elevation represented bym from the axial
centerline of the fuel. The hottest channel in this transient (with theap3i®d is channel 63 in
row 2 (like the LOPA) where the hottestoolanttemperature is reached at an elevation of 23 cm
above the fuel core centerlinehe hottest cladding temperatures are reached at an elevatidn
cm above the centerlin€onsideringboth the coolant and claddingmperaturesemain below
the saturation temperature of the coolant, the flow does not experience phase tramsitighsut
the LOHSA(i.e., singlephase flow is maintainedPbserve arop in the temperatures at ~236
secondsfterthe start of the accidenthich is when théRPS trip is activated, shutting down the
reactor and reducing theatgeneration in the cor®nce the reactor is shdown with either PSS
or SSS, the temperature dsgndfluctuatesat 332 K+ 3 K until the end of the simulation.
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Figure 22. The temporal evolution of temperatures throughout a loss of heat sink transient with the PSS
applied.

The mCHFR evolution throughout the LOHSA is showfigure23. Note howboth correlations
are qualitatively consistent, with Mirshak providing more limiting mCHFR predictidhshe
start of the LOHSA and prior to thPS trips being initiated, the mCHFR drops slowly due to the
increasing temperature shownHigure22. Once the RPS trip initisdethemCHFR shoots back
up due to the effective shutdown of the core, reducing the heat generation in tA¢ dlldimes
throughout the LOHSA, the mCHHRR higher than two, ensuring the effectiveness oNN& at
withstanding the LOHSA.
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Figure 23. The temporal evolution of mMCHFR throughout a loss of heat sink transient with the PSS
applied.

Figure24 shows he mOFIR temporal evolutias similar tothe mCHFR, where the mOFIR drops
until the ~236 secongmintwhen thereactor is shulown via the RPS trip, afterhich the mOFIR
shootsup. The Costa correlation provil¢he more limiting estimate of mOFIRBut both
correlationsshow near identical qualitative behavior ad@monstrate that the mOFIR does not
reach twaothroughout the LOHSAFor both the mCHFR and mOFIR, the PSS and SSS provide
similar behaviorsthe only exceptiofis thatthe jump in the safety margins does not occuasis

as thePSS due to the delay initiating the shutdown system. This does not yield any notable
variations other than that slight delay. For the SSS reseiés, to AppendixB. 1.
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Figure 24. The temporal evolution of mMOFIR throughout a loss of heat sink transient with the PSS
applied.

The mMONBR yields a similagualitativebehavior to the other two safety margins, where a drop
occursin the first portion of the LOHSA, and thé@njumpsas the PSS initiates at ~236 seconds
oncetheRPS tris (Figure25). At no time throughout the LOHSA does the mON&fp to unity,
ensuring that singliphase convection remains throughoutdbeident. Like the other accidents,
both shutdown systems yield near identical re@&S results are in Appendix1). Thisshows

the effectiveness of both systems to sihatvn the core without any operator intervention in the
LOHSA, demonstrating theelectedRPS trips are sufficient to withstand the LOHSAurther,
even in the event & LOHSA involving the loss of the secondary system, the NNS canlghat
with either shutdown systerhthe RPS trips workhereby reducing the safety significance of the
secondary system and loosenqu@lity assurance requiremeritktethat any change in the NNS
design, RPS setpointnd logi¢ or the shutdown systenvgould require a revaluation of the
LOHSA (and other accidents), which may change the safety significance of the secondary system.
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