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Preamble

The University of CaliforniaBerkeley Massachusetts Institute of Tewlogy; University of
WisconsinMadison University of New Mexico; Georgia Institute of Technolog@xe Ohio
State Universityand Texas A&M Universityarecollaborating taconduct a series of code-
code comparison and codalidationexercisesindertwo U.S. Department of Energgponsored
Integrated Research Proje¢iRPs) to develop the technical basis to design and licénsede-
saltcooled hightemperaturegeactory FHRS)

The IRPs hosted secondFHR Code Benchmarking expert workshgpril 13-15, 2016 in
Berkeley, California, to review code benchmarking needs for Fitiddo obtain advice from
experts on bestractices for code benchmarkirtgxperts from Oak Ridge National Laboratory,
Idaho National Laboratory, the Shanghastltute of Appled Physicsand the IRP universities
among otherarticipated

This report summarizes results from Feermal Hydraulics Working Grou@ HWG)
sections of thevorkshop, and recommends future IRP activiteeshe THWG
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Executive Summary

Since the original concept of fluoride salt cooled, solid fueled high temperaaatens
(FHRs) was first proposed 2002[1], substantial progress has been made in understanding the
neutronics, thermal hydraulics, and materials issues posed by this technology. These studies
have found that FHRs are likeio have high levels of intrinsic safety, enabled by the high
volumetric heat capacity and intrinsically low pressure of fluoride salt coolants, and by the very
large thermal margins, exceeding 700°C, to fuel damage during transients and accidents.

Given these attributes, in the United States significant effort has been made to develop the
scientific and technical basis to design and license FHRs, including work to develop pre
conceptual FHR designs, as illustrated in Figd., Bo construct separate effand integral effect
test facilities to validate thermal hydraulics models, and to test FHR structural materials in static
corrosion tests both in and out of reactors. In China, rapid parallel progress is underway in the
Thorium Molten Salt Reactor (TME program to construct and run salt loops and to design a
10-MWt FHR test reactor, the TMSBF1, as well as a-MWt, electrically heated TMSR
Simulator

2008 900 MWt 2010 125 MWi

2012 3600 MWt 2014 236 MWt
ORNLAHTR Mkl FB-FHR

&
Fig. P-1. Four FHR preconceptual designs developed by ORNL and UC Berkeley

In 2012, the UniversityfaCalifornia, Berkeley; Massachusetts Institute of Technology; and
University of Wisconsin, Madison, conducted a series of expert technical workshops to assess
key areas important to the design and licensing of FHRs. These workshops identified major
design options and subsystems for FHRs, identified and reviewed key FHR phenomenology,
identified key licensing basis events, and recommended a range of gamp@de modeling
codes that can be adapted to use for simulation of FHR neutronics, thermal bgdeandi
structural mechanics.
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To be used in safety analysis reports for license applications to the U.S. Nuclear Regulatory
Commi ssion, simulation code®wEMsr)efrugtedbd ov alsi ¢
comparison with appropriate separaffect and integral system test data, and by benchmarks
with other codes, as described in detail in the NRC Regulatory Guide[2]20he Guide
states,

fie an assessment should be made regarding the inherent capabiléy=df tto achieve the

desired results relative to the figures of merit derived from the [General Design Criteria].

Some of this assessment is best made during the early phase of code development to

minimize the need for later corrective actions. A key featdrthe adequacy assessment is

the ability of the EM or its component devices to predict appropriate experimental behavior.
Once again, the focus should be on the ability to predict key phenomena, as described in the
first principle. To a large degree gticalculational devices use collections of models and
correlations that are empirical in nature. Therefore, it is important to ensure that they are used
within the range of their assessment. o (pg.

This reportbuilds upon the descriptiarof thermal hydraulic resources within the THW&hd
recommends an approach to code benchmarking efforts durifigahgearof IRP research.
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1 Introduction

Recent studies suggest that fluoride salt cooled high temperature reactors (FHRS), which use
solid TRISO fuel, could have exceptional safety characteristics and deliver heat at high average
temperatures, in the ranffem 600°C to 800°C. Noting this, the U.S. Department of Energy has
supported two new Integrated Research Projects, with two university teams comprised of MIT,
UC Berkeley, University of Wisconsin, and University of New Mexico, along with a second
team omprised of Georgia Tech, Ohio State, and Texas A&M, to perform studies to further
develop the technical basis to design and license commercially attractive FHRs.

These IRPsire conducting coordinated work to address key technical issues in the areas of
FHR thermal hydraulics, neutronics, and materials, chemistry and tritium transport. This white
paper describes progress in thermal hydraudind summarizes results from the Thermal
Hydraulics breakout session of the second FHR Code Benchmarking expgestemApril 13
15, 2016, in Berkeley, California

1.1 Thermal Hydraulics Working Group i Purpose

The FHR IRP Thermal Hydraulid&/orking Group (THWG) was formedo develop and
participate in code benchmarking exercises, to validate key thermal hydraulicedityfor
use to predict FHR steady state and transient respdimeTHWG coordinates its activities
with the FHR IRP Neutronics Working Groud\\VG), including identifying needs for
benchmarking problems for coupled thermal hydraulics and neutréflilesTHWG has been
identifying both separate effect and integral effect tests apprepoiatode benchmarking, and
coadinating benchmarking calculatians

1.2 Benchmarking Goals

To be used in safety analysis reports for license applications to the U.S. NRexgdatory
Commi ssion, simulation codes (referred to as
comparison with appropriate separate effect and integral system test data, and by benchmarks
with other codes, as described in detail in the NRC Régy Guide 1.2032]. The Guide
states,

Aéan assessment should be made regarding t he
desired results relative to the figures of merit derived from the [General Design Criteria).

Some of this assessment is best made during the early phase of code development to

minimize the need for later corrective actions. A key feature of the adequacy assessment is

the ability of the EM or its component devices to predict appropriate experirbehtalior.

Once again, the focus should be on the ability to predict key phenomena, as described in the

first principle. To a large degree, the calculational devices use collections of models and
correlations that are empirical in nature. Therefore,ifh@ortant to ensure that they are used
within the range of their assessment.o (pg.

The goal of the THWG is to lay out and prioritize needs for thermal hydraulics EM
assessment for FHRs, and to recommends approaches to code benchmarking efforts.
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2 Overview of IRP University Thermal Hydraulic Research

This chapter provides an overview of key FHR thermal hydraulics research activities
underway at IRP universities.

2.1 University of California, Berkeley

UC Berkeley has a wide range of thermal hydraulics expetahactivities organized to provide

key separate effect test and integral effect test data. The majority of these experimental activities
use heat transfer oils as simulant fluids for convective heat transfer of the FHR molten salt flibe.
These experimés are overviewed briefly here, and more detailed discussion is provided in
Chapter 3 (separate effect tests) and Chapter 4 (integral effect tEgig®rimental date used

to validate modelsas gpart ofthe largelenchmark campaign involving aRP members as

well as outside participants. The coupling of models in thermal hydraulics, neutronics, and
structural mechanics for a holistic view of FHR phenomena and response is also a goal for this
effort.

Additional students (April Novak and Chris lReky) were added to this research area and
time has been spent for their literature review, training, and research planning. Several
undergraduate research assistants have also been trained to work in this research area. The

culmination of these additohsas been t he creation of a, ACIET
(three graduate, four undergraduate) that will be dividing the research tasks and working
concurrently through the semesterds end. The

improve the RELAB-3D models of the CIET facility as well as the Mk1-PBIR, and to verify
and validate these models through experimentation using the CIET facility. Uncertainty
quantification will be of particular concern throughout this process. Supporting researcré¢asks
improving the similitude of the CIET facility by changing the physical construction (adding
guard heating to limit parasitic heat losses, modifying the heating assembly, etc.), and
reassessing the scaling between the CIET facility and the Mi@H™Bthrough the use of a

novel scaling methodology, the Dynamical Systems Scaling (DSS) methodology.

UCB currently has two major separate effect test experimental activities.

The PebbleBed Heat Transfer Experiment (PBHTX) is a scaled facility designed tauneeas
heat transfer coefficients within a pebibled test section for the conditions applicable to the
PebbleBed FluorideSaltCooled High Temperature Reactor @FBIR). A simulant oil called
Dowtherm A is used as the heat transfer fluid, which matchesameltPnumber of flibe at
temperatures lower than the #BIR conditions. A dimpled test section 0.0889m long is filled
with randomly packed 0.00635m diameter copper pebbles, some of which are instrumented with
thermocouples to measure temperature. Thé amé outlet fluid temperatures are also recorded.

A Coriolis flowmeter is used to measure the mass flow rate of the oil within the loop. A power
supply is used to vary the heater power sinusoidally, and in this way the frequency response of
the test seabin can be measured to a high accuracy. The facility is designed so that the range of
Reynolds and Prandtl numbers are matched with the prototypical conditions. The loop has been
built using flexible stainless steel piping anddiamp fittings. It is builin a modular fashion,
implying that the pebbkeed test section could be replaced for future tests. Figure 4.3 shows this
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test facility currently under construction and preliminary data will be collected starting next
month.

The Cartridge Heater Experimie(CHEX) was designed to test similitude between
Dowtherm A and fluoride salt for natural convection heat transfer from a vertical cylinder.
Experiments were conducted in Dowtherm A and were compared to results from Oak Ridge
National Laboratory (ORNL) uisg flinak. Both laminar, transition and turbulent conditions were
investigated. Data collection and data processing is complete, and simulation work is underway
to complement the experimental results.

The Compact Integral Effects Test (CIET 1.0) faciigydesigned to provide data on integral
transient thermal hydraulic response of FHRs under forced and natural circulation, particularly
startup and shutdown transients, loss of forced cooling (LOFC) and loss of heat sink (LOHS)
accident transients, andgsave, buoyant shutdown rod insertion during transients. CIET 1.0 has
two coupled flow circuits that replicate the primary coolant flow circuit in FHRs, including
bypass flow, and the DRACS flow circuit, a natecatulationdriven loop designed to passly
remove decay heat from the FHR core and reject it to the environment through a thermosyphon
cooled heat exchanger (TCH>k)igurel shows a photograph of the faciliys an IET, the
driving purpose of CIET 1.0 is to provideliation data for evaluation models of FHR thermal
hydraulic systems, such as RELABDB, so that the evaluation models may be used to provide a
licensing basis for advanced FHR designs. diéty of IETs to perform this work and aid in
the process of retor design licensing was proven by the ARER1000 facility[22].
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Figure 1. CIET 1.0 test facility.

2.2 University of New Mexico

The University of New Mexicaurrently has active experimental researgbpsuting FHR
development. This research can be divided into roughly two categories: heat transfer and mass
transfer, where in some cases, the research problems are coupled. The heat transfer research is
focused on addressing data needs for performanaeapelichangers under the conditions
specific to the FHR: low flow rates, moderately high Prandtl number, and conditions where
buoyancyeffects willbe important. Additional information is needed specifically for enhanced
heat exchangers (such as twistdaet), where data in these conditions is not available and it is
unclear whether existing correlations will be adequate for desiglicangdingpurposes. More
detail on the specifics of the testing is included in the separate effects test experimamts secti
below. The mass transfer research is focused on addressing the challenging level of tritium
production in the FHR when utilizing certain primary coolants such as flibe. This research is
investigating the use of ultrasonically enhanced inert gas spdogingmoving and sequestering
tritium produced in the reactor during normal operation.

The major experimental facility that UNM is using to produce heat transfer data is the heat
transfer facility shown ifrigure2. The facilityis a reduced scale SET experiment designed to
reproduce similitude of heat transfer for a range of conditions expected in the FHR heat
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exchangers (particularly the DHX) using a simulant fluid, DowtherrmAaddition, the facility
is supported under an NEUo test doublevall twistedtube heat exchangers which feature an

intermediate annulus that can contain a tritium getter (different options are currently under
consideration).

Test Section
Howmeters Satic Mixers
Secondary Pump How Reversal

t Piping
]! )Y,:H
N

: 1
Hectric Heater ! =~

i‘,

Programmable
Power Supply

Chiller

Figure 2. Heat transfer facility at UNM.
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2.3 University of Wisconsin, Madison

The University of Wisconsin at Madison has three groups conducting research on thermal
hydraulics in the FHR. First, Professor Kumar Sridharan and Professor Mark Anderson are
leading Karl Britch to build a materials research FLiBelsap that is driven by natural
circulation for the Nuclear Materials Group. This salt loop will also be capable of conducting
integral effects tests of FHR decay heat removal systems by controlling heat insertion and the
buoyant head. While this loopdesigned primarily for materials research, it will offer the
capability of conducting natural circulation experiments for integral effects tests. A CFD model
of the experimental loop has been developed in ANSYS, as part of the experimental design
processand to help with data interpretation.

Secondly, Professor Raluca Scarlat leads the Heat and Mass Transport Group, which has
ongoing computational and experimental projects. Mohamed Abou Dbai is conducting scaling
analysis, natural circulation stabilitpalysis, and systemimodeling of natural circulation loops
with multiple branches in COMSQ[3], [4]. Kazi Ahmed is developing system level and
componerdevel models for freezing. A freezing moduiite systeralevel modeling is being
developed in MOOSE, and will be applied in the system code SAM. This work is in
collaboration with Dr. Rui Hu and Dr. Tom Flannagan from Argonne National Lab. SAM is a
single phase thermdlydraulic code written on the MOQBE platform, which branched off from
the RELAP7 code development, in order to focus development on problems specific liquid metal
reactors, and has no tvwatase flow capability. This project will also lead to the first application
of system modeling in S¥ to FHRs. This tool will enable the modeling of overcooling
transients that involve freezing and thawing. This effort is supported by aydae®&EUP
grant.

Componensscale modeling and separagiects experiments are underway, in order to
generate clsure models for freezing in heatchanger tubes: convective heat transport between
the solid and the liquid, and friction losses. Kazi Ahmed has developed a CFD model of freezing
in a heat exchanger tube in COMSOL. Louis Chapdelaine is conducting asebimets
experiment to study the supercooling effect in the salt, and the freezing behavior as a function of
geometry and heat flux; he has also developed a CFD model of the experimempahset
COMSOL, to aid in experimental design and data analykisse experiments will be performed
with FLiNaK and FLiBe to study the suitability of FLiNaK as a surrogate for FLiBe in freezing
experiments; alternative surrogate and simulant fluids will also be studied. The capability of
these experimental saps to &0 measure thermophysical properties of the liquid and the solid
are being investigategd].

The Heat and Mass Transport Group is building an optical spectroscopy cell for molten salts,
which will be capable of measuring thdrared absorption spectra of salts, including FLiBe salt.
It will also be capable of measuring emissivity of surfaces submerged in salt. This work is in
collaboration with Professor Mikhail Kats, from the Electrical Engineering Department at the
Universty of Wisconsin Madison. Radiative heat transport will be added to the comysmadat
CFD models.
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2.4 The Ohio State University (IRP Partner)

A low-temperature DRACS test facility (LTDF) aachightemperature DRACS test facility
(HTDF) have been designed aoonstructed at OSU to study the thermal performance of the
natural circulation/convection driven DRACS system during transients. RESEEAPSIM/
MOD 4.0 has been selected to perform the system analysis for both DRACS test facilities.
Benchmark of two DRACS transient scenas carried out in LTDF usinBELAPS have been
performed, including a startup scenario and a pump trip scenario. The startup and pump trip
scenarios for HTDF have also been simulated by the RELAPS code. The objective of the present
work is to numerically investigate the DRACS thermal performance in terms of its decay heat
removal capability and validate the capability of the RELAPS code for applications to the
DRACS systen5]. In addition,fluid properties 6FLiNaK and KFZrF4 have therefore been
implementednto the RELAPSSCDAPSIM/MOD 4.0. [6].

2.4.1 LTDF and HTDF Models in RELAPS

The D models built in the RELAPS input deck for the LTDF and HTDF, including the
nodalization, are siwn Figure3. There are three loops coupled in both LTDF and HTDF and
the main components include a simulated core, DHX, NDHX, fluidic diode, and buitine.

LTDF model, the fluids in the primary and secondary loops are wattre HiTDF, the working
fluids in the primary and secondary loops ak&NaK and KFZrFs, respectivelyln addition, the
heat transfer correlation and friction factor correlation for low Prandtl number fluids are utilized
in the HTDF simulation.

TOV ] [ TOV

TDV:Time dependent volume
W:Heat structure

O:Pipe

Primary loop fluid: FLiNak
Secondary loop fluid: KF-ZrF4

TDV—‘

Primary loop i Primary loop
1 I i

TDV: time dependent volume
[ : pipe
I : heat structure

Primary loop fluid : water
Secondary loop fluid : water

[ Core B
\J-\\J
Pump Fluidic diode 71— Ll U

Fluidic di !
luidic diode f——F—11 mrq&jm_\

Figure 3. LTDF model (left) and HTDF model (right) in RELA5/SCDAPSIM/MOD 4.0.

2.4.2 LTDF Benchmark Results (Startup Scenario)

The simulation results of the DRACS startup scenario are compared with the experimental
data obtained from the LTDF. Ftre initial condition of the startup scenario, the fluids in all of
the three loops are initially stagnant and the fluid temperatures are close to the room temperature.
At time zero, a constant power of 2 kW is provided in the simulated Toestemperaire
profiles of the fluid at the inlet and outlet on the DHX tglme are shown iRigure4. Natural
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circulation is gradually established after the core power is activated, resulting in a temperature
increaseThe simulation redts of the fluid mass flow rates in the three loops are compared with
the experimental data as well. Fréngure5 the results show that natural circulations are
established in the three loops. The air mass flow rate from the REEkMnulation is slightly

over predicted, which could be due to the measurement uncertainties from the instrumentations.
However, the calculation results show similar profiles compared with the experimental data.
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Figure 4. RELAPS simulation results of the water inlet and outlet temperatures of the DHX tube side compared with
experimental data (startup).
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Figure 5. RELAPS simulations results of the fluid mass flow rates in the three loops of the LTDF comped with
experimental data (startup).

2.4.3 LTDF Benchmark Results (Pump Trip Scenario)

Before the transienthie pump is under operaticand the whole system reaches steady state.
At time zero secorgithe pump is shut dowRigure6 showsthe benchmark results of the fluid
temperature profiles in threecondaryoops. After the start of the transients, the temperatures of
the hot leg and cold leg in the secondary are not changing significantly, since the power provided
from the core isi0t changedfter pump is turned off.
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Figure 6. RELAPS5 simulations results of the water inlet and outlet temperatures of the&lDHX tube side in the LTDF
compared with experimental data (pump trip).

2.4.4 HTDF RELAPS Simulation Results

The experimentadata of HTDF is not available at the tirties report was written, therefore,
only simulation results of the startup and pump trip scenarios are inckigace7 shows the
temperature profiles in HTDF in the Hig scenariolt should be noted that enoutgmperature
marginin thesecondary loop cold leg temperatin@m thefreezing point should be provided
during the startup transient t¢3j.
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Figure 7. RELAPS simulation results of the hot leg and cold leg temperatures of the primary and secondary loops in the
HTDF (startup).

In pump trip scenario simulatiothe mass flow rates of the three loops in the HTDF are
shown inFigure8 (left). After the pump is tripped, the primary flow reverses since it loses the
driving force provided by the pump and the buoyancy force and hence the natural circulation in
the primary loop starts to develop. In the pump trip scenario, there is ntongerdy about the
salt freezingpecauséhe salt temperatures are above 600°C based on the RELAP5S simagation
shown inFigure8(right).
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Figure 8. RELAPS simulation results of the mass flow rates (I&f and temperature profiles (right) in the HTDF (pump

trip).
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3 Separate Effects Test Research Program

Separate effect tests provide key data to validate physics models and constitutive closure
relationships used in thermal hydraulics safety modEtss chapter reviews SETs being
developed and used in the FHR IRPs.

3.1 Purpose of Separate Effects Tests

Separate effect test facilities are one type of experimental facility used to validate thermal
hydraulics models and to test FHR components.

To be used in safegnalysis reports for license applications to the U.S. Nuclear Regulatory
Commi ssion, simulation codes (referred to as
comparison with appropriate separate effect and integral system test data, and makench
with other codes, as described in detail in the NRC Regulatory Guide 1.203. The Guide states,
fééan assessment should be made regarding the
desired results relative to the figures of merit derived fronjGlemeral Design Criteria]. Some
of this assessment is best made during the early phase of code development to minimize the need
for later corrective actions. A key feature of the adequacy assessment is the ability of the EM or
its component devices to pietdappropriate experimental behavior. Once again, the focus
should be on the ability to predict key phenomena, as described in the first principle. To a large
degree, the calculational devices use collections of models and correlations that are empirical
nature. Therefore, it is important to ensure that they are used within the range of their
assessment.o (pg. 4)

The purposes of separate effects tests are
A Exploration of phenomena

A Componerevel testing

A Basis for code validation

A Closure models for systelevel codes

Because FHRs have multiple phenomena which are either not fully understood or have not
been demonstrated, we can use separate effects tests to isolate these phenomena so that the
resulting information can be incorporated into integral effexsgtsfacilities.

In addition to facilitating the study of isolated phenomena, separate effects tests can be used
to study specific system components in order to define their performance for a variety of
configurations and conditions that may complemeatititegral effects test program.

Similarly, the data from these tests can be used in verification, validation, and uncertainty
guantification (VVUQ) efforts for simulation codes which are being used to represent isolated
phenomena.
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Finally, experimental falities which allow determination of system characteristics for
specific components or phenomena can be used to provide information necessary to complete
closure models for system level codes such as friction and form loss factors.

3.2 University Separate Efects Test Experiments

There are many phenomena important to FHRs that would benefit from separate effects test
experiments. One property that will need to be determined and benchmarked will be the thermal
expansion coefficient of both flibe and structuradterials. Another set of phenomena that will
be important to understand is phase change behavior in simulant fluids such as freezing. While
Dowtherm A may provide useful results for heat transfer, the information may have limited
usefulness in thermddydraulic regimes where twphase phenomena play a role.

Radiative heat transfer in flibe will also need to be studied using separate effects tests.
Current designs have considered flibe to be i
salt. The #&ect of radiative heat transfer will need to be incorpatatedesign decisions.

Thermal radiation is very different fiimak versusflibe and its assessment may allow
applicability of existing models to systems usiliige. This may also be a signifiat distortion
between prototypes and scaled models using Dowtherm A.

Leak behavior will also be important to FHR design and may be suitable for separate effect
testing. The TMSR program has some research efforts in this area which have shown that
insulaton makes it difficult to detect leaks early on. Furthermore, beryllium has proven to be a
significant concern when leaking due to the danger coming from aerosols and airborne
particulates (beryllium oxides and metallic beryllium in the air).

Because a laggamount of the experimental work on FHR therimalraulics is utilizing
simulant fluids at a reduced scale, future separate effects tests should focus on validating this
data. In order to use the data in design and licensing efforts, the appropriateéhesse of
simulant fluids in benchmarking must be evaluated. A related concern is the large uncertainty
associated with fluoride salt properties that have also been measured in small applicable
temperature ranges. We must reduce the uncertaintiesparpraneasurements for flibe, as well
as other fluoride salts such as flinak, and take measurements for wider temperature ranges.

Heat exchangers may also require benchmarking because it is difficult to prove that small
scale heat exchangers can accuratetyic the local effects of larger ones. Other component
related separate effects test include salt pump testing and fluidic diode testing.

Due to the size and variation of candidate separate effect tests, we should conduct PIRT or
PIRT-like activities todetermine the array of separate effects tests needed for phenomena not
covered in integral effects tests. I nf ormati o
may be useful and informative in this pursuit.

A key point that must be stressed throogifuture separate effects testing work is that we
must ensure complete and appropriate benchmark selection in order to avoid future delays.
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3.2.1 University of California, Berkeley

UCB is currently using the PebbRed Heat Transfer Experiment (PBHTX) to measiine
heat transfer coefficient between pebble fuel elements and flibe by using copper pebbles and a
simulant oil. The heat transfer coefficient is being measured in a pebble bed test section as a
function of position and time for ranges of Prandtl angriels numbers. The experiment
currently employs a foedrade mineral oil called Drakesol that is similar to Dowtherm A but
easier to work with.

While the primary goal of PBHTX is to determine pebbd®lant heat transfer, the
experimental data it generatean also be used to support FHR scaling analysis. Data collected
from the experiment could possibly be used to validate similitude of heat transfer oils and
fluoride salts.

An additional suggestion was made during the workshop to plot the heat taeffaient
against the Buoyancy number because buoyancy may be affecting the flow characteristics. An
example of this phenomenon is that downward flow has a higher heat transfer coefficient for
gases.

Future separate effects tests at UCB could focusenedhd to demonstrate similitude
between fluoride salts and Dowtherm A for natural convection heat transfer. One experiment
might compare Nusselt numbers for matched Prandtl and Grashof conditions by immersing a
cartridge heater ifinak and Dowtherm A. Tie data from such an experiment can be contrasted
with Nusselt numbers predicted using correlations for natural convection heat transfer from a
vertical flat plate.

3.2.2 University of New Mexico

The two categories of heat exchangers, single wall and doublendaadth UNM will be
testing in its heat transfer facility are showrigure9 andFigurel0. The single wall tests will
be specifically investigating Hirectional heat transfer enhancement in conaiétio
phenomenologically similar to those of the FHR. Low flow rates in the laminar and transitional
regimes will be tested using forced circulation in upward and downward flow directions. Natural
circulation will also be testing in the downward flow direnti@ecause the plain tube and
twisted tube variants are both manufactured from the same supplier with this testing purpose in
mind, the experiment should provide an apeapples comparison of heat transfer and
pressure drop performance for the same flate and Prandtl number ranges between plain tubes
and twisted tubes. This data will be used to test the adequacy of correlations in the literature (for
example, sefl4]) for use in natural circulation and Prandtl numbeith@10G15 range. In the
most likely case, the Reynolds dependency term in forced convection heat transfer correlations
will be replaced with a Grashof dependency for natural circulation flow.
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Figure 9. Twisted versus plain tubeheat exchangers provided to UNM, masked for clarity (photo credit: Hipex).

Figure 10. Twisted outer/plain inner versus plain outer/plain inner tube heat exchangers provided to UNM.

The doublewall tests will be investigating hetxansfer performance of a douball
twistedtube heat exchanger concept for mitigating tritium migration through theosgdis heat
exchangers in the FHRimulated by the heat exchanger&igurel0. In particular, UNM is
funded through a DOE NEUP to experimentally explore the use of this concept to couple FHRs
to supercriticalCO;, (S-CO,) advanced power conversion cycles. The proposed advantages of the
concept include the use of twisted outer tubes on thesdellfor heatransfer enhancement in
the salt, doublavall design with intermediate tritium getter, and circular inner tube to help
accommodate the large pressure differential between the salt@@¢ Several materials are
under consideration for use in the intedrate annulus between the tubes. Liquids, gases, and
even powders are available as potential tritium getters/barriers and heat transfer mediums. It is
also possible to maintain the annulus at an intermediate pressure between the s@l©and S
which mayalso help provide accommodation for the large pressure differential. UNM will be
working with Sandia National Laboratories (SNL) to perform theshyalraulic testing on the
heat exchangers already provided to UNM and on revised test sections informeddsutts of
these preliminary experiments.

The heat transfer facility component layout is showhigurell. The facility is composed
mainly of two loops: a primary loop and a secondary loop. The primary loop flows water or
Dowtherm A through the shell side of the test section (heat exchanger) by natural circulation or
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