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Molten Salts Enable a Broad Spectrum of Reactors


Any reactor that employs a molten salt to perform a 
significant function is a molten salt reactor.


• MSRs have two primary subclasses – salt-fueled and salt-cooled
– Both subclasses have fast and thermal spectrum variants (epithermal and flux 


trap systems also possible)
– Salt-fueled systems (e.g. molten salt in fuel rods) can be cooled by non-fuel salt
– Salt-fueled systems can employ non-salt coolants


• Fuel cycle of salt-fueled reactors is intimately connected with the reactor
– U/Pu, Th/U, and TRU based fuel systems are all possible
– Breeding, burning, converter fuel cycles are all possible
– Open, closed, and modified-open fuel cycles are all possible
– Single and dual fluid systems are possible


• Fuel cycle of salt-cooled reactors resembles that of other solid-fuel reactors
– Fluoride salt-cooled high-temperature reactors (FHRs) are a near term option 
– Fast spectrum fuel cycle resembles SFRs
– Thermal spectrum fuel cycle resembles LWRs


• Tritium production is significantly larger in fluoride salt systems
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FHR Development is Supported Through NE’s 
Office of Advanced Reactor Technologies


Mission of DOE-NE Office of Advanced Reactor 
Technologies (ART) is to develop future nuclear energy 
concepts that have the potential to provide significant 
safety and economic improvements over existing 
reactor concepts


– ART provides funding to the Nuclear Energy University Program


ART supports
– Reactor concept and technology development
– Advanced reactor licensing framework development 


• In collaboration with the NRC


ART employs international collaboration to leverage and 
expand R&D investments


FHRs have the long-term potential to economically and reliably produce 
large quantities of energy while maintaining full passive safety 
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US MSR Development Efforts Have Both 
Government and Industry Elements


 US government effort is managed through the Department of Energy’s 
(DOE) Office of Advanced Reactor Technologies


– Government effort includes partnering with commercial entities, university 
research grants, student support, and national laboratory led R&D


 DOE program now includes both solid and liquid fuel MSRs
– FHR technology development effort is concentrated at university projects


 Nuclear industry has recently become more active in broadly 
supporting advanced reactor development and MSR evaluation


– Nuclear Energy Institute has initiated an advanced reactor working group with 
strong utility leadership


– Electric Power Research Institute recently sponsored a liquid fuel MSR evaluation 
project and have announced a $4M R&D program on advanced reactors
• http://www.epri.com/abstracts/Pages/ProductAbstract.aspx?ProductId=000000


003002005460
 Close ties exist between government and private Canadian and US 


MSR efforts
– Evaluation of common safety evaluation approaches under consideration
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DOE-NE is Investing in the Molten Chloride Fast 
Reactor Through a Public-Private Partnership


 First U.S. Government liquid fueled MSR funding in 40 years!
 Award made following a competitive process
 $40M of government funding over 5 years with a substantial private 


match (>20%)
 Southern Company Services is the lead for the program


– TerraPower, ORNL, EPRI, and Vanderbilt University are the supporting 
institutions
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The FY15 Omnibus Spending Bill included the following:
$12,500,000 is for the further development of two performance based advanced reactor 
concepts, of which $7,500,000 is for industry‐only competition of two performance‐based 
advanced reactor concepts and $5,000,000 is for the national laboratories selected to work 
with the awardees to perform the work required by the awardees to meet the goals of the 
awards







MCFR Commercial Development Roadmap Has 
Three Phases


Early 
validation


• Completed by 2019
• Supported jointly by U.S. 


Government and 
Southern Nuclear 
Services led consortium


Critical test 
reactor


• Mid 2020s


Commercial 
prototype


• By 2035
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Contract is still under negotiation.  
The MCFR core is composed of the reactor 
vessel, fuel salt, neutron reflectors, and 
primary heat exchangers. 


Image courtesy of TerraPower


Heat exchanger


Neutron reflectors


Vessel


Main fuel 
salt inventory







Advanced Test/Demo Reactor Planning Study is 
Currently Underway


 FY15 Omnibus Spending Bill
– $7,000,000 is for an advanced test/demonstration reactor planning study 


by the national laboratories, industry, and other relevant stakeholders of 
such a reactor in the U.S. The study will evaluate advanced reactor 
technology options, capabilities, and requirements within the context of 
national needs and public policy to support innovation in nuclear energy.


 Nuclear Energy Advisory Council (NEAC) providing study advice.
– The objective of the study is to provide transparent, and defensible options 


to address need for, and technology of, a test and or demonstration 
reactor(s) to be built to support innovation and long term 
commercialization.


 Draft report provided to DOE March 31st 2016.
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Candidate FHR Demonstration Reactor Point 
Design Recently Completed


Problem
statement


The Fluoride Salt Cooled High
Temperature Reactor (FHR) is a reactor 
concept that leverages proven fuel forms 
and high temperature, low pressure salt 
coolant. The FHR demonstration reactor 
design is intended to advance 
technological maturity of FHR systems as 
a whole.


Technical 
approach


The foundation of the approach consists of 
assessment and down selection of 
technology options. Corresponding design 
efforts are underway for the reactor core, 
balance of plant, and operational systems. 
The effort uses state-of-the-art 
computational tools and leverages the 
lessons learned from HFIR and MSRE 
operation.


Benefit


Specific benefits include demonstration of 
operational performance of key FHR 
technologies and processes. The FHR 
demonstration reactor will enable rapid 
deployment of an inherently safe, high 
efficiency, and high temperature energy 
source.
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ORNL/TM-2016/85 describes reactor concept
http://info.ornl.gov/sites/publications/Files/Pub61577.pdf







DOE’s Focused Investment in FHRs Remains 
Primarily Through University Research


 In 2011 DOE funded a multi-university (Massachusetts Institute of 
Technology, University of California at Berkeley, and University of 
Wisconsin) integrated research project on FHR concept and technology 
development


– Thermal hydraulics and safety tests at UC-B
– Material and component selection and performance (UW)
– Coolant/material tests in MIT research reactor
– FHR test reactor functional requirements and pre-conceptual design (MIT)
– Commercial reactor conceptual design (UC-B)
– Developing potential commercialization strategies linked to specific strengths of 


molten salt systems (MIT)
 In 2014, DOE funded two additional integrated research projects on FHRs 


one led by Georgia Tech and the other by MIT
– Projects are focused on resolving FHR technology issues
– Joint planning has occurred to minimize overlap and emphasize synergy


 UK has created a parallel university collaboration program
– http://www.epsrc.ac.uk/funding/calls/neupcollaborativefundingopportunity/
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Multiple Single Topic NEUP Projects Also 
Benefit FHRs


 Experimental Validation of a Compact Double-Walled Twisted-
Tube Heat Exchanger Concept (New Mexico) – 2015


 Development and Demonstration of an In-Situ Tritium Scavenger 
(Wisconsin) – 2015


 Coiled Tube Gas Heaters for Nuclear Gas-Brayton Power 
Conversion (UC Berkeley) - 2014


 High Temperature Inspection Capabilities (Iowa State) - 2013
 Compact Heat Exchanger Design and Testing (Ohio State) - 2013
 Tritium Migration/Control for Advanced Reactors (Ohio State) -


2013
 Optical materials for in-vessel sensing (Clemson) - 2013
 FHR Fuel and Core Design (GaTech) - 2012
 Pebble Fuel Handling (UCB) – 2011
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2011-2015 FHR NEUP Project Awards







DOE-NE Has Recently Initiated Two FHR 
Technical Tasks at its National Laboratories


 Development and demonstration of tritium management 
technology for FHRs
– Using prototypical materials and conditions (temperatures, flow 


velocities, redox, etc.)
– Follow-on engineering scale technology demonstration included in DOE-


NE planning process
– Significant synergies with ORNL-SINAP CRADA anticipated
– Multiple approaches/technologies are planned for evaluation


 Reactor physics criticality modeling and molten salt cross 
section sensitivity/uncertainty computation in collaboration 
with the Czech Republic
– Using LR-0 critical facility
– U.S. origin isotopically selected FLiBe salt
– Data will be openly available
– Criticality benchmark will support validation of FHR physics codes
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DOE’s National Nuclear Security Administration 
Has Begun to Evaluate MSR Safeguards Issues


 Develop path forward on how to approach the safeguards 
issues surrounding MSRs


 Effort leverages expertise in safeguards, proliferation 
resistance, and molten salt reactor technology


 Currently a scoping level study just getting underway
 Assessing and developing approaches and technologies to 


support IAEA will be primary focus
– Material control and accountability
– Safeguards technology
– Inspection regimes
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NRC Has Begun To Integrate Advanced Reactors 
Into Its Licensing Structures


 Advanced Reactor Policy Statement was published in 2008 
(73 FR 60612)


 NRC augmented it test reactor licensing framework in 2012 
(NUREG 1537) to accommodate aqueous homogeneous 
reactors


 NRC provided a report to Congress on advanced reactors 
licensing in 2012 noting the need for regulatory guidance 
for non-light water reactor designs


 DOE-NRC undertook a joint initiative on advanced reactor licensing in 
2013


– DOE-NE has proposed a set of advanced reactor design criteria (ARDC) that are 
intended to preserve the safety intent of the general design criteria (GDC) of 
10CFR50 Appendix A (INL/EXT-14-31179)


– NRC has recently issued draft ARDCs for public comment (ML16096A420) in 
preparation for issuing a draft and then final Regulatory Guide


 Next step in the joint initiative is to identify the LWR specific aspects of 
NRCs supporting regulatory framework documents (e.g. NUREG-0800) in 
preparation for developing technology neutral, performance-based 
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Multiple Recent Industry Consensus Standards 
Activities Support MSRs


 ASME-ANS joint standard on non-LWR PRA adopted for trial use 
in 2013


 ANS working group 20.1 that is developing an FHR design safety 
standard is nearing an initial draft


 ANS working group 20.2 focused on developing a liquid fuel 
MSR design safety standard recently approved


 ASTM & ASME BPVC standards on advanced ceramic 
composites and graphite are under development
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US and China Are Continuing Cooperation on 
FHR Research and Development


 Collaboration supports the US-China memorandum of 
understanding on cooperation in civilian nuclear energy science 
and technology


 ORNL and the Shanghai Institute of Applied Physics (SINAP) of the 
Chinese Academy of Sciences (CAS) are the lead organizations


– ORNL will call on expertise throughout the US to support CRADA tasks


 Project is intended to benefit both countries through more 
efficiently and rapidly advancing a reactor class of common 
interest


 FHRs remain at a pre-commercial level of maturity
– All of the results are intended to be openly available
– Project is scheduled to end after SINAP’s higher-power test reactor has 


completed its operational testing program
 Collaboration includes research and development to support the 


evaluation, design, and licensing of a new reactor class
– Does not include fuel development or fissile material separation technology
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Initial CRADA Tasks Include Experimental, 
Computational, and Analytical Efforts


 Task 1:  Fluoride Salt Loop Startup and Pebble Bed Heat Transfer 
Testing


– SINAP staff are participating in the experimental program
 Task 2:  Component & Instrumentation Development


– Ultrasonic flowmeter demonstration & validation
– Fluoride Salt Pump Development and Demonstration


 Task 3:  Analysis Software Support
– Modify SCALE (ORNL’s reactor physics code suite) for FHRs
– Investigate process to provide secure server for access to export controlled codes


 Task 4:  Training and Education
– Subcontract with University of California at Berkeley


 Task 5:  Information Exchange and Program Coordination
– Licensing approaches and safety analysis for FHR systems
– FHR technical issues (materials, information management, seismic design)
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Phase I is nearing completion







ORNL FLiNaK Salt Test Loop 
Commissioned


 Versatile liquid salt test loop embodies multiple 
innovative technologies providing a technology 
demonstration platform


– Integration of ceramic and metal components
– Molten salt compatible gaskets (all prior loops have 


relied on welded joints)
– Liquid salt instrumentation


• Ultrasonic flow meter
• Radar level gauge


– Integration of salt cleaning with loop
 Molten salt thermal and hydraulic performance 


testing underway
– Pebble bed pressure drop and heat transfer
– Pump performance


 SINAP staff are at ORNL and participating in the 
measurements
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Ceramic to metal joining 
test fixture







High-temperature Liquid Salt Flow Meter 
Calibration 


 Calibrated salt mass flow measurement is 
needed to operate high-temperature salt 
reactors
– SINAP and ORNL fluoride salt loops are 


currently using FLEXIM ultrasonic flow meters 
that are not calibrated


– Calibration methods for high temperature 
(700ºC) are currently unavailable 


 Current status and next steps
– System assembly just getting underway
– Performed water flow calibration and setting up 


instruments for salt flow calibration
– Perform initial flow calibration measurements in 


June 2016
– SINAP staff working on the experiments
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ORNL Provided Training for Chinese Regulators 
on FHRs


 Conducted at Shanghai Institute of 
Applied Physics from Dec 7-9


– In support of SINAP/ORNL CRADA
– Focus of training for China’s National 


Nuclear Safety Administration (NNSA)
 Attendance from NNSA and SINAP staffs


and support organizations: 270
– 50: NNSA staff and 20 support organizations
– 200: staff from SINAP and other institutes from 


Chinese Academy of Sciences
– 10 modules: FHR reactor technology, systems, and 


safety
FHR Training for Shanghai Institute of Applied Physics and the


National Nuclear Safety Administration of China
Oak Ridge National Laboratory


December 7-9, 2015


MODULE 5: Systems and Components


MODULE 4: Neutronics and Core Design


MODULE 10: Technology Development Issues


MODULE 9: Regulatory Issues and Challenges


MODULE 3: Coolant and T/H Parameters MODULE 8: Safety & Analysis / Design Requirements


MODULE 2: General Descriptions of Concepts MODULE 7: Fuels and Materials


MODULE 1: History and Background MODULE 6: Instrumentation and Control
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MSR Potential Remains Substantial and Untapped


 Optimum MSR and fuel cycle depends upon the mission
– Solid fuel systems minimize deviations from precedent
– DMSRs build upon prior MSR heritage
– FS-MSRs avoid requirement for future uranium enrichment
– TRU fuel reduces amount of existing HLW


 Liquid fuel inherently intimately interconnects the fuel cycle 
with the reactor


 MSR fuel cycles can be highly proliferation resistant or have 
substantial proliferation vulnerabilities


 Basic elements of MSR fuel cycles have been identified and 
demonstrated with varying degrees of sophistication


 Significant research, development, and demonstration remains 
to enable any MSR
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It Appears We Have Come Full Circle from the Late 
1960s on MSRs


From the Preface of a Series of Papers 
Published in Nuclear Applications & 
Technology on MSRs from 1969 by Alvin M. 
Weinberg:


The tone of optimism that pervades 
these papers is hard to suppress. 
And indeed, the enthusiasm 
displayed here is no longer 
confined to Oak Ridge. There are 
now several groups working 
vigorously on molten salts outside 
Oak Ridge.
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Integrated Research Project Workshop
Berkeley, California


April 14, 2016


Charles Forsberg and Per Peterson


Department of Nuclear Science and Engineering; Massachusetts Institute of Technology
77 Massachusetts Ave; Bld. 24-207a; Cambridge, MA 02139; Tel: (617) 324-4010;


Email: cforsber@mit.edu; http://web.mit.edu/nse/people/research/forsberg.html


For Public Distribution


FHR MIT-IRP Overview
Integrated FHR Technology Development: Tritium Management, Materials 
Testing, Salt Chemistry Control, Thermal‐Hydraulics and Neutronics with 


Associated Benchmarking







IRP Objectives
The objective of our proposed new Integrated
Research Project (IRP-2) is to address major
challenges in the development of commercial
Fluoride-salt-cooled High-temperature Reactor
(FHR) technology: tritium control; fluoride-salt
corrosion control and materials selection; thermal-
hydraulics and neutronics; and evaluation model
benchmarking


This talk also includes related developments at
the four universities not part of the IRP







IRP Base-Case Design


Fluoride-Salt-Cooled High-
Temperature Reactor 


Nuclear Air-Brayton Combined Cycle and 
Firebrick Resistance-Heated Energy Storage
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Coolant: High-Temperature, Low-Pressure 
Liquid-Salt Coolant (7Li2BeF4) with freezing 
point of 460°C and Boiling Point >1400°C 
(Transparent)


Power Cycle: Modified Natural-Gas Air 
Brayton Power Cycle with General 
Electric 7FB Compressor


FHR Combines Existing Technologies4


Fuel: High-Temperature Coated-Particle 
Fuel Developed for High-Temperature Gas-
Cooled Reactors  (HTGRs) with Failure 
Temperatures >1650°C







Base-line IRP FHR Design
Alternatives Exist for Each Major Design Choice
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• Pebble bed 
graphite-matrix 
coated-particle fuel


• Clean flibe salt 
(7Li2BeF4) coolant


• Nuclear Air-Brayton
Combined Cycle 
(NACC)


3.50 m


Defueling wells (2)


Hot leg nozzle (1)


Vessel outer lid
Vessel inner lid


Support skirt
DHX wells (3)
Shutdown blades (8)
Control rods (8)
Outer radial reflector
Center radial reflector
Graphite blanket pebbles
Fuel pebbles
Downcomer
Lower reflector support







Salt-Cooled Reactors With NACC 
Match Market Requirements


Base-Load
Reactor


Variable Electricity
And Steam


Gas 
Turbine


Stored Heat and/or Natural Gas


50 to100% Greater Revenue than Base-Load Plant
Enable Zero-Carbon Energy System when Coupled to Heat Storage
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Topping Cycle: 66% Efficient for added Heat-to-Electricity: 
Stand-Alone Natural Gas Plants 60% Efficient


NACC for Variable Electricity Output
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FHR Tritium Control


MIT and Wisconsin
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Work on Tritium Control Strategies


• Tritium Working Group (FHR, MSR, 
Fusion)
– Integrate work across FHR, MSR, 


and fusion for tritium in 700°C salt
– Salt Lake Workshop Oct. 2015 


(Proc. available) on 3H2 generation 
and control.


– April 2016 Meeting at UCB
• Developed TRIDENT Model (Right)
• Experimental work underway


– H2 absorption on carbon at <1 Pa 
(MIT)


– H2 characterization on carbon 
(Wisconsin)


– Materials Irradiation and 3H2 
sorption on multiple materials (MIT)


• Summary paper on Workshop website







Two Developments in Tritium Control


Carbon Bed 
Outside Core


• Carbon has the potential to control 
tritium efficiently
– Can remove tritium using nuclear-


grade carbon bed
– Nuclear-grade carbon designed to 


withstand neutron flux
– If carbon bed outside core, different 


requirements allow use of other 
carbon forms that may improve 
tritium removal efficiency by orders 
of magnitude


• Carbon forms developed for fuel cells 
and catalysts that have nickel or noble 
metal particles
– Faster tritium sorption
– Expected to remove noble metals—a 


major challenge for MSRs
Platinum on Carbon (Courtesy of Tanaka, 


http://pro.tanaka.co.jp/en/products/group_f/f_5.html)







Fluoride-salt Corrosion Control 
and Materials Selection


MIT and Wisconsin
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University of Wisconsin Focus: Materials Salt, Chemistry, and 
Electrochemistry, Materials Corrosion, and Flow Loop: FLiBe Salt


FLiBe Purification System


Materials Corrosion: 316 stainless steel Electrochemistry: Changes in redox potential with 
impurity additions


1000 
hours


2000 
hours


3000 
hours


Molten FLiBe Salt Flow 
Loop:  (under 
construction)







MIT Preparing Third Round of Integrated 
FLiBe Irradiation & Materials Exposure Tests


• MIT research reactor performed irradiations at 700°C.  
New irradiation facility with active heating is developed. 


• New MIT lab space dedicated for handling irradiated 
flibe, FHR materials, and tritium.


• New custom-built tritium desorption and capture system 
can measure tritium in irradiated graphite.   


Initial results indicated accelerated 
corrosion in in‐reactor experiments 
compared to out‐of‐reactor 
experiments performed at UW.  







• Designing new experimental facilities based on lessons 
learned from the first two flibe irradiations
– Control of salt condensates to prevent accumulation in gas lines
– Off-gas holdup for short half-life decay (N16 and O19)
– Avoiding <200°C radiolysis (fluorinated compound production)
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Upcoming MITR FHR Irradiations
• Three types of experiments planned for IRP‐2


– Release of tritium and activation product gasses from flibe
– Tritium uptake on graphite
– Tritium diffusion through metals







Thermal-Hydraulics and 
Neutronics


Berkeley and U. of New Mexico


15







UCB is Developing the Technical Basis to Validate 
FHR Neutronic and Thermal Hydraulics codes


• FHRs differ from LWRs due to large 
thermal margin to fuel damage during 
design-basis accidents
– LWR operating limits established by fuel-


damage limits
– FHR operating limits established by 


primary coolant boundary limits
• FHRs operate with lower coolant 


volumetric flow rates
– Flow regimes commonly in transition or 


laminar regime
– Single-phase flow unless gas entrainment 


occurs
• But LWR thermal hydraulics codes appear 


to work well for FHRs
– Can leverage well established USNRC 


licensing approach for passive safety IRP‐1 expert workshops in 2012 developed 
recommendations for thermal hydraulics methods 


and validation for FHRsUC Berkeley                       







UCB: Thermal 
Hydraulics
University of California at Berkeley
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• New Capabilities
– Dowtherm-A thermal 


hydraulics loops
– NACC heat exchanger 


development
• Experimental basis for lower-


cost validation of FHR 
thermal hydraulics codes


UC Berkeley                       







UCB Integral Effects Tests are now 
studying response to dynamic forcing
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UC Berkeley                       


• Power oscillation in CIET is 
enabling study of transient 
thermal response of heat 
structures


• Future work will add power 
feedback to mimic core 
reactivity feedback 
phenomena, and will study 
the design of FHR control 
systems







• Transverse Heat Exchange Effectiveness Model
– 2‐D Finite Volume Simulation
– Calculates


• Effectiveness
• Heat Transfer
• Temperature Distribution of Liquid and Gas
• Pressure drop of Liquid and Gas


THEEM 1.0 is being developed to 
model CTGHs


Mk1 CTAH Subbundle


Typical THEEM control volume


UC Berkeley                       


CTAH Heat Transfer Test Bundle







University of New Mexico Experimental 
Heat Transfer Loop


• Focus on heat transfer 
Separate Effects Tests using 
Dowtherm
• Plain versus twisted tubes
• Directional DRACS heat 


exchanger
• Double‐wall twisted‐tube 


heat exchanger


Twisted and straight tube test DHXs







MIT Examining Impact of Salt Property 
Uncertainties on Reactor Design
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Coolant Property Value/Correlation Uncertainty
7LiF‐BeF2
(Flibe)


Composition:
66.6% LiF
33.3% BeF2


Density, 
(kg/m3) 2413 – 0.488*T[K] 2%


Viscosity 
(Pa‐s) 0.000116*exp(3755/T[K]) 20%


Heat Capacity 
(J/kg‐K) 2386 3%


Thermal Conductivity
(W/m‐K) 1.1 10%


NaF‐ZrF4
(Nafzirf)


Composition:
59.5% NaF
40.5% ZrF4


Density 
(kg/m3) 3829.7 – 0.889*T[K] 5%


Viscosity (57% ‐ 43%)
(Pa‐s) 0.0000767*exp(3977/T[K]) 20%


Heat Capacity 
(J/kg‐K) 1172 10%


Thermal Conductivity
(W/m‐K) 0.49 15%







UC Berkeley Neutronics
SINAP TMSR‐SF1 UCB Mk1 PB‐FHR


Control rod worth (single rod, 10,002 
discrete fuel pebbles)


Fast neutron flux Thermal 
neutron flux


Mk1 Serpent
geometry 


representation 


UC Berkeley                       







Berkeley Neutronics:
multi-physics modeling
• Developing capabilities for 


multi-physics modeling
– Coupled Monte 


Carlo/CFD/DEM (Serpent-
OpenFOAM)—high fidelity, 
time consuming method


– Point kinetics/unit cell heat 
transfer model and 
deterministic/CFD model 
(COMSOL)—low fidelity, 
fast method


• Transient simulations based 
on the TMSR core


Example: power distribution as a 
function of insertion of two adjacent 


control rods in the TMSR







Berkeley Neutronics:
benchmark
• Developing code-to-code 


comparison for FHRs
– Phase 1: criticality 


calculations for unit cell and 
full core from uniform 
composition to double-
heterogeneity


– Completed benchmark 
specifications for Phase 1


– Completed calculations using 
MCNP, Serpent, and SCALE 
(KENO, NEWT)


– Phase 2 under development


Unit cell (left) and full core model (right) as 
defined in the benchmark specifications







Impact of FHR with NACC 
On a Low-Carbon Grid


MIT
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FHR and Power System
Base-load Electricity, Peak Electricity, Heat Storage


Variable Electricity
And Steam 26


Base-Load Reactor, NACC and FIRES







Gas Turbine Cycles Enable Nuclear 
Topping Cycles
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• Heat exchangers limit peak nuclear temperatures to ~700°C
• Gas turbines can go to 1400°C with natural gas or stored heat
• Peaking efficiency exceeds stand-alone natural gas plants







2050 Minimum-Cost Texas Grid Versus 
Added Technologies and CO2 Limits 


Addition of FHR/NACC/FIRES Lowers Average Electric Prices
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Questions
29


MIT Sample Holder, Capsule, Reactor Core


Berkeley CIET Facility
Wisconsin Salt


Purification Facility
UNM Heat 


Exchangers
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Preliminary Grid Analysis


Maximizing Social Welfare by Minimizing 
Cost of Electricity with a Low-Carbon 
Constraint


Long-Term Impact of FHR/NACC/FIRES 
Deployment on Electricity Prices


Nestor Sepulveda, Charles Forsberg and Richard Lester
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Grid Analysis 
Assumptions/Methodology-1


Greenfield 2050 generating mix with 1% yearly growth from 
2015 to 2050
Real hourly data for demand and wind/solar capacity factors
No deployment capacity constraints (Land, etc.)
Model solves for optimal investment and operation 
considering
 Unit commitment, startup, shutdown, and startup costs
 Ramp rates for up and down between consecutive hours
 Up and down efficiencies for storage charge and discharge
 Minimum stable output and maximum output


Cost assumptions
 IEA and NEA 2015 report on cost generation
 FIRES: $15//kwh
 FHR cost per kWe identical to LWR plus adjustment for peaking gas 


turbine capability
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Grid Analysis: Technologies Available 


Combined cycle gas turbine (natural gas)
Open cycle gas turbine (natural gas)
Nuclear (LWR)
Solar (PV)
Wind (on shore)
Pumped hydro
Batteries
Demand-side Management (shift load in time)
Demand response (Curtail load)
Heat Storage (FIRES)
Advanced Nuclear (FHR with NACC)*
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*FHR with NACC and FIRES can operate on nuclear with peaking using stored heat or natural gas depending 
upon economics and allowable CO2 emissions. In terms of capacity, treated as buying base-load but has 
peaking capacity that comes with that base load—does not fit any of the usual categories. 
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 Lead Organization:
• Georgia Institute of Technology, Atlanta, Georgia
• Farzad Rahnema (PI), Bojan Petrovic (Co-PI), Anna Erickson, 


Srinivas Garimella, Preet Singh
 Partnering Organizations:


• Academia: OSU: Xiaodong Sun (Co-Pi), Jinsuo Zhang (Co-Pi); 
TAMU: Pavel Tsvetkov (Co-Pi); TAMU-Kingsville” Yousri Elkassabgi 
(Co-PI)


• Industry: 
 AREVA Federal Services LLC: Kim Stein (Co-PI)  
 Southern Company Services; Research and Environmental Affairs, 


Research and Technology Management: Nicholas Smith
• National Laboratory Collaboration: ORNL: Grady Yoder (Co-PI)
• International Research Collaboration:
 Politecnico di Milano, Milano, Italy: Antonio Cammi (Co-PI), Lelio Luzzi


(Co-PI), Marco Ricotti (Co-PI)
 University of Zagreb, Zagreb, Croatia: Davor Grgic (Co-PI), Nikola 


Cavlina (Co-PI), Dubravko Pevec (Co-PI)
 Shanghai Institute of Applied Physics, Chinese Academy of Sciences, 


Shanghai, China: Kun Chen (Co-PI)







 Tritium	Generation	&	Management‐ Petrovic	&	Sun
• improve	accuracy	of	tritium	generation	thru	fission,	lithium,	&	
beryllium


 Redox	Control	&	Impurity	Removal	– J.	Zhang
• Develop	innovative	salt	cleanup	systems	for	mitigating	contaminants	
&	corrosion


• Develop	electrochemical	sensor	for	measuring	&	controlling	redox	
potential


 Identification	&	Prioritization	of	V&V	–
Rahnema/Petrovic/Xiaodong
• Through	PIRT	– like	exercise


 Visual	Instruments	&	Fiberoptics – Tsvetkov
• Assess	capabilities	and	limitations	of	visual	instrumentation	
approaches	


• Develop	novel	sensing	technologies	for	monitoring	reactor	condition







 Qualification	of	alloys	for	structural	application	in	FHR	–
Singh
• Evaluate	the	corrosion	performance	of	Ni	based	alloys,	SiC &	
nuclear	grade	graphite


 Heat	Exchangers	– Xiaodong/Christensen/Garimella
 V&V	of	Modeling	and	Simulation	Tools																																	–
Rahnema/Petrovic/Tsvetkov/Xiaodong/D.	Zhang


 ORNL	Contributions	– Yoder
• Support	thermal	hydraulics	&	material	performance	experimental	
research	


 AREVA	Contributions	– Varies	depending	on	the	area	
• Support	mostly	the	PIRT	effort







 Neutronic issues have been identified via a 
PIRT workshop 


 Results will help address the verification and 
validation of neutronics codes in support of 
licensing


 Thermal hydraulics PIRT is planned for May 
24-26 at OSU


 Other planned PIRTs
• Combined neutronics/thermal hydraulic
• Combined N/TH/Material
• Two workshops on V&V of tools 


5







Phenomena
Importance Knowl


edge	
Level	


Path	forward
FoM1 FoM2


Core	Physics	PIRTs	for	Fundamental	Cross	Section	Data


Moderation	by	
FLiBe H L P


Do	a	formal	review	of	existing	libraries;
Compare	ENDF	to	other	cross‐sections;
Do	a	critical	review	of	covariances for	this	design.


Thermalization
by	FLiBe H M U There	is	currently	S(α,β)	data	under	development	for	FLiBe and	scheduled	to	be	released	in	


the	Fall	of	2016.


Thermalization	
in	Carbon H H U Development	of	S(α,β)	data	of	ENDF	quality	is	recommended	for	C‐C	composite


Absorption	in	
FLiBe M L U The	uncertain	impact	on	the	reactivity	coefficient	needs	to	be	determined


Absorption	in	
Carbon H M P


Transmission	measurements	of	typical	samples	for	total	cross‐section,	correlated	for	
impurities,	and	over	several	thermal	energies	representative	of	graphite	temperatures	are	
recommended.
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Material	Composition


Fuel	Particle	
Distribution M L U


Interact	with	fuel	fabricators	to	determine	
realistic	particle	distributions	in	the	plate.	If	
unusual	non‐uniformity	is	a	possibility,	then	
study	the	effect	on	keffective and	local	peaking	
factor
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General	Depletion
Spectral	
History	
Effects


H H U Adapt	methods	currently	employed	in	
Light	Water	Reactors	to	FHR	and	test.







Computational	Methodology
Solution	Convergence L H P Study	the	underestimate	of	statistical	uncertainty	and	the	magnitude	of	the	fission	


density	tilt.	Develop	methods	to	improve	fidelity.


Granularity	of	
Depletion	Regions H H U The	analysis	needs	to	be	performed	to	determine	what	the	effects	on	the	FoMs are.


Multiple	
Heterogeneity	


Treatment	for	MG	x‐
Sections


H H U Develop	methods	for	generating	multi‐group	cross‐sections.	Stochastic	continuous	
energy	response	methods	may	prove	to	be	a	good	candidate	for	this	purpose.


Selection	of	Multi‐
group	Structure H H U


Perform	a	sensitivity	study	at	the	assembly	level	with	control	rods	and	burnable	
absorbers	to	determine	the	minimum	number	of	energy	groups	and	structure.	
Consider	generalized	condensation	theory	as	a	candidate.


Boundary	Conditions	
for	MG	x‐section	
Generation


H H U Develop	methods	for	generating	multi‐group	cross‐sections.	Stochastic	continuous	
energy	response	methods	may	prove	to	be	a	good	candidate	for	this	purpose.


Burnable	Poison	Cell H H U Review	the	burnable	absorber	candidates	and	develop	models	for	treatment	of	the	
most	probable	choice.


Scattering	Kernel H H P Develop	methods	for	generating	multi‐group	cross‐sections.	Stochastic	continuous	
energy	response	methods	may	prove	to	be	a	good	candidate	for	this	purpose.


Spatial	Mesh M H U Explore	various	subdivisions	of	the	fuel	assembly.


Diffusion	
Approximation H H P Test	methods	to	determine	level	of	accuracy	compared	to	full	transport.	If	method	is	


not	satisfactory,	explore	higher	order	diffusion.


Dehomogenization L H U Develop	a	method	to	reconstruct	the	plate	power	and	compare	to	detailed	results.
8







 Code Verification and Validation using MCNP 
and SCALE, COMET
• Neutronics benchmark problems  are developed


9







 So far have focused on validating in-house 
procedure for static exposure to tests in 
molten FLiNak


 Performed exposure tests of Ni alloys in dried 
molten FLiNak


 Similar tests performed for SS: 304, 316, 321, 
347







11


 Designed per ASME code
• Maximum power of 70 


kW
• Operable to 750°C
• FLiNaK and KF-ZrF4: 


Primary and secondary 
coolants


• Construction close to 
completion







 Developed heat and mass transfer models
• 1D model for NDHX design  
• One unit cell for modeling (salt, inner wall, sweep 


gas, outer wall, and air)
 Heat transfer model benchmarked against 


fluent Results
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 Code Verification and Validation using 
RELAP5 MOD 4.0
• Benchmark study using data from the low-


temperature test facility (LTDF) at OSU
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 Code Verification and Validation using 
RELAP5 MOD 4.0
• Salt properties implementation into RELAP5


 The properties of FLiNaK and KF-ZrF4 have been implemented into the code


• Simulation on high-temperature test facility (HTDF) 
at OSU
 Using FLiNaK and KF-ZrF4 as working fluid in primary and secondary loop
 Two scenarios are performed: Startup and pump trip
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 Fluoride salt on-line purification system development
 Fundamental data measurement of rare earth elements in 


fluoride salt and chloride salt
 Electrochemical sensor development for material 


concentration measurement in molten salt
 Electrochemical studies of molten salt corrosion
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Cyclic	Voltammogram	in	FLiNaK.	T	=	
600	C.	v	=	100	mV/s.	C	=	0.25	mol%	
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 Limited scope irradiation tests have been 
conducted using radiation sources as well as 
HFIR at ORNL


 The tests use fibers and manufactured sensor 
probes developed for VHTR


 Have collected data sets characterizing TRIGA 
operation in support of visual 
instrumentation development effort
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Previous Workshop Summary and Review of 
Workshop Objectives


April 14, 2016


Per F. Peterson


NEUP Integrated Research 
Project Workshop 2:
FHR Benchmarking Efforts 
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Background


• In 2014 the DOE launched two new Integrated Research 
Projects (IRP-2’s) to study Fluoride Salt Cooled, High 
Temperature Reactor (FHR) technology


– University-led efforts to further develop the scientific and 
technical basis to design and license FHRs


– Close collaboration with national laboratories, industry and 
senior experts in the field


– Provides an opportunity for graduate students and postdocs 
to


» Work on the development of a new reactor technology (a 
common learning experience in the 1950’s through 
1970’s)


» Understand reactor technology at a more fundamental 
level by contributing to more fundamental design analysis


» Unique characteristics of FHRs allow students to validate 
their understanding and models against experiments
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The IRP Hosted its First FHR Benchmarking 
Workshop in March, 2015


• Sought input from senior experts from national labs, 
industry, and academia


– Goal was to understand the current state-of-art


• Graduate students and postdocs prepared white 
papers on 
benchmarking
issues and best
practices
http://fhr.nuc.berkeley.edu/
wp-content/uploads/2015/08/
15-001-IRP-2-Workshop-1-
Report-FINAL.pdf


1st FHR Benchmarking Workshop, Berkeley, April 2015
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Goals of the Second FHR-2 Benchmarking 
Workshop


• Provide substantial time for FHR Benchmarking Working 
Groups to meet


– Thermal Hydraulics
– Neutronics
– Materials, Activation, Tritium and Transport


• Generate white papers on status and progress in evaluation 
model benchmarking and recommends specific FHR 
benchmarking exercises
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Structure of Workshop


• Day 1
– Review of current status of FHR research and results from IRP-2 


Research
– Working Group Breakout Sessions 
– Lunch talk:  SINAP TMSR Update


• Day 2
– Working Group Breakout Sessions
– Lunch talk:  TerraPower--Innovation, TWRs, and Salt
– Multi-Physics Discussion
– Issues and Implications for Fluid Fuel Reactors
– Proposed Path Forward
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Output from workshop


• Students will take notes to record workshop discussion
– Minutes will be available after the workshop, but their 


primary purpose is to record discussion so it can be 
integrated into workshop white papers


• Students will maintain an “actions” flip chart
– Will list actions to be taken following the workshop
– Primarily actions for workshop participants to provide 


additional citations or reference materials for inclusion in the 
revised draft white paper


• Students will maintain a “bucket” flip chart
– Will list topics that merit further discussion/investigation if 


workshop discussion time runs short
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Thank you, everyone, for taking the time to 


attend and contribute to this workshop








1UCB Nuclear Engineering Session 2.1:
Multiphysics discussion


Session 2.4:
Multiphysics discussion


April 14, 2016


Facilitators: April Novak (UCB) & Xin Wang (UCB)


NEUP Integrated Research 
Project Workshop 2:
FHR Benchmarking and VVUQ 
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Content


• Overview of FHR core and fuel designs


• Important thermal-hydraulic and neutronic phenomena 


• Available thermal-hydraulic and neutronic numerical tools


• Materials multiphysics


• Available experimental facilities
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OVERVIEW OF FHRS
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FHR Overview


Mk 1 Pebble-Bed FHR
236 MWth


Thorium Molten Salt 
Reactor – Solid Fuel 1


(TMSR-SF1)
10 MWth test reactor


Advanced High 
Temperature Reactor


3400 MWth, plate fuel
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IMPORTANT PHENOMENA
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What are the important parameters?
• For multiphysics coupling, which parameters may be needed 


from each domain as input to the other?


• Neutronics
– Global


» Criticality
» Reactivity feedback from temperature and void
» Power peaking factor


– Local
» Power distribution


• Thermal-hydraulics
– Global


» Maximum temperature
» Time scale (time for heat generated in fuel to reach coolant)


– Local
» Temperature profile
» Flow distribution
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Important Phenomena: Case Study


• HTR-10 is a 10 MWth test reactor 
located at Tsinghua University 


– 6 cm diameter pebble fuel
– Helium-cooled, 250-700 oC core ∆ܶ
– Cylindrical core with graphite 


reflector and carbon brick 
insulation


• Experimental tests:
– LOFC at 30% power
– LOFC at 30% power and ejection of 


one control rod


http://www.jsm.or.jp/ejam/Vol.2.No.1/GA/12/article.html







8UCB Nuclear Engineering Session 2.1:
Multiphysics discussion


Important Phenomena: Case Study


• Loss of Forced Circulation (LOFC) experiment:
– Helium blower is turned off (no forced circulation)
– Primary system isolated from water cooling (no cooling)
– No control rod insertion (ATWS)


HTR-10 experimental data for the LOFC experiment [1].


Re-criticality


[1] Evaluation of High Temperature Gas Cooled Reactor Performance. Rept. no. TECDOC 1694. Vienna: IAEA, 2013. Print.
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Important Phenomena: Case Study


• Sensitivity studies [2] showed high dependence on:
– Effective core thermal conductivity
– Decay heat
– Overall core heat capacity


China’s benchmark results using 
THERMIX, KONVEK, and KINEX for the 


LOFC + control rod withdrawal test [1].


Japan’s benchmark results using 
TAC-NC for the LOFC test [1].


[2] BALL, S., CRP-5 Benchmark Calculations for INET HTR-10 Loss Of Forced Cooling (LOFC) ATWS Accidents, Nuclear Science and 
Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN, United States of America (December 13, 2006). 
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Important TH Phenomena


• What are the thermal-hydraulic phenomena that have the 
biggest impact on neutronics in salt reactors?


– Heat transfer
– Bypass flows
– Materials thermal properties
– Time delay from heat generation in fuel to heat transfer to 


coolant
– Others
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Important Neutronics Phenomena


• What neutronics phenomena/considerations have the 
largest impact on thermal-hydraulics in salt reactors?


– Multiscale approximations (double heterogeneity)
– Impact of pebble movement and (random) distribution
– Uncertainty in nuclear data
– Decay heat for transients
– Others
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Order of Importance for Modeling


• What are the scenarios for which coupled TH/N is most 
important? 


– Steady-state
– Reactivity insertions (global and localized)
– Flow blockages (freezing transients)
– LOFC (Loss of Forced Circulation without Scram)
– LOHS (Loss of Heat Sink)
– Depletion
– Start-up
– Others
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Multiscale: Case Study


• Double heterogeneity leads to increase in keff due to 
increase in resonance escape probability


South Africa results using VSOP99 [1].


keff = 1.39356


keff = 1.42921


keff = 1.51592


keff = 0.98583


keff = 0.99784


keff = 1.02171
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Multiscale


• Fully resolving TRISO particles in large models may be 
computationally expensive


– 4,730 TRISO particles/pebble
– 470,000 pebbles/core


• To what level of accuracy are certain variables needed for 
particular modeling scenarios?


– When do we need to retain double heterogeneity in fuel?
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Multiscale


• What multiscale approximations are acceptable in the 
neutronics analysis to simplify whole-core analysis?


– Unit cell results  Whole core extrapolations
– Other


• How to capture temperature profile in the pebbles and
TRISO particles for reactivity feedback?


– Discretization along radius
– Function decomposition
– Other
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Combine core with other components


• Which transients need systems code vs. core models?
– Steady-state
– Reactivity insertions (global and localized)
– Flow blockages (freezing transients)
– LOFC (Loss of Forced Circulation without Scram)
– LOHS (Loss of Heat Sink)
– Others


• Which transients need thermal-mechanical (conjugate heat 
transfer) study?
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AVAILABLE NUMERICAL TOOLS
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Serpent/OpenFOAM model
• Fuel pebbles and individual TRISO 


particles are modeled explicitly
• Direct coupling between 


neutronics(Serpent) and thermal-
hydraulics(OpenFOAM)


• Accurate but computationally 
expensive


• Used for optimization and 
benchmark
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Result: power distribution
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Result: power distribution


Pebble num
ber


Pebble Power Distribution
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Control Rod Insertion Results
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Unit cell model
• One average fuel pebble
• Average behavior, quick
• Used for scoping analysis, 


sensitivity and uncertainty study
• Open source Python 


package(Pyrk)
– https://github.com/pyrk/pyrk


Schematic of the unit 
cell model geometry
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Reactivity insertion results
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COMSOL model


• 2-D axisymmetric geometry
• Multi-group neutron diffusion model


– Cross-sections from Serpent full core model


• Porous media thermal-hydraulics model
– Convective heat transfer coefficient from 


Wakao correlation
– Uniform velocity
– Adiabatic boundary condition


• Multi-scale temperature profiles in the 
fuel pebbles and in the TRISO particles


• Less flexible but quick
• For production calculations, scoping 


analysis
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Multi-group structure


Group
Lower bound 


[MeV]


1 1.40E+00


2 2.50E-02


3 4.80E-05


4 4.00E-06


5 5.00E-07


6 1.90E-07


7 5.80E-08


8 0.00E+00
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Temperature profile


Average pebble temperature Coolant temperature
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Temperature profile


Difference between fuel temperature and coolant temperature
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Neutron flux


Thermal neutron flux Fast neutron flux







29UCB Nuclear Engineering Session 2.1:
Multiphysics discussion


Validation-Temperature feedback
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Validation-Reactivity insertion


/
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MOOSE


• Multiphyscis Object-
Oriented Simulation 
Environment


• Modern software 
framework to allow rapid 
development of simulation 
tools


– Minimal external 
dependencies 


– Modular design


Petsc
SNES


MOOSE


Physics
Thermal Solid Contact Reaction Reaction 


Diffusion


Framework
•Mesh
• I/O
• Element Library


Solver 
Interface


[5] Martineau, R. "INL's Advanced Modeling & Simulation Capability for Nuclear Applications." University of California. 
Berkeley. Oct. 2015. Lecture. 
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MOOSE Eco-system


• RELAP7 – plant-scale thermal-hydraulics
• PRONGHORN – Gas-cooled pebble bed 


reactors
– Diffusion neutronics, porous media flow, and 


conjugate heat transfer
– Being modified for salts (incompressible, 


thermally expandable, porous medium flow)


• BISON – fuel performance
• RattleSNake – multigroup diffusion, PN, 


and 2nd-order SN


• UW would be interested in creating a 
MOOSE animal for tritium transport


[5] Martineau, R. "INL's Advanced Modeling & Simulation Capability for Nuclear Applications." University of California. 
Berkeley. Oct. 2015. Lecture. 
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Selected Tools


• To study FHR transients, different approaches are adopted 
for coupled thermal-hydraulic and neutronics modeling:


– Coupled Monte Carlo/CFD/DEM model
» Accurate but computationally expensive
» For optimization and benchmarking


– Point kinetics/unit cell heat transfer model
» Quick
» For uncertainty study


– Deterministic/CFD model
» Less flexible but quick
» For production calculations, scoping analysis
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Modeling Considerations


• What tools should be used for which phenomena?


• What additional models should be developed?


• Are there other important phenomena to consider?
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MATERIALS MULTIPHYSICS
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Numerical tools MATT


• TRIDENT – system-level tritium transport modelling


• COMSOL – core-level tritium transport model
– More of a TH problem, since the core temperature rise does not 


dramatically affect diffusion 


• HSC (chemical reaction and equilibrium software) -
calculate ઢ۵ܖܗܑܜ܋܉܍ܚ	for corrosion modelling


• No current models for coupled TH/Materials 
– Have time-based curve fits for static corrosion
– Corrosion of materials under irradiation is still an open question
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What are the important parameters?


• For multiphysics coupling, what are the most important 
parameters for material and tritium transport modeling?


– Global
» Redox potential
» Impurity species and concentrations
» Tritium concentrations


– Local
» Microstructure
» Radiation damage (dpa)
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What information does MATT need?


• What information is needed from other physics as input to 
materials models?


• Neutron flux
– Radiation damage
– Isotopic production (tritium)


• Temperature
– Creep and thermal stress
– Impurities solubilities and diffusion constants
– Corrosion
– Freezing


• Flow velocities 
– System level corrosion products transport 
– Affects rate of corrosion and plate-out 
– Erosion might be a concern, still to be studied
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Important MATT Phenomena


• What materials phenomena/considerations have the largest 
impact on TH/neutronics in salt reactors?


– Salt freezing
– Corrosion
– Structural changes
– Tritium transport
– Degradation in thermal-physical properties


• Is microstructure important for neutronics?
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Order of Importance for Modeling


• What are the scenarios for which integration between 
TH/N and MATT is most important? 


– Tritium transport
– Corrosion product transport and activation 
– Salt Freezing 
– Others


• Which of these scenarios are approximately 1-way 
couplings?
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BENCHMARK WITH 
EXPERIMENTS
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Experimental Facility for Benchmark


• Forced Fluoride Flow for Experimental Research
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Experimental Design


• What types of experiments should be designed to 
benchmark multiphysics models?


– Implementing temperature feedback into the CIET heat supply 
to simulate Doppler feedback of fuel


• Considerations in experimental design:
– Time lag between neutronics and thermal-hydraulics
– Accurate determination of reactivity coefficients
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Starting Point: the MSFR Concept 
•  What is a MSFR ? 


o  Liquid fuel reactor using a molten salt as fuel 
matrix and coolant (LiF) 


77,5% LiF + 18,7% ThF4 + 3,8%  UF4 


o  Based on a Thorium fuel cycle (232Th / 233U) 
o  No solid moderator in the core to obtain a fast 


neutron spectrum         strong coupling 
o  No core internal structures 
o  Online refueling 


•  Three reactor loops 
o  Fuel salt loop 
o  Intermediate loop 
o  Thermal conversion loop 


•  Fuel loop operating conditions 
o  High temperatures (~750°C) 
o  Low pressure (~1 bar) 
o  Fuel salt recirculation time (~4 s) 


Molten Salt Fast Reactor (MSFR) 
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q Need to demonstrate that it relies on 
physically sounded mechanisms:  


•  Safety vanes reliability (molten salt plug, ..) 
•  Molten salt conditions during draining 


(Flow, T, risk of solidification..) 


Critical point : having a detailed understanding of the phenomena taking place in a 
high temperature molten salt flaw including thermal exchanges with walls 


q Safety and emergency shutdown is 
based on draining in tank with a non-
critical configuration. 


Safety Assessment of the Molten Salt Fast Reactor 


Work proposed in WP3 of 
the Samofar European 
project 
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Fuel Salt Draining System = Shutdown System 
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1)  Meaningful comparison only if the phenomenon effect is larger than the 
model and experiment  uncertainties and systematic errors 


2)  The conception of the experimental sections needs prior numerical 
simulations steps before exact dimensioning 
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In the frame of the European SAMOFAR  Project, dedicated work to improve 
the understanding of the fundamental T&H phenomena of molten salts is being 
carried-out in WP3. SWATH activities includes both experiments and numerical 
developments 


Salt models 
•  Turbulence 
•  Phase change 
•  Heat radiation 
•  Internal heat  


Test  Facility 
•  Flow control 
•  Salt handling 


Test  Section 
•  Phenomena 
•  Instrumentation 


Numerical 
Developments 


Experimental 
Developments 


Salt at WAlls Thermal excHanges:  
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Numerical Simulation Work 


Mail goals: 
 
1.  Identifying the physical phenomena governing the thermal-


hydraulics and structural behavior of the molten salt in the 
Molten Salt Fast Reactor (MSFR) 


2.  Conception and design of the experiences of SWATH 
experiments for validating by numerical calculation the physical 
models proposed for the molten salt. 


3.  Integration of the physical behavior measured in SWATH 
experiments in the multi-physics model of the reactor. 


 


2nd SAMOFAR Meeting, Jan 27-28, 2016 Karlsruhe 5 


Most of the model development is the subject of the thesis of Mauricio 
Tano (2015-2018, dir. P. Rubiolo) 
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The experimental salt set up (SWATH-S) is supported by work on water mock-up 
(SWATH-W) and is based on the technical know-how acquired during the FFFER 


loop (see the other presentation) 


ü  Experiments with Flinak 
ü  Discontinuous working principle (no pump) 
ü  Salt flow is initiated and controlled by the 


pressure difference in the tanks 
ü  Two different SWATH components: the 


facility and the experimental section 
ü  The experimental section included the test 


components and the instrumentation 
located inside the glove box 


Specific sections in 
glove box in order 


to dismantling  


Upstream Tank Downstream Tank 


ü  The experimental facility will be designed to provide sufficient flow duration to obtain both 
a well hydraulic and thermal established flow inside the test component 


ü  Possibility of study the dynamics effects during the flow establishment phase 


SWATH : Experiment Working Principles 
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Re can be adjusted based on the flow velocity and hydraulic  


Pr based on intrinsic liquid properties in function of the temperature 


€ 


=
µ Cp


λ
Pr	


•  Heat convection transfer (Prandtl number) : 
The most likely normal and accidental Prandtl ranges are covered by Flinak and 
HITEC  


SWATH Similitude with the Reactor Salt Flow 


Hitec is the salt 
used by the other 
partner Samofar 
from italy in their 


natural 
convection loop 
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Two types of experiments are planned to verify 


The correct representation of state 
changes and effects of the presence 
of solidified salt on wall 


The correct representation of the heat 
exchanges and pressure drop  


Localized 
crystallization of  salt   


Flow on « cold » walls 
Flow in « open » channel 


Flow with specific 
pressure drop 


Sections are currently being designed 
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SWATH Experimental Sections 
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SWATH-W (Water) 
•  Perform hydraulic tests at isothermal low temperature conditions with 


directly observable fluid fields 


•  Experimental measures: PIV, P, Q, SWATH tanks level 
q  Measure velocity field (PIV) in test section during established or transient 


flow 


q  Measure SWATH hydraulic output parameters (P and Q) 


•  Expected results: 
q  Evaluate CFD hydraulic model accuracy at steady/transient flow conditions 


q  Identify/evaluate systemic errors (flow circuit, steady, control, etc.) 


Reduction of SWATH-S Development Time and Risks 


ü Identify/resolve in advance potential issues 
ü Define SWATH-S test measurement protocol 
ü Speeding-up hydraulic test developments 


Preparation of the flow 
control system and of the 
hydraulic instrumentation 
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SWATH-S (FliNak) 


•  Perform the experiments with the test section including thermal 
effects and phase change 


•  Experimental measures: P, T, Q, SWATH tanks level 
q  Pressure drop in the test section 


q  Temperature variations at several locations in the test section 


q  Flow rate and pressure at various point in the circuit 


•  Expected results: 
q  Evaluate CFD thermal hydraulic models accuracy at steady/transient 


flow conditions, including melting and solidification 


q  Study the phenomena existing in the cold plug concept 


q  Provide modeling recommendation 
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Schedule: 
Start : sept 2015 => end : July 2016 


Pipes and specific sections in 
glove box in order to dismantling 


(design not completed today)  


Upstream Tank Downstream Tank 


SWATH-S  Platform Design 


Tank design drawn from 
FFFER tank but several 
point are modified to 
prevent plugging of the 
plunger in cold area and 
contact between welding 
and salt.  
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Today 


-  Wall, floor 
-  Electricity (30 Kw) 
-  Gas, Industrial water 
-  Air circulation 
-  Air conditioning 


The installation has to be ready 
for test in August 2017 


Experimental Room    Control 
Room 
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Experimental section 


-  Develop fluid control 
-  Pressure drop experimentation 
-  Experimental section testing (visualization) 


-  Component testing 
-  Possibility of comparison of experiments with 
pump driven flow and tank driven flow 
 


Upstream tank 


Downstream tank 


SWATH-W  Platform Design 
Schedule: being finished 
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Example of Hydraulic Experiment: 
     The Backstep 


14 


Objectives: 
1. Investigate if SWATH facility allows for accurate comparison against detailed 


hydraulic models and test the overall methodology (flow control, transient 
versus steady, PIV, etc.) 


2. Compare various common RANS models: study the turbulent kinetic energy  


Thickness: 30 mm 


700 mm 300 mm 


120 mm 


30 mm 


Entrance Region 
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Example: Realizable k-Epsilon Model 


Realizable-KE 


PIV 
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TerraPower: Innovation, 
TWRs and Salt


Presentation to the FHR IRP Benchmarking Workshop
April 15, 2016


Robert Petroski







• TerraPower is fundamentally a sustainable energy company
• TerraPower’s mission:


– To invent and develop for commercialization new nuclear concepts and products, including the 
Traveling Wave Reactor and industrial and human health applications.


• More recently: a greater sense 
of urgency to reduce emissions


About TerraPower


Copyright© 2016 TerraPower, LLC. All Rights Reserved.


Correlation between electricity use per 
capita and Human Development Index


Photo Credit: UN Photo/UNICEF; Marco 
Domino







• A focus on big, long term challenges
• See things through: bring our ideas through 


detailed engineering and commercialization
• In existence over 8 years; currently over 100 


employees
• Committed to innovation—ongoing research 


ranging all the way from napkin sketches to 
major programs
– New nuclear energy systems
– New nuclear applications


What’s unique about TerraPower


Copyright© 2016 TerraPower, LLC. All Rights Reserved.


TerraPower Founder and Chairman Bill Gates


By Russell Watkins/DFID [CC BY 2.0 
(http://creativecommons.org/licenses/by/2.0)], via Wikimedia Commons







• Our goal is to develop a reactor that 
will be deployed worldwide
– High degree of autonomous safety
– Affordable
– “Planetary-scale” sustainable
– No fuel reprocessing


• The TWR—a breed-and-burn 
sodium fast reactor—meets these 
criteria


The Traveling Wave Reactor (TWR)


Copyright© 2016 TerraPower, LLC. All Rights Reserved.


Reactor core


Primary sodium 
pump


Intermediate heat 
exchanger


Rotating plugs


Control rod 
drivelines


Containment 
structure


Illustration of TWR components inside 
containment







The Traveling Wave Reactor – Breed and Burn


Copyright© 2016 TerraPower, LLC. All Rights Reserved.


DU blanket


Fissile driver Reprocessing plant


Blanket recycling
Driver fuel recycling


DU blanket DU blanket


Traditional fast breeder (SFR)


Traveling Wave Reactor (TWR)


Waste to
repository


High BU assemblies to 
repository or boreholes


• First breeds fissile Pu-239 in U-238 
feed fuel


• Unlike in a traditional SFR, TWR fuel 
is directly used after breeding, 
without a reprocessing step
– Once-through fuel cycle with 30x uranium 


utilization of LWRs
• Requires:


– An excellent neutron economy – judicious 
use of structural materials


– High burnup fuels and irradiation 
resistant materials







TWR development around the country and world


Copyright© 2016 TerraPower, LLC. All Rights Reserved.


Plus international collaborations including: 
• A potential joint venture with CNNC in China
• RIAR in Russia
• Kobelco in Japan







• Fuels and materials 
testing in ATR and 
BOR-60


• Testing of 
commercial 
fabrication and 
manufacturing 
techniques


• Growing lab 
capabilities, 
including:
– Full-scale hydraulic 


testing
– High temperature 


sodium
– Corrosion testing
– Salts


TerraPower testing activities


Copyright© 2016 TerraPower, LLC. All Rights Reserved.







• Initially developed from applying TWR 
research to different fuel types


• Liquid fuels were of particular interest
– No material dose limits
– Very safe—Low pressure, high heat capacity, high 


boiling point strong negative feedback
– Potential for high power densities and compactness
– Online refueling
– Flexibility to burn many types of fuel 


• Discovered that for certain salt compositions 
and configurations, it was possible for 
breed-and-burn without any fuel salt 
processing
– Ability to close fuel cycle with no reprocessing—


actinides can be directly reused to start up new 
MCFRs


The Molten Chloride Fast Reactor (MCFR)


Copyright© 2016 TerraPower, LLC. All Rights Reserved.


Early depiction of an MCFR reactor vessel







• TerraPower’s MCFR represents another 
class of reactor that meets our 
objectives
– High degree of autonomous safety
– Affordable
– “Planetary-scale” sustainable
– No fuel reprocessing


• A relatively unexplored technological 
space: challenges and opportunities await!


The Molten Chloride Fast Reactor (MCFR)


Copyright© 2016 TerraPower, LLC. All Rights Reserved.


Analysis showing MCFR inherent shutdown 
in response to an unprotected loss of flow







• There’s a tremendous amount of “art” present in every component of a nuclear 
power plant
– I.e., the specialized knowledge you don’t learn in school, and have to pick up through 


experience 


The biggest thing I’ve learned at TerraPower


Copyright© 2016 TerraPower, LLC. All Rights Reserved.


– Examples: 
• What’s the best shape for a 


fuel assembly nozzle?
• How do we attach the 


components of a fuel 
assembly to one another?


• How do we manufacture 
our fuels and materials? 
(How do we manufacture 
salt?)


• How do we fabricate a 
reactor vessel head? A 
heat exchanger?


• Each with a thousand 
potential answers and 
tradeoffs By User:Husky and h3m3ls, Mischa de Muynck and Niels [CC BY-SA 3.0 


(http://creativecommons.org/licenses/by-sa/3.0)], via Wikimedia Commons
From The Creys-Malville power plant, 1987







• Art is hard to develop in 
the energy industry, 
particularly nuclear
– Machines are big and 


expensive
– Operating environments are 


unique
– Extremely high requirements 


on quality and reliability
• Major kudos to the FHR 


initiative for creating new 
art!


The biggest thing I’ve learned at TerraPower


Copyright© 2016 TerraPower, LLC. All Rights Reserved.


A non‐nuclear pile of salt
By User: Kuebi = Armin Kübelbeck [CC BY-SA 3.0 (http://creativecommons.org/licenses/by-sa/3.0)], via Wikimedia Commons
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Tritium Management Options (excluding 
graphite) and system modeling


MATT Session 1:
Tritium Management Options (excluding 


carbon) and System Modeling


April 14, 2016


Facilitators: Floren Rubio (UNM) and Nisarg Patel (UW)
Contributors: Stephen Lam (MIT) and John Stempien (MIT/INL) 


Bryan Wallace (UNM)


NEUP Integrated Research 
Project Workshop 2:
FHR Benchmarking and VVUQ 
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Tritium Management Options (excluding 
graphite) and system modeling


Objectives


• Present and discuss candidate tritium management methods 
(non-graphite)


• Present and discuss the current state of tritium modeling


• Answer the following questions
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Tritium Management Options (excluding 
graphite) and system modeling


Questions and Goals


• What are the current activities on tritium management 
options? (excluding absorption on carbon) Which ones look 
the most promising and have we overlooked any possible 
methods?


– Ultrasonically enhanced inert gas sparging
– Tritium getters


• What are the current activities and capabilities for tritium 
permeation barriers and where can we go from here?


– Double walled heat exchangers
– Tritium Barriers


• What are the current and future activities on system-level 
tritium modeling?


• What multi-physics coupling is needed?
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Tritium Modeling in FHR


TRIDENT
Tritium Diffusion EvolutioN and 


Transport


Time dependent tritium in FHR 
model developed at MIT*:
• Tritium generation in core
• TF and T2 Speciation (Redox)
• In-core graphite Up-take
• Corrosion consumption & 


generation
• Diffusion in coolant, vessels, 


heat exchangers, reflectors
• Mitigation mechanisms
• Tritium release to environment


Figure 1:TRIDENT Model Overview


*“J. Stempien, "A Model of Tritium Transport and Corrosion in Salt-
Cooled Reactors," Cambridge, 2015.”


Mitigation mechanisms
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Mechanisms and Release Rates


Tritium Capture Evaluation
• Without mitigation, release to environment peak at 2410 Ci/EFPD
• Three mitigation mechanisms were evaluated in TRIDENT


1. Stripping Column
• 10 stage counter current column with 20,000 L/hr STP stripping gas 
• Release rate with column: 436 Ci/EFPD


2. Permeation Window
• Shell with permeation tubes (Nickel) with 2x heat exchanger area
• Release rate with window: 800 Ci/EFPD


3 . Carbon Absorber Bed
• 1.2(R)x3.85(H)m bed nuclear grade graphite ISO-88 with 1 regen/30 days
• Release rate with bed: 600 Ci/EFPD


Opens up the need to compare methods of tritium mitigation
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Ultrasonic Enhanced Inert Gas Sparging


Test Section


Ultrasonic
Horn


Gas Removal


Cyclone
Seperator


Heat Exchanger


CW out


CW in


Inert Gas
Injection


DO Sensor


• Inert gas sparging was investigated for the MSRE 
for tritium and fission product removal.


• Enhancing this process with ultrasonics may 
prove to be a viable method of tritium capture 
and release mitigation.


• Initial studies look promising.


Left: Schematic of the 
prototype sparging mass 
transfer experiment
Right: The ultrasonic 
process cell close up
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Preliminary Degassing Results


Narrow Channel Test Section


Bubbles no longer avoid near 
field and can start breaking up 
into smaller bubbles.


Experimental Conditions


Sonic Field 20 kHz


Intensity 275 W/cm2


continuous


Flow Rate 1.25 GPM


Initial DO 8.0 mg/L


Final DO 3.0 mg/L


*Replace with video before presenting*
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Preliminary Degassing Results
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~70% reduction in time 
for the same DO 
reduction.


Experimental Conditions


Sonic Field 20 kHz


Intensity 275 W/cm2


continuous


Flow Rate 1.25 GPM


Initial DO 8.0 mg/L


Final DO 3.0 mg/L
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Next Steps and Challenges


Next Steps
• Different cell geometries


– Ring Transducers
– Indirect Sonication


• Scale up considerations


Challenges
• Materials challenges


– Erosion
– Salt Compatibility
– Activation


• High Temperatures
• High Radiation Doses
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Double-Wall Twisted-Tube Heat Exchangers


• Double-wall heat 
exchanger with twisted 
outer tubes


• Double-wall tubing 
allows for several 
options to suppress the 
permeation of tritium 
through heat exchanger 
walls.


• Surrogate fluid is 
Dowtherm A


• intermediate tube 
space fluid can be 
modified in order to 
support an, like a 
sweep gas or other form 
of coolant


CBA
From left to right, A: The heat transfer loop including the novel heat exchanger B: 
The dip type twisted tube heat exchanger C: The shell and tube heat exchangers. A 
view from the port shows the twisted tubes within the heat exchanger 
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graphite) and system modeling


Current Tritium Getter/Barrier Candidates


Name Form


Al2O3, SiC Coatings


Yttrium Hydride Coating, Powder, Pebble 
Bed


Graphite Pebble Bed


Helium, Helium/Hydrogen Sweep Gas


Table 1: Some tritium mitigation options for a 
double wall heat exchanger


Picture 1: A sample of YH prepared at Los Alamos 
National Lab


• Table 1 provides a 
preliminary set of options
that could be used for the 
mitigation of tritium


• In a partnership with Los 
Alamos National Lab, UNM 
will perform preliminary 
studies to produce yttrium 
hydride and assess its 
thermal performance under 
conditions similar to those 
associated with the 
proposed FHR heat 
exchange system. 
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Tritium Management Options (excluding 
graphite) and System Modeling


Modeling Next Steps


1. Data collection to understand hydrogen uptake 
mechanics  
• Absorption-Desorption kinetics (trapping, diffusion, etc.)
• Behavior in high temperature exposure, cycling, irradiation 


2. Modeling and technology qualification
• Use new data to reduce model uncertainty
• Improve predictive capability


3. TRIDENT coupling with existing thermal-hydraulics codes
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Tritium Management Options (excluding 
graphite) and system modeling


Experimental Next Steps


• Continue experiments in ultrasonically enhanced inert gas 
sparging.


• Experiment and test getter technology
– Thermal properties at FHR temperature
– Capture effectiveness


• Investigate filler material in double walled heat 
exchangers


– Sweep gas
– Yttrium hydride
– Barriers combined and/or getters
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Tritium Management Options (excluding 
graphite) and system modeling


Further discussion, 
Questions, or last minute 


comments
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MATT Session 2:
Tritium in Graphite


April 14, 2016
Facilitators:                                                   


Huali Wu (PhD Student UW Madison)                                
Nisarg Patel (Undergraduate Student UW Madison))


NEUP Integrated Research 
Project -2, Workshop 2:
FHR Code Benchmarking 
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Session 2:
Tritium in Graphite


Session 2 Goals
Goals
• Graphite Characterization


– Standardized graphite characterization procedures 
– Sample Prep for different techniques
– Irradiation affect on graphite microstructure


• Salt-Graphite Interaction
• Variables should consider (sample size, time, temperature, etc) ?
• Salt-graphite interface characterization
• Relate graphite microstructure to salt graphite interaction both at the surface and in the bulk


• Tritium in Carbon 
• Variables should be considered in the experiment (hydrogen partial pressure, temperature, 


Sample size)
• Understand what graphite microstructures can affect tritium retention/transport
• Method to identify trapping sites in graphite 


• Collaboration between universities for benchmarking, data comparison and validation 


Motivation
• To understand and analyze microstructure of nuclear grade graphite and graphite matrix
• To understand  
• To understand how graphite microstructure will affect salt-graphite interaction and tritium 


transport 
• To understand the important of graphite surface condition for salt-graphite interaction and tritium 


transport 
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Session 2:
Tritium in Graphite


Summary of Discussion Topics


1. Graphite Characterization  


2. Salt-Graphite Interaction


3. Hydrogen Isotope in Graphite


4. Other Species in Carbon: corrosion products, activation 


products(EDS results) 







4UW Madison 
Engineering Physics Department


Session 2:
Tritium in Graphite


Graphite Sample Preparation


• Sample preparation causes: 
– Exfoliation 
– Smearing
– Microstructural defects
– And……


• These inevitable effects increase the 
uncertainty of microstructural 
characterization (BET, Raman, XRD, 
SEM), especially for comparison of 
multiple types of graphite.


• What are standard/recommended 
procedures?


• If not, how to standardize a widely 
accepted procedure? 


SEM image of gently polished IG-110 
showing graphite flakes on surface
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Session 2:
Tritium in Graphite


Characterization of Nuclear Graphite


• In addition to the physical properties, what are the 
necessary or required microstructural characterizations to 
evaluate nuclear graphite?


• Physical properties:
– Density
– Porosity
– ash content
– strength


• Microstructure:
– Grain size
– Crystallization
– Graphitization
– d(002) spacing
– Nano-size cracks
– And ……


Photo courtesy of Japan Atomic 
Energy Agency
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Session 2:
Tritium in Graphite


Graphite Characterization (UW-Madison)


• Ongoing Work:


– Density Measurement 
– X-ray Diffraction 
– Raman 
– SEM 
– Optical Spectroscopy


• Summary 
A3 Matrix graphite 2500x 


Magnification IG-110 1000x magnification


Graphite 
Porosity 


(%)
Average Pore


size [μm]
Surface area


[m2/g] Crystallite size
Lattice Parameters G (%)


Lc[nm] La[nm] a[nm] c[nm]


A3 33.82 2.720 2.564 4.25 9.04 .24657 .6729 87.98
IG-110 24.42 .8104 1.018 8.04 17.1 .24626 .6748 76.74
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Graphite Characterization (UW-Madison)


Porosity Distribution from BET 
(BET is done in ORNL by Cristian Contescu)
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Graphite Characterization (MIT)
• Ongoing Work:


– In-Situ X-ray Diffraction (PANalytical X-pert Pro)
– Pore Size Distribution (QuantaChrome IQC)
– BET surface Area (Micromeritics ASAP2020, QuantaChrome IQC)
– SEM (Zeiss Martin HR)


a) Calgon Carbon
CAL TR12x40


b) IG‐110U
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Graphite – Discussion Questions


• Identification of graphitization, what will affect graphite graphitization, how 
to calculate graphitization? 


• What should we use as a reference graphite? How can we have a similar 
images for graphite samples? 


• What should we agree on as a sample preparation procedure?
• What graphite parameters will be of the most importance to tritium 


retention?
• What will be the effects of irradiation on graphite characteristics, especially 


with respect to tritium absorption?
• How can we optimize tritium absorption in the graphite? 
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Salt-Graphite Interaction 
• Samples Summary (post-baking): (surface area)


Sample # Material Weight (g) Surface Area (mm2) Dimension(mm)


1(1200) IG-110 0.46640
±0.00003


311.788 10.6*10.69*2


2(CUT) IG-110 0.61898
±0.00003


333.0302 9.78*9.37*3.91


3(S,CUT) A-3 0.52002
±0.00008


384.869 10.97*11.01*3.26


4(L,CUT) A-3 1.06414
±0.00002


544.8504 10.95*10.98*6.94


• Experiment Apparatus:


• Experiment Condition:


– Temperature: 700±10 °C
– Pressure: GB pressure, 


1atm+0.00888atm
– Salt Type: Flibe ~ 67.4984 g
– Experiment Time: 12hr 


• Note: Crucible, Midrod and lid 
are all made from IG-110 
(provided by INL). The whole 
weight is 244.4315g


SolidWorks Drawing of 
FIE Setup


Actual FIE Setup
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Salt-Graphite Interaction – Priliminary Result  


Salt before the Experiment Salt After the Experiment Salt in Crucible after the 
Experiment 


Preliminary Result Analysis 


• Didn’t see graphite particles inside solid Flibe
• No significant weight change observed


• 12 hr exposure time is not enough 
• GB pressure (~atmospheric pressure is not enough)


• Path Forward:


• Spectroscopy
• Elemental Analysis 
• Longer exposure time 
• Higher pressure 
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Salt-Graphite Interaction -Discussion Questions


• Is there a threshold pressure for salt(Flibe) intrusion into graphite ? Will 
atmospheric pressure be above or below the threshold pressure?  


• How to identify salt-graphite interaction mechanism under high 
temperature?  How to define interface between salt and graphite ? Will new 
phases be created or just impregnation of salt into pores? 


• After static salt-graphite experiment, black particles will appear in solid 
salt, what spectroscopy or elemental analysis can be applied to identify the 
black particles (considering light element-Li,F,Be, etc.)


• How to relate data from salt-graphite interaction to tritium in carbon ? How 
tritium behavior in this interface will be different from else where? 


• Will we see big difference between Flibe and Flinak, A-3 and IG-110 ? Will 
redox potential of salt will affect salt graphite interaction


• Is it useful to model salt-graphite interaction? How?  
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Hydrogen Isotope in Carbon (UW-Madison) 
• Experiment Apparatus 


• Experiment Condition: 
– Temperature: ~650 °C
– Pressure: 1 Pa – 20 Pa (hydrogen is supplied from 5% H2+Ar gas cylinder)
– Sample: Un-irradiated and Irradiated IG-110 & A3


• Future Work:  
– Sample Prep: hydrogen baked under 1000 C for hours & high T baked under Ar Gas environment 
– Leakage calculation
– Leak test 
– Base Run


» 1st run under room temperature for the whole system 
» 2nd run with heated sample container 


Sample Container:


• Size: 5.6 in
• Volume: ~0.81 in^3


Reservoir:


• Size: 5.5 in
• Volume: ~4.18 in^3
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H2/D2 Adsorption Apparatus (MIT)


S. LOWELL et. Al. “Characterization of Porous Solids and Powders: Surface Area, Pore Size and Density”. Norwell, MA, USA: Kluwer Academic Publishers.


Instrument Schematic


Samples
• Activated Carbon (Maxsorb, etc.)
• C/C Composites
• Nuclear Graphite (A3, IG-110U)
• Graphene


Instruments
• QuantaChrome IQ-C
• Pfieffer Prisma Plus


Standards
• Palladium Sponge


Analyses
• Static Adsorption
• Dynamic Temperature Programmed 


Desorption
• Mass spectrometry
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Static Adsorption Experiment (MIT)
Experimental Conditions
• Sample weight: 1 – 5 grams
• Sample Prep: Ultrasonication in acetone, drying in 


air at 150oC, de-gas at 1100oC for 2 hr
• Pressure: 0 – 10,000 Pa
• Temperature: 700oC
Data Analysis
• Fit to adsorption isotherms


– Freunlich
– Langmuir
– Etc.


Preliminary Data
• Activated Carbon: 1.9 to 6.6 cm3/g
• ISO-881: 0.03 – 0.36 cm3/g (Base Case)
• Molecular Freundlich (R2=0.9927)
Future Work
• H2/D2 Adsorption: Solubility and diffusion over 


FHR operating conditions. 600-800degrees C, 0 –
20 Pascal


• Characterization: Characterization of Carbon: 
SEM, XRD, BET, Pore Size, etc.


H2 Uptake vs. Pressure (700oC)


Ln[V] vs. Ln[P]


Preliminary Measurement
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Hydrogen Isotope in Carbon - Discussion 
Questions 


• What pressure range for hydrogen-graphite absorption experiment? 
• What kind of uncertainty of the experiment (non-uniform heating, leakage, 


pressure gauge, etc.) should we focus on? how this uncertainty will affect 
the result? How to characterize these uncertainty?  


• H2/D2/T2


• For the purpose of standardization, what are good practices for sample 
preparation? Ie. Cutting, grinding, polishing?


• Does the hydrogen diffusion behavior change at low pressure?
• What output can be expected from TDS and what analysis can be done 


(hydrogen diffusion path, trapping sites, etc.)
• How to introduce hydrogen into salt-graphite system? How will this affect 


salt chemistry? 
• De-couple hydrogen diffusion in bulk salt, salt-graphite interface, and bulk 


graphite  
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Other Species Diffusing into Graphite


• In high-temperature molten salt system including fluorides, 
graphite and alloys, what are the other species diffusing into 
graphite?


– Initial impurities from salt: metal ions, oxides, sulfurs
– Corrosion products: mainly Cr
– Fission products: Ag and Cs, for instance
– Any others should be considered?


• How do these diffusions impact the performance of graphite 
in molten salt?


– Irradiation resistance
– Thermal conductivity
– Tritium absorption
– And…….


Vacancies and Frenkel defects 
in graphite
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Cold Spray Materials 
Deposition Process


 High velocity powder particles propelled by a gas onto 
the surface of a substrate/part to form a coating


 Particle temperature is low – particles are not melted 
and deposition occurs in solid state


 High deposition efficiency
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4130 Steel CS Titanium Coating 
on 4130 Steel


Titanium 
Sheet


Oxide layer 
thickness
~ 20m


~ 1m ~ 1m


Samples after Ambient Air
Oxidation Tests at 600oC for 24 hours
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Wrap-Up Discussion


• Future Work 
o Graphite Chracterization (both UW and MIT)


 UW focuses on A3 and IG-110 
 MIT will investigate various of materials, including nuclear grade graphite, C-


C, graphene and activated carbon
o Benchmarking and data comparison between UW (HGE_Constant Volume Method) 


and MIT (Static Adsorption Experiment)
 Material: IG-110 & A-3 (UW); Activated Carbon, C/C Composites, Nuclear 


Graphite and Graphene (MIT)
 Sample Prep
 Experiment condition: pressure, temperature, time, etc …
 Post-Experiment Measurement: TDS, CNPGAA, etc … 


o Salt-Graphite Interface 
 Different sample prep to relate graphite microstructure to salt intrusion 
 Different Exposure time to investigate dynamic process of salt intrusion 


through depth profiling from elemental analysis 
 Salt intrusion for both A3 and IG-110 with same surface condition to relate 


back to crystallite size, porosity, specific surface area, etc… which are 
determined by raw material and manufacturing process







21UW Madison 
Engineering Physics Department


Session 2:
Tritium in Graphite


Recap of Questions


1. Summary of questions asked and brief summary of main 
take-aways from the discussion, to be given by the 
facilitators.
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Session 3 Goals


Goals


• Update on chemistry and electrochemistry experimental 


work being carried out at UW Madison. 


• Discuss scientific and engineering research questions 


applicable to the FHR design.


• How to benchmark Salt Chemistry quality for 


experimental research.


• Be safety work:
• Updates on procedures


• How to establish flibe exposure limits and safety? 
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Summary of Discussion Topics


• List of discussion topics
– Electrochemistry projects at UW 


• Dynamic probe redox measurements 
• Reduction of flibe (Be-addition)
• Oxidation via addition of fluoride impurities
• Reduction of flibe (Electropurification)
• Static Ni/NiF2 Reference Electrode
• Tritium transport with electrochemistry
• Solubility, Diffusion Coefficients


– Spectroscopy 
– Be Safety
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Redox Measurement 
background


Combination of Dynamic and Static Techniques
First Phase
• Beryllium is plated from the salt onto an electrode (1)


Second Phase
• Voltage is cut, beryllium allowed to redissolve back into the salt
• Be|BeF2 reference voltage is formed from dissolution reaction (2)


• As plated products deplete, voltage relaxes back to zero (3)


• O2 and Moisture controlled glovebox
• Radiant heater, PID used to maintain 


500±0.5°C
• HP 3616A Power Supply
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Redox Probe Measurement Process


HP 3616A Power Supply NI 9205 AI Card ‐+


Be2+


Be2+ Be2+


Be2+


Be2+ Be2+ Be2+


Be2+


Be2+


Be2+
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Current Work : UW-Made FLiBe characterization
• Previously, 38kg of FLiBe produced at UW


• 400 grams FLiBe prepared for corrosion experiment
1) Reduction through addition of Be metal


» Reduces fluorides to metals » (NiF2 + Be = BeF2 + Ni)
» Final redox condition is reducing at -1.41V


2) Filtration of metallic impurities
» Redox condition remains reducing at -1.45V


• Next Steps: 
1) NAA/ICP-OES to compare purity levels through steps
2) Electro-purification experiment – apply (-) potential to high surface 


area working electrode and investigate coating and salt chemistry


• How can we measure impurity concentrations? 
• Are different methods comparable and/or reproducible?
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Reduction of FLiBe
• FLiBe can be reduced past HF with 2 methods that have been 


demonstrated experimentally
1. Addition of metallic Be
2. Electro-purification


1) Starting with purified FLiBe (-1.7V), Be metal (flakes) added 
and dissolved at 600C for 24 hrs. This reduces redox potential 
to (-1.4V).


– Verified using redox probe.
– How can we quantify the required amount of Be to 


properly reduce FLiBe?
» Flakes vs. Rod


2) Apply low potential current against working electrode (Ni/Mo 
plate) and counter electrode (Glassy Carbon rod, Ir wire?)


– 2.5V for 1 second is standard for plateau measurement
– 1V for 100 seconds good starting point? 
– Anodic reactions can be a concern (CF4 production). 


Remedies?
–
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Electro-purification Experiment
• Electro-purification experiment using Solartron 1287A 


potentiostat
– Apply current (-) to Ni cathode and attempt to plate out impurity metals
– Early attempts with Ni coil proved plausible with some issues
– Coating on Ni coil was dissolved with DI water and particles were leftover. 


• Use of Ni plate for more accurate surface analysis?
• Can perform XRD/EDS on these particles?


Surface of end of coil (deepest in the salt)
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Oxidation tests of FLiBe
• Starting with purified FLiBe (-1.7V), Be metal is added and 


dissolved. This reduces redox potential to (-1.4V).
• Then, small incremental additions of metallic fluorides are 


added, and redox potential is measured after dissolution.
• Additions of CrF2 do not change the redox potential


– CrF2 is most stable impurity fluoride
– Subsequent redox scans remove impurities and reduce salt


• How can we tell if we have CrF2 dissolved in the FLiBe? 


NiF2


FeF2


CrF2
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NEUP grant started October 2015
Characterize Tritium transport in liquid fluoride salts (flinak and flibe) 


and graphite systems using electrochemistry techniques. 


10


 Experimentally measure H2/HF diffusivity and solubility in the salt and in different kinds of 
graphite forcing an EMF between two electrodes.


 Initial steps - challenges:  
 Building and testing of a Static Reference electrode for flibe salt.
 Methods to introduce controlled quantities of Hydrogen in the salt


LABORATORY  SETUP 
FLIBE REFERENCE  


ELECTRODE [BRONSTEIN]
ELECTROCHEMICAL CELL


Electrochemistry in Heat an Mass group 


• Can electrochemistry be used to study hydrogen Transport in salt/graphite 
systems? How can we introduce hydrogen in a salt electrochemical cell?
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Reference Electrode – Ni/NiF2 reference electrode


RE DRAWING. THE 6MM DIAMETER 5 MM HEIGHT LAF3CRYSTAL IS VISIBLE IN
THE BOTTOM PART OF THE SECTION. 


RE PICTURE. THE N201 IS SLID FROM THE TOP CIRCULAR OPENING


• BORON NITRIDE BODY provides 
electrical insulation and is inert in 
fluoride melts.


• LANTHANUM FLUORIDE single crystal: 
ion conductive membrane connected 
through a hole to the main salt batch. 


• Electrode charged with ~1g of Fluoride 
Salt SATURATED with NiF2.


• HIGH PURITY Ni WIRE inserted into the 
electrode.


• Reference reaction – Nernst Equation:


௘ܧ ൌ ௘଴ܧ ൅
2.3ܴܶ
ܨ݊ ∗ log


ܽே௜మశ
ܽே௜ ௠
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Preliminary Testing in flinak – Cyclic Voltammetry


WE: NI201 RE: NI/NIF2 CE: GC SALT: FLINAK@600C 
SCAN RATE: 100 MV/S


Km‐>K++e‐ Potassium Oxidation 


K++e‐ ‐> Km Potassium Reduction 


• Scan negative potentials to find reduction peak of the first alkali metal (less stable) that form the 
salt. (in flibe Be, in flinak K).


• Several CV scans measured stable reduction peak over time -> stable RE potential readings. 


Ni201 Electrode Rod


Ni/NiF2 Reference Electrode


Glassy Carbon Electrode
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Stability and Reversibility of the electrode


• Which are the best methods to test a RE stability and reversibility?


WE:
NI/NIF2 


RE & CE: 
NI201.
SALT:


FLINAK
@600C


SCAN RATE:
1 MV/S


• Characterizes the electrode ability to maintain stable potential when current is flowing through it.
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Chemistry Redox Benchmarking


• What measurements and techniques should be used to 
benchmark for the chemical quality of flibe used for 
experiments? How can we set quality standards?


• What experiments should be done to compare the 2 probes 
measurements and results?
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Diffusion – Solubilities


• Well established electrochemistry techniques can be 
employed to study:


– Diffusion coefficients
– Solubilities
– Reactions equilibrium potentials 


• What of these data can be useful in the FHR design? 


• What are the tolerances for dissolved fluoride impurities?
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Spectroscopy of Flibe/Fluoride Salts 


Goals, motivations and plans


• Optical characterization of Flibe/other fluoride salts 
• Understand the structure of ions in the molten state –


dimers or trimers ?
• Analysis of spectra of complex ions at different 


compositions of Flibe
• Corrosion products analysis
• Short range or long range order of ionic species in the salt
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High Temperature NMR Spectroscopy of 
Fluoride Salts


• 19F and 133Cs chemical shifts has been measured in various molten fluoride salt 
systems (CsF-AF, where A = Li, Na, K and Rb). 


• Facility – HT NMR at CEMHTI – CNRS in Orleans, France
• Important information – Coordination number, residence time of F in coordination 


shell of alkali/metal fluorides, dynamic local heterogeneities of ions in the salt


Ref- A.-L. Rollet and C. Bessada. Journal of Fluorine Chemistry 180 (2015) 40-44.


• Is it worth studying the chemistry of Flibe using NMR ?
• If so, where can we carry out this study ? Collaboration with group in 


France ?


NMR spectra of 19F in molten CsF-NaF for molten fraction of 
CsF (xCsF)


19F chemical shift as a function of AF molar fraction xAF for CsF-AF  
mixtures whwere A = Li, K, Na and Rb)
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Optical spectroscopy of Fluoride salts 


Spectra of dilute solution UF4 in molten LiF-BeF2 (66-34 mol%) at 550oC(a) Absorbance of diamond-windowed cell containing Flibe at 550oC and 
(b) absorbance of dilute solution of NiF2 in Flibe at 550oC


Ref – Toth et al. Diamond –windowed cell for spectrophotometry of molten fluoride salts. Analytical Chemistry 41(4) 1969


What should be the preferred optical range to analyze the corrosion products 
in Flibe ?
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Raman spectroscopy of Fluoride Salts


Raman spectra of LiF-NaF-ThF4 melts at  650oC at 
various compositions


Can Raman spectroscopy be used to analyze complex ions formed in Flibe melt ? 
To understand the corrosion mechanism by analysis of Flibe-containment 


interface ? 


The occurrence of a variety of discrete complex ions formed in the fluoride 
salt melts has been inferred by Raman spectroscopy


Raman spectra of molten LiF-NaF-ZrF4 (40-46-14 
mol%) at 650oC


Ref – Toth et al. J. Physical Chemistry Analytical Chemistry 77(22) 1973
Ref – Toth et al. J. Physical Chemistry Analytical Chemistry 77(11) 1973
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Proposed setup - I


• Use of Fiber Optic cables


Ref – Dr. Mike Simpson lab, university of Utah, Salt Lake CityRef – Toth et al. Diamond –windowed cell for spectrophotometry of molten fluoride salts. Analytical Chemistry 41(4) 1969


Price range - $25,000 – $30,000
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Proposed setup - II 


• Use of high temperature accessory


Ref – Pike Instruments Technology, Madison


Price range - $14,000 – $15,000


Which method is more feasible for broad range optical analysis ?
Other suggestions ?
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Spectroscopy – Discussion Questions


• What optical light range can be used to study impurity?
• Can we use the same spectroscopy setup to study the 


vapor phase of Flibe ?
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Beryllium Safety 


• Beryllium poses a respiratory threat as a carcinogen, and 
can also increase beryllium sensitivity after prolonged 
exposure


• UW researchers are given entry and exit tests for beryllium 
exposure, as well as periodic tests while employed


– Annual breathing test
– Biannual blood test
– Optional chest x-ray


• UW researchers conduct beryllium monitoring via air 
sampling and swipe testing periodically in lab spaces


– DOE action level of 0.2 μg/m3 for air sampling
– OSHA limit is 2.0 μg/m3 average for air sampling
– DOE action level is 3 μg/cm2 for swipe testing
– Sampling done during high exposure risk activities as well as 


periodically
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Beryllium Safety


• Personal Protective Equipment:
– Respirator on-hand for emergency uses and unexpected 


releases
– Chemical goggles
– Nitrile gloves
– Lab coats


• Beryllium disposal policy is currently being examined
– Beryllium supply such as dissolved FLiBe or solid FLiBe must 


be labeled as such and given complete chemical disposal
– Beryllium-contaminated material such as wipes or gloves are 


separated from normal trash, to be disposed of specially


• Generally speaking, best practices are used to avoid 
beryllium contamination from spreading outside of 
designated fume hood and glove box spaces.


• What kind of data should we collect to help establish flibe exposure 
limits and flibe safety?
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Wrap-Up Discussion


1. How do we Benchmark Salt Quality?


2. What diffusion coefficient, reduction/oxidation potentials 
and impacts on redox potential, solubilities data are 
useful for FHR design?


3. What can we learn with spectroscopy techniques?


4. What should be our next steps in the 
chemistry/electrochemistry moving forward?
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Session 4 Goals and Topics


Goals
1. Create a list of topics for materials
2. Materials selection & sourcing/sharing


1. Inform panel of materials being investigated in static 
corrosion test at UW-Madison


3. Coordination of activities and capabilities 
4. Identify benchmark topics


1.Establish baseline FLiBe salt 
1.Chemical testing procedures
2.Redox potential measurement standard 


2.Discuss electrochemical testing procedures in FLiBe salt


Motivation
• Understand and discuss various materials studies going on 


in different groups and form a cohesive experimental plan 
forward.
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Topics


1. Dynamic Chemistry Experiments


2. Static Corrosion testing


3. Dynamic Corrosion Testing


4. FLiBe anomalies 
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UW Flow Loop Overview


• Design Parameters:
– 550 – 800 C
– 3-5 cm/s flow
– Redox control
– Sample inserts
– Online beryllium  


additions


2 Redox Measurement 
Locations


Samples:
Hot Leg 


Cold Leg


Measurements
• Direct


– Temperature
– Redox
– Power input
– Cooling fan 


power


• Indirect
– Flow velocity
– Mass Transport
– Heat transfer 


coefficients
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Dynamic Salt Chemistry


• Add beryllium to one tank and wait for a redox change in 
the other


– Flow through tank -> nearly instant change
– Off-set tank -> Delay


• For a given redox eventually reach quasi steady-state: 
chromium leached from piping in hot legs and deposited in 
cold legs


Redox measurements


• Are there other tests to run?


• Do we need to worry about plate-
out of materials (Cr) on the loop 
piping affecting later corrosion 
testing? 


Flow through Off-set
tank tank 
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Flow Affects on Redox


1. Scarlat, R. O. Design of Complex Systems to Achieve Passive Safety: Natural 
Circulation Cooling of Liquid Salt Pebble Bed Reactors. eScholarship (2012).


• Main loop piping
– Redox will vary with time as salt circulates


• Off-set tank -> Delayed redox change
– Dependent upon riser boundary conditions
– Leg up to tank might not be static (e.g. [1])


– Should we encourage recirculation in this leg? 
– Or aim for static diffusion only in this leg? 
– Likely will be a large uncertainty:
is this data still valuable? 


• Does any mass-transport time 
constant carry physical meaning 
outside of this loop?


• Should we measure other mass 
transports? (e.g. Nickel Fluorides)
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Topics


1. Dynamic Chemistry Experiments


2. Static Corrosion testing


3. Dynamic Corrosion Testing


4. FLiBe anomalies 
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UW Static corrosion test


Crucible 1: -1.69V 
UW FLiBe


Crucible 2: -1.45V UW 
FLiBe


Hole 1: SiC  3x SiC-SiC samples, 1x bulk SiC
sample
Hole 2: Nuclear Graphite  3x matrix graphite 
samples, 1x IG-110 sample
Hole 3: No liner. Mo-Hf-C  3x Mo-Hf-C alloy 
samples with Mo wire suspension*
Hole 4: No liner. W-Zr-C  3x W-Zr-C Cermet 
samples with W wire suspension*
Hole 5: No liner. 316 SS  3x 316 samples with 
SS wire suspension*
Hole 6: With 316 SS liner. 316 SS  3x 316 
samples with SS wire suspension*
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Materials testing in static corrosion test
• 2 IG-110 crucibles, 2 redox potentials, 5 materials in each


» -1.45V Be reduced and filtered, -1.69V Unreduced
» Metal Samples:   Mo-Hf-C    W/ZrC 316 SS
» Other samples: SiC-SiC (GA, CoorsTek) Graphite (Nuclear, IG-110)
» Samples electrically isolated from crucible with BN caps


– Some 316 SS samples corrode in 316 SS liners instead of graphite 
» Observe carbon interaction with 316 SS
» Carburization observed? 
» Carbon precipitating on surface? 
» Corrosion rate increase/decrease?


– Compare identical samples from different salts before and after exposure
» SEM/EDS


• Surface and Cross-Section to observe depth of attack


» Mass change  overall corrosion rate
– SiC samples will be resting at bottom of crucible. Will this be an issue?
– Other things to compare between samples? 
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Capabilities for molten fluoride corrosion 
studies at Georgia Tech


FLiNaK corrosion 
experiments in controlled 
atmosphere.
• Ar atmosphere glovebox 


(<1 ppm O2, <5 ppm H2O).
– With interior furnace


• Potentiostats
– Gamry Reference 600 


and PAR 263A


• Ni/Ni2+ reference 
electrode 
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Research activity at Georgia Tech


• Ongoing work
– Validation of Ni/Ni2+ reference electrode for FLiNaK redox 


potential measurements.
– Study effect of H2O and Ni2+ impurities on corrosion of 


Hastelloy N.
– Study effect of Ti and Nb stabilization on corrosion of 


austenitic stainless steels (304L vs 321 & 347).


• Future work
– Study how redox potential is affected by impurity 


concentrations.
– Gather potentiodynamic polarization data for Hastelloy N and 


other alloys.


• Wear-resistant material selection for valves and pumps in 
coolant loops?


• Corrosion behavior of wear-resistant materials and surface 
modifications?
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Topics


1. Dynamic Chemistry Experiments


2. Static Corrosion testing


3. Dynamic Corrosion Testing


4. FLiBe anomalies 
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Materials Testing Under Dynamic Flow


2 Types of sample holders: 
• 316 SS Samples on 316 SS holder


– Times: 300, 1000, 2000 hr (?)
– 2 redox states
– Temperature: 700 C (?)
– Would multiple temperatures matter? 


• Isolated samples held in BN
– Same treatment
– 316 SS
– Hastelloy – N 
– SiC/SiC composite (erosion testing) 
– Nickel or Moly for deposition? 
– Graphite? Possible effects at different redox potentials?


• Would we expect corrosion in the cover gas space above 
salt? 
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Impact of Flow on corrosion


• Flow rates 1-10 [cm/s] 
– Continuous supply of fresh salt
– Will contain Cr from loop pipes


• Stratified Flow
– Nearly static core
– Fast moving edges
– Samples will disrupt flow


• SiC/SiC we expect erosion
– Will this be fast enough?


• Will Flow rates matter?  
• How closely do we need to characterize the flow for 


corrosion? 
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Topics


1. Dynamic Chemistry Experiments


2. Static Corrosion testing


3. Dynamic Corrosion Testing


4. FLiBe anomalies 
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FLiBe anomalies
• Severe darkening of salt following failed filtration run


» Be-reduced FLiBe inside 316SS crucible at 700C for 3 hours 
turned dark grey upon cooling


• Reversing polarity of redox potential scans using 
potentiostat caused wetting to glassy carbon crucible


» Error with first attempt resulted in making the glassy 
carbon rod and crucible the working electrode, causing 
severe wetting interaction of salt with crucible.


» After cooling, salt is completely stuck in GC crucible


• Color changes through oxidation and reduction
» Green tint when metallic impurity fluorides (CrF2, NiF2, 


FeF2) dissolved
» Grey sheen when reduced with Be 


• Fluorides reduced to Fe, Ni, Cr – visible metallic pieces
• FLiBe-glassy carbon interface has some carbon flocculation or 


diffusion into surface layer of salt?


• Increased wetting characteristics following Be addition
» Convex surface before reduction 
» Concave surface after reduction.
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Recap of Questions


1. How can we best control the salt chemistry? We need to 
be able to quantify the changes being made and 
determine the materials present in the salt. 


2. In the limited amount of time before corrosion testing, 
how can the redox measurement capabilities of the flow 
loop be best put to use to expand the knowledge of salt 
chemistry in relation to a system such as the FHR?


3. Once the flow loop corrosion testing is underway, what 
parameters will have the largest effect on sample 
corrosion? Of these parameters, which are valuable to 
the FHR project? 


4. For static corrosion tests in graphite, are the interactions 
from graphite a cause for concern? 
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Thank You!!
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Overview


• Objectives of the benchmark


• Structure of work to date


• Stage 1 – Unit Cell Model


• Stage 2 – Simplified Core Model


• Stage 3 – The Next Step
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Benchmark Objectives


• Code-to-code verification of pebble-fuelled FHR systems.


• Identify individual code capabilities and limitations.


• Identify modelling issues.


• Provide a common scenario for participants to model.
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Structure of the Specification


• Three stages:


– Stage 1: Unit Cell Model
» 3 separate cases with varying levels of homogenisation.


– Stage 2: Simplified Core Model
» Based on TMSR-SF1.


– Stage 3: TBA
» Still considering scope.
» May include burnup, reactivity insertion/feedback, fuel 


cycle, control rods.
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Specified Results of Interest


Stage 1
Unit Cell


Stage 2
Simplified Core


Stage 3
TBA


keff  


Point Kinetics  


Cross Sections 


Flux Spectra  


Flux Distributions 


Power Distributions 


Neutron Leakage 


Reactivity Coefficients 
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Stage 1 – Unit Cell Model


• The nominal unit cell is a face-centred-cubic (FCC) 
arrangement of pebbles in FLiBe.


• Three level of heterogeneity 
were examined:


– Case 1: Total homogenisation.
– Case 2: Single level heterogeneity.
– Case 3: Double heterogeneity.
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Software Used


• Serpent – 3D Monte Carlo, continuous energy.
– This code was used to provide our reference results.


• MCNP – 3D Monte Carlo, continuous energy.


• SCALE – Software suite with several transport codes:
– KENO-VI – 3D Monte Carlo, continuous energy & multi-group.
– T-XSDRN – 1D Discrete Ordinates, multi-group.


• ENDF/B-VII.0 library was used in every case.
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3D and 1D simulation


Case 1                  Case 2                 Case 3


3D


1D
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Case 1 – Homogenised Unit Cell


• Single region containing a mixture of pebbles and coolant.


• Unit cell with a side length of 9.2575cm with reflective 
boundary conditions.


3D1D
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Stage 1, Case 1 - Results


Transport XS Code keff ± vs. Ref
[pcm]


β
[pcm]


Λ
[μs]


MC CE SerpentREF 1.30535 0.00004 0 654 319


MC CE MCNP 1.30536 0.00007 1 656 290


MC CE KENO-VI 1.30537 0.00024 2 - 99.1


MC MG KENO-VI 1.30802 0.00018 267 - 99.3


DO MG T-XSDRN 1.30788 - 253 - -
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Case 1 Conclusions


• Continuous energy codes produce similar k-eff values.


• Multigroup codes produce higher k-eff values than 
continuous energy codes.


• What within the cross-sections produces this difference?


• Are there any other results of interest that should be 
included for this case?
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Case 2 – Single Heterogeneity Unit Cell


• Each pebble is composed of a 2.5cm radius homogenized 
fuel region and a 0.5 cm thick graphite shell. 


• Unit cell containing 8 1/8 
pebbles and 6 1/2 
pebbles, totalling 4 full 
pebbles, immersed in 
coolant.


• Unit cell with a side 
length of 9.2575cm with 
reflective boundary 
conditions


3D


1D
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Stage 1, Case 2 - Results


Transport XS Code keff ± vs. Ref
[pcm]


β
[pcm]


Λ
[μs]


1D MC CE SerpentREF 1.34636 0.00004 0 - -


1D MC CE MCNP 1.34653 0.00007 17 - -


1D MC CE KENO-VI 1.34668 0.00017 32 - -


1D MC MG KENO-VI 1.34913 0.00018 177 - -


1D DO MG T-XSDRN 1.34928 0.00001 292 - -


3D MC CE SerpentREF 1.34662 0.00004 0 656 303


3D MC CE MCNP 1.34678 0.00007 16 647 305


3D MC CE KENO-VI 1.34738 0.00019 76 - 251


3D MC MG KENO-VI 1.34933 0.00020 271 - 251
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Case 2 Conclusions


• Continuous energy codes produce similar k-eff values, but 
not identical.


• Multigroup codes produce higher k-eff values than 
continuous energy codes, same as Case 1.


• The 1D and 3D models seem equivalent in k-eff values.


• Are there any known methodological differences with 
these codes that might explain the discrepancy between k-
eff values?
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Case 3 – Double Heterogeneity Unit Cell


• Unit cell as Case 2, except for the fuel zone of each 
pebble: Each pebble is composed of a fuel zone populated 
with TRISO particles in a graphite matrix. 


• Each TRISO particle is 
composed of 5 concentric 
spherical zones, with a 
UO2 fuel kernel at the 
centre and encased in 4 
coatings.


• The TRISO particles are 
arranged in an FCC 
configuration. The 
packing factor for the 
TRISO particles is 6.97%. 3D


1D
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Stage 1, Case 3 - Results


Transport XS Code keff ± vs. Ref
[pcm]


β
[pcm]


Λ
[μs]


1D MC CE SerpentREF 1.42207 0.00004 0 651 -


1D MC CE MCNP 1.42198 0.00007 -9 647 -


1D MC CE KENO-VI 1.42279 0.00014 72 - -


1D MC MG KENO-VI 1.42265 0.00017 58 - -


1D DO MG T-XSDRN 1.42178 0.00001 -29 - -


3D MC CE SerpentREF 1.42214 0.00004 0 652 277


3D MC CE MCNP 1.42153 0.00007 -61 656 340


3D MC CE KENO-VI 1.42163 0.00020 -51 - 244


3D MC MG KENO-VI 1.42284 0.00017 70 - 257
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Case 3 Conclusions


• Tightest comparison of results between codes in this case. 


• Is this suspicious given the complexity of the problem?


• Are there other results of interest that could be 
investigated in this case?


• What other codes are capable of realising the double 
heterogeneity of fuel pebbles?
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Stage 1, Case 3 - Results
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Reference Results for Each Case


Case
Thermal


Scattering
Library


TRISO
Packing keff ± β


[pcm]
Λ


[μs]


1
Y - 1.30504 0.00004 651 288


N - 1.30685 0.00004 651 287


2
Y - 1.34638 0.00004 651 283


N - 1.34900 0.00004 656 281


3
Y FCC 1.42187 0.00004 649 274


N FCC 1.42435 0.00004 652 273
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Stage 2 – Simplified Core


• This geometry includes a top 
reflector, bottom reflector, 
radial reflector, salt region and 
a fuel region.


• Populated with enough pebbles 
for criticality.


• Simplified geometry based on 
SINAP’s 10MWth TMSR-SF1.
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Stage 2 – Simplified Core


• The fuelled region includes 
7168 pebbles.


Section Material Radius
[cm]


Height 
[cm]


Top Reflector Graphite/FLiBe 67.5 50.35


Fuel Region Pebbles + FLiBe 67.5 99.32


Salt Region FLiBe 67.5 106.38


Bottom 
Reflector


Graphite/FLiBe 67.5 50.35


Radial 
Reflector


Graphite 142.5 306.4
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Software Used


• Serpent – 3D Monte Carlo, continuous energy.
– This code was used to provide our reference results.


• MCNP – 3D Monte Carlo, continuous energy.


• SCALE – Software suite with several transport codes:
– KENO-VI – 3D Monte Carlo, continuous energy & multi-group.


• ENDF/B-VII.0 library was used in every case.


• Still need a reference result from a deterministic transport 
code. Exnihilio?







23UCB Nuclear Engineering Session 1.1:
FHR Neutronics Benchmark


Stage 2 - Results


Transport XS Code keff ± vs. Ref
[pcm]


β
[pcm]


Λ
[μs]


MC CE SerpentREF 0.99338 0.00008 0 679 667


MC CE MCNP 0.98945 0.00008 -393 670 672


MC CE KENO-VI 0.99047 0.00020 -291 - 622


MC MG KENO-VI 0.99889 0.00023 551 - 702


• Largest discrepancy in k-eff is ~950pcm.


• Is this acceptable? What might have contributed to this 
difference?
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Stage 2 – Radial Thermal Flux


Radial thermal flux integrated from Z=3.5277 to Z=102.85cm
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Stage 2 – Axial Thermal Flux


Axial thermal flux integrated from X=-67.5 to X=67.5cm
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Stage 2 – Power Distribution


Axial View                                            Radial View
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Stage 2 – Neutron Leakage, PPF & 
Reactivity Coefficients


Code Neutron Leakage Power Peaking 
Factor


Radial Top Bottom Total Axial Radial


SerpentREF -11.46% -5.68% -0.16% -17.30% 1.1479 1.1106


MCNP -11.60% -5.71% -0.16% -17.47% 1.1314 1.1236


Code Coolant 
[Δρ/ΔT]


Void
[Δρ/%void]


Doppler
[Δρ/ΔT]


SerpentREF -1.630 ± 0.033 -13.73 ± 0.99 -2.160 ± 0.033


MCNP -1.680 ± 0.039 -11.30 ± 1.13 -2.160 ± 0.038


KENO-VI CE -1.557 ± 0.092 -8.70 ± 2.90 -2.083 ± 0.094


KENO-VI MG -1.763 ± 0.108 -15.00 ± 3.25 -
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Stage 3 – The Next Stage


• Scope is still not firm. Possible areas of interest:


– Explicit, high-detail geometry.
– Burnup
– Control Rods
– Reactivity Insertion/Feedback


• How should burnup be approached?


• Should partial refuelling be investigated?


• Burnable poisons?


• Control Rod worths?
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Distributing the Benchmark


• Distributing the specification and receiving data from 
participants.


• Should we distribute to reference results to benchmark 
participants?


• How should we receive the data? Should we supply a 
template? What format?


• Are there any lessons from previous benchmarks that we 
can learn from?
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Any Further Points of Discussion?
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Multiphysics modeling and uncertainty study


To study FHR transients, different approaches are adopted 
for multiphysics modeling:


• Point kinetics/unit cell heat transfer model(Pyrk)
– Average behavior
– Quick


• Coupled Monte Carlo/CFD/DEM model (SerpentFOAM)
– Accurate but computationally expensive
– For optimization and benchmarking


• Deterministic/CFD model (Comsol model)
– Less flexible but quick
– For production calculations, scoping analysis


Overview
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Multiphysics modeling and uncertainty study


Mk1(UCB) design TMSR(China) design


FHR fuel
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Multiphysics modeling and uncertainty study


Mk1(UCB) TMSR(China)


FHR core
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Multiphysics modeling and uncertainty study


UNIT CELL MODEL
COUPLED POINT KINETICS AND 
HEAT DIFFUSION(PYRK)
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Multiphysics modeling and uncertainty study


Unit cell model
• One average Mk1-FHR 


fuel pebble
– Three layers: graphite 


moderator kernel, fuel 
layer, and a graphite shell


• Fixed inlet coolant 
temperature


• Used for reactivity 
insertion, sensitivity and 
uncertainty study


• (More details in 
reference [2] and [3])


Schematic of the unit cell model geometry
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Multiphysics modeling and uncertainty study


Reflector effects in FHRs
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Multiphysics modeling and uncertainty study


Multi-point kinetics equations
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Multiphysics modeling and uncertainty study


• 1-D spherical heat transfer equation
– Meshing
– Spherical coordinate
– Heat diffusion solver


• Multi-point kinetics
– Fictitious delayed neutron groups to represent the reflector 


effects on neutron lifetime


• https://github.com/pyrk/pyrk
– Tests
– Version control
– Documentation


Open source python package(Pyrk)
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Multiphysics modeling and uncertainty study


10s Ramp Reactivity insertion results







11UCB Nuclear Engineering
Thermal Hydraulics Lab


Multiphysics modeling and uncertainty study


• How to use results from this average unit cell to 
reconstruct full core behavior?


– e.g. maximum power and temperature


Questions
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Multiphysics modeling and uncertainty study


• How to use this model to study effects of burn-up?
• Pebbles with different burn-ups behave differently during


transient:
– different powers
– different feedbacks
– different thermal properties


Questions
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Multiphysics modeling and uncertainty study


2D FULL CORE MODEL
COUPLED 
DETERMINISTIC/POROUS MEDIA
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Multiphysics modeling and uncertainty study


Model Overview


• 2-D geometry with axial-symmetry, 
expendable to 3-D


• Multi-group neutron diffusion model
– Cross-section from Serpent full core model


• Porous media thermal-hydraulics model
– Convective heat transfer coefficient from 


wakao correlation
– Uniform velocity
– Adiabatic boundary condition


• Multi-scale temperature profiles in the fuel 
pebbles and in the TRISO particles are 
computed


• (More details in reference[3])
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Multiphysics modeling and uncertainty study


Multi-group structure


Group
Lower bound 


[MeV]


1 1.40E+00


2 2.50E-02


3 4.80E-05


4 4.00E-06


5 5.00E-07


6 1.90E-07


7 5.80E-08


8 0.00E+00
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Multiphysics modeling and uncertainty study


Temperature profile


Average pebble temperature Coolant temperature
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Multiphysics modeling and uncertainty study


Temperature profile


Difference between fuel temperature and coolant temperature
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Multiphysics modeling and uncertainty study


Neutron flux


Thermal neutron flux Fast neutron flux
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Multiphysics modeling and uncertainty study


Validation-Temperature feedback
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Multiphysics modeling and uncertainty study


Validation-Reactivity insertion


/
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Multiphysics modeling and uncertainty study


• Multi-scale treatment for temperature
– How do we model the temperature profile inside pebbles and


TRISO particles during transient, while keeping the 
computational advantage of diffusion model? 


Questions
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Multiphysics modeling and uncertainty study


• From 2-D to 3-D?
– The model is currently 2-D axisymmetric
– Should we expand it to 3-D to capture localized effects, such 


as control rod insertion? 
– (But the diffusion theory is fundamentally flawed in strong 


absorber materials and close to boundaries.)


Questions
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Multiphysics modeling and uncertainty study


UNCERTAINTY QUANTIFICATION


DEFINITION OF UNCERTAINTY: OUTPUT
UNCERTAINTIES THAT IS INDUCED BY 
UNCERTAINTY IN THE INPUTS
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Multiphysics modeling and uncertainty study


Motivation


• Uncertainties in input parameters
» Novel material
» Unconventional isotopes
» New TH phenomena (pebble bed convection coefficient)
» Evolving design (geometry)


• Knowing uncertainty helps to
» Move from conservative modeling to best estimate plus


uncertainty modeling
» Prioritize research efforts
» Have more confidence in safety margins
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Multiphysics modeling and uncertainty study


Uncertainty study step 1


• Specify an uncertainty distribution for each model input-
elicited from experts


10 INPUTS:
Coolant


feedback
Doppler 


feedback
Moderator_k


Fuel_k
Shell_k


Moderator_cp
Fuel_cp
Shell_cp


Coolant_cp
h


OUTPUTS:
Temperature rise Dt
Steady state temperature
Maximum temperature
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Multiphysics modeling and uncertainty study


• Based on experts opinion


Choice of uncertain inputs
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Multiphysics modeling and uncertainty study


• Run a designed set of well-spaced model runs to span this 
parameter space(Monte Carlo, Latin hypercube sampling)


• The number of model runs required to achieve a 
reasonable model fit depends on the number of uncertain 
input parameters and the smoothness of the function


Uncertainty study step 2
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Multiphysics modeling and uncertainty study


Uncertainty study


• Uncertainty study investigates the output variation due to 
uncertain input parameters


– Approximate mean with sample average
– Approximate variance with sample variance
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Multiphysics modeling and uncertainty study


Results


Histogram of temperature rise Dt
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Multiphysics modeling and uncertainty study


Results


Histogram of steady state temperature
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Multiphysics modeling and uncertainty study


Results


Histogram of maximum temperature
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Multiphysics modeling and uncertainty study


Sensitivity study


• Standardized regression coefficients (SRC) 
• Standardized data


– Each of the parameters is converted to zero mean and unit 
variance variables


• A fitted linear regression model from the data
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Multiphysics modeling and uncertainty study


Sensitivity study results
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Multiphysics modeling and uncertainty study
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TMSR-LF1
Some other issues
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TMSR roadmap


Near Term


10MW solid-fueled
experimental 


TMSR(TMSR-SF1)


2MW liquid-fueled 
experimental 


TMSR(TMSR-LF1)


Th-U cycle 
demonstration


Medium Term


Long Term


Technologies
Design
Integration


100MW solid-fueled 
demonstrated 


TMSR


10MW liquid-fueled 
experimental


TMSR


3


100MW liquid-fueled 
demonstrated 


TMSR


Commercial 
FHR 


demonstration 







Relationships between TMSR-SF and 
TMSR-LF
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 Almost the same based technologies between 
TMSR-SF and TMSR-LF:


 Salt loop technologies and Key equipments
 Salt production and purification technologies
 Materials and Measurment devices in high temperature salt 


condition
 Energy utilization technologies


 Difference:
 TMSR-SF: mechanical and physical reactor; TMSR-LF: chemical 


reactor
 More radioactivity in the primary loop in TMSR-LF
 TMSR-LF is more difficult than TMSR-SF based on current 


conditions







TMSR-SF1


The first step is to build a test reactor 
(TMSR-SF1):
Demonstrate concept and safety of FHR.


Develop and integrate key technologies and 
components.


Build experimental platform for future reactors 
development: Reactor physics research, design, 
benchmark of modeling codes, technology and 
components test, materials and fuel (component) 
irradiated properties, etc..







Basic design considerations


Safety is most important issue. Designed by Using intrinsic 
safety characteristics, and with a large margin for safety 
parameters.


Feasibility: Using existing materials, technologies as much as 
possible; Using simple design to achieve reliability.


Flexibility: The reactor has designed with ability to cope with 
various uncertainties in material, engineering, data and 
model etc., and has relatively large tolerance.


Functions: neutronics experiments， thermal-hydraulics 
experiments,  safety experiments, materials and fuel test, 
component test, etc. 
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Main design features of SF1


 Reactor power: 10MWth


 Coolant temperature: Inlet 600°C, outlet 650°C. 


 Fuel element: TRISO fuel, 6cm sphere.


 Core: Graphite core, conventional pebble bed 
arrangement.


With passive residual heat removal.


 Temperature limitations: Fuel, <1400°C; coolant 
outlet, <750°C.


 Reactor vessel pressure limitations: <5atm.







The evolution of SF1 conceptual design
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2012, 2MW
•Pre-conceptual design.
•Concept from literature.
•Too complicate and too 
much uncertainty.


2013, 2MW
•Ordered pebble bed design.
•Accurate core model
•Little tolerance to 
uncertainties.
•Difficult for fuel loading and 
unloading.


2014, 10MW
•Conventional pebble bed 
design.
•Able to do reactor critical 
experiment.
•Future development on 
online fuel circulation.


Electric heater


MS-air heat exchanger 


Air outlet


Air inlet


Control rod


Silo mid-wall  


Argon cavity


Lower plenum


IHX


Primary pump


Concrete wall
Silo outer-wall


Reactor vessel
Silo Inner-wall


Upper plenum
Fuel loading tube


Pressing plate


Lid insulator
Sealing plate


Core barrier  
Active zone







Schematic of SF1 main systems


Electric heater


MS-air heat exchanger 


Air outlet


Air inlet


Control rod


Silo mid-wall  


Argon cavity


Lower plenum


IHX


Primary pump


Concrete wall
Silo outer-wall


Reactor vessel


Silo Inner-wall


Upper plenum
Fuel loading tube


Pressing plate


Lid insulator
Sealing plate


Core barrier  
Active zone


Main systems
 Reactor core
 Coolant system: 


Primary loop and 
intermediate loop 
(Secondary loop).


 Main vessel, cavity, 
silo and shielding


 …







Layout of reactor
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Second 
loop


First loop Main vessel
Reactor silo







Choice for decay heat removal pool
 In the first version of TMSR-SF1, there is a decay 


heat reomoval pool and a DRACS-PRACS system.


 In the next versions of TMSR-SF1, decay heat 
removal system changed to a passive “core-vessel-
silo-air cooler” system as the following reasons: (1) 
more simpler; (2) more reliable; (3) 10MW power 
and low power density means its feasibility.
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Molten Salt
Primary loop: FLiBe molten salt.
7Li enrichment~99.99%. Enrichment of 99.914% 


have been demonstrated in lab.
Contaminant boron equivalent: 2ppm.


Secondary loop: FliNak molten salt.
Cover gas: Argon.







Choice for concentration of Li-7
 99.995% concentration of Li-7 is a good choice for 


initial reactor design. Total neutron absorption 
proportion of Li-7 and Li-6 are about equvalent at 
this condition. 


 Because of time schedule limitation for li-7 
purification, 99.99% concentration is choosed for 
TMSR-SF1 design, which is worse on critical and 
temperature reactivity coefficient.
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Structure materials
 Alloy-N: Reactor vessel, in core structure, Primary 


loop.
 Exp. data up to 800°C have been collected for structure 


design and structure safety assessment of reactor and loop.


 Graphite: Reflector
Alternative: fine grain graphite under development, 


resistant to molten salt up to 0.6MPa pressure.
Neutron irradiation test underway.


 C-C composite: In core guide tubes for control rods. 







Fuel element
 SF1 will use fuel elements developed by INET 


Tsinghua University for HTR-PM, except U5 
enrichment increased to 17% (which is the same as 
HTR-10);


 Fuel geometry: 6 cm diameter sphere;


 Uranium loading：7g;


 Density of fuel element: 1.81g/cm3. (about 93% of 
molten salt density)







Fuel qualification
 The designed fuel failure temperature is higher 


than 1600°C.


 The irradiation test of HTR-PM fuel element 
completed recently at HFR, Holland. 
Average temperature at fuel element center: 1050°C;


Maximum burn up: 113MWd/kgHM.


 Fission gas release rate: ~10-9.


Much better than SF1 designed parameters.







Fuel qualification
 Risk of molten salt penetration into fuel elements?
 Increase density and salt attack fuel particle.
 Experiments show unirradiated graphite shell is molten 


salt resistant.


The behaviour of irradiated shell material may be different.
Same experiments for irradiated shell material are required.







Fuel management
 Three designs for Fuel management:
1. On-line loading and on-line defuel
2. Three batcher loading and one batch defuel
3. One batch loading and one batch defuel


 The third one is the current basis design for 
considerations as the following reasons: (1) more 
simpler; (2) more safety; (3) enough for 
experiments.


 The first one and the second one are two 
alternative vesions
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Schematic core design
Parameter Value


Structure of active area
truncated 


cone+Cylinde
r


Height of Cylinder
active area 


180 cm


Cylinder diameter of active 
area


135cm


Angle of  upper and lower 
cone with horizontal


30°


Height of reflector 300 cm


Outer diameter of reflector 285cm


The thickness of radial 
reflector


75 cm


Pebble bed packing 
fraction


60% 


Reflector


Control 
rod


Active
Region


Fuel
Pebble


Graphite 
pebble


A graphite 
pebble region 
is designed to 
cover 
uncertainties 
of keff. 
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Control rod: 16


Neutron 
source: 1


Salt injection:1


Material test: 3 
Detector 
in core 
for start 
up: 2 Neutron flux 


measure: 7


Temperature 
measure: 6


Pebble injection: 2


Backup channel: 2


Core layout







Shutdown systems
 Two Shutdown systems
 The first one: 13 control rods (8 shim rods, 2 regulating 


rods, 3 safety rods)
 The second one: 3 safety rods (different driving 


mechanism) +  drain salts in core
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EFPD


Worth of the first Shutdown 
system (pcm)


Full power
(625℃）


Cold state
(550℃）


0.0 11378 10719


2.0 11592 10934


50.0 11579 11124


100.0 11729 11236


EFPD keff after inserting the 3 safety rods 
of the second shutdown system


0.0 0.98438±0.00042
2.0 0.97900 ±0.00040


50.0 0.97628 ±0.00040
100.0 0.97469 ±0.00040


EFPD keff after draining salts
0.0 0.84305 ±0.00044
2.0 0.88201 ±0.00045


50.0 0.89643 ±0.00042
100.0 0.90725 ±0.00045







Main parameters
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EFPD 100 days


Diameter and number of sphere 6.0cm / 13500


Enrichment and massof 235U 17.0% / 15.6kg


Cold state / reactivity 550℃ / 7200pcm
The first shutdown system and its 


margin
13 control rods/ 


~2600pcm
The second shutdown system 


and its margin
3 control rods+drain 
salts / ~10000pcm


Temperature reactivity coefficient
（BOL、EOL）


-5.54pcm/K
-3.66pcm/K


Max burnup 16000 MWd/ tU


Mass of Tirtium (one EFPD) 2.4 g







Main parameters - 2
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Power density 3.9 MW/m3


Power peak factor（BOL、EOL） 1.53 / 1.50


Total TRC （BOL、EOL） -5.54pcm/K, -3.66PCM/K


Fuel TRC （BOL、EOL） -2.40pcm/K, -2.59PCM/K


Coolant TRC（BOL、EOL） -0.47pcm/K, +0.08PCM/K


Graphite in Pebble TRC（BOL、EOL） -3.95pcm/K, -2.64PCM/K


Reflector TRC （BOL、EOL） +1.12pcm/K, +1.51PCM/K







Neutron source
 A Am-Be neutron source is used in physical start-up 


to avoid dead zone of monitoring, especially in the 
first physical start-up .


 Neutron source is in channel in graphite reflector
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Source type
Energy of 


neutron MeV


Half-life 


period


yield


106n/(s*1010Bq α)


241Am-Be 4.2-5 432 years 0.60-0.74


210Po-Be 4.2 138 days 0.67-0.80


238Pu-Be 88 years


Cf252 2.3 2.65 years 2.31*1012 n/s/g


 Am-Be neutron source intensity：20Ci，4.4*107n/s







Detectors of neutronics
 Four kinds of detectors is used to monitor 


neutron flux (power) in real time.
 3 Source range detectors in reflector
 2 Source range detectors out of main vessel
 2 medium range detectors out of main vessel
 3 power range detectors out of main vessel
 Two kinds of methods is used to measure 


neutron flux distribution and spectra.
 Used multi metal foils to measure neutron flux and 


spectra in different small channel in core.
 Used small detectors to measure neutron flux in 


different small channel in core.
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Source term –Tritium
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n+6Li==>3H+4He
n+7Li==> 3H+4He+n


Total mass or tritium is about 2.4 g at EOL


Note：N：atomic density σ：micro-cross section φ：Neutron flux λ：decay constant


Source and consideration：
Li is the main source of tritium in the primary loop. The


corresponding reaction equation is：







Source term - C14
Purposes ：C-14 is one of main radioactive source of TMSR-SF， half-time is 5730a, there are 
clear emissions limits of C-14  for different type of reactor in” Nuclear power plant 
environment radiation protection regulations”. Have to consider the production of C14，
Provide input for the analysis of other systems.


analysis：
N - 14 impurity in primary circuit is the main source to the C -14 contribution，which 
contribution is 4 orders higher than other way such as O-17 impurity and fuel pebble shell 
wear(13C(n,γ)14C).


C-14 total activity in primary circuit is 1.24E+10Bq.


Source and calculation:
N – 14 impurity in primary circuit is the 
main source of C -14 compared with O-
17 impurity and fuel pebble shell wear.
Related  reaction：
14N +n 1H+14C cross section is 0.29b


reflectorFuel ball







TRC (Temperature Reactivity Coefficient)


 TRC is a very important safety parameter， include 
Total TRC,Coolant TRC, Fuel TRC, Moderate TRC


 TRC is different in different conditions (especially 
Coolant TRC)


 Infinite lattice cell and finite core
 With control rods and without control rods in core
 According to different leakage proportion of neutron 


from core
 According to different burnup
 According to different enrichment of Li-6
 Etc.
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TRC analysis with four factor formula  
 Case 1: Coolant TRC with different 


enrichment of Li-6 in infinite lattice
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6Li（mole%） α ( f ) α ( η ) α ( p ) α ( ε ) (pcm/K)


0.003 9.671E-06 -2.136E-06 -1.646E-05 8.416E-06 -0.0510


0.005 1.158E-05 -2.139E-06 -1.681E-05 8.013E-06 0.0651


0.007 1.338E-05 -2.134E-06 -1.537E-05 7.539E-06 0.3418


0.01 1.628E-05 -2.084E-06 -1.687E-05 7.473E-06 0.4804


0.02 2.571E-05 -2.181E-06 -1.449E-05 7.145E-06 1.6184


0.03 3.487E-05 -2.231E-06 -1.543E-05 6.107E-06 2.3312


0.04 4.385E-05 -2.272E-06 -1.704E-05 5.690E-06 3.0232


0.05 5.314E-05 -2.309E-06 -1.577E-05 4.293E-06 3.9349


Large positive
No change


Small negative


No change


negative
Small positive


•SUN Jianyou, ZOU Yang and XU Hongjie, etc. Analysis of the coolant reactivity coefficients of FHRs with 6Li contents of coolant, Nuclear 
Science and Techniques, Vol 37(9), pp 090605(1-7), Sep, 2014. (Chinese version)







 Effect of Li-6 Concentration
 High Li-6 concentration makes f 


dominate.
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 Case 2: different Triso packing 
factor.


 Effect of Neutron Spectrum
 f is mainly positive contributor;
 p is mainly negative contributor;
 Soft spectrum makes f dominate.







 Case 3: Coolant TRC with different 
neutron leakage (equvalent to different 
core size)
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6Li
（mole%）


α ( f ) α ( η ) α ( p ) α ( ε ) α ( ʌ ) (pcm/K)


2.14 -2.26E-06 -2.22E-06 -7.35E-06 7.23E-06 -8.79E-06 -1.3397


3.776 9.08E-07 -2.21E-06 -7.87E-06 6.76E-06 -7.12E-06 -0.9535


8.886 4.70E-06 -2.05E-06 -9.68E-06 6.79E-06 -4.66E-06 -0.4884


34.145 8.01E-06 -1.97E-06 -1.17E-05 7.08E-06 -2.90E-06 -0.1443


308.305 9.16E-06 -1.79E-06 -1.30E-05 7.56E-06 -1.11E-06 0.0808


963.905 1.12E-05 -1.75E-06 -1.49E-05 7.37E-06 -4.27E-07 0.1481


∞ 1.14E-05 -1.75E-06 -1.33E-05 7.45E-06 0 0.3805


Large
positive


No change
Small negative


Change to 
more


negative


Small 
positive


Small 
negative in 
finite core


•SUN Jianyou, ZOU Yang, XU Hongjie,  etc. Study on the influence of core volume of PB-FHR on coolant temperature reactivity coefficient, 
Nuclear Science and Techniques, Vol 37(12), pp 120603(1-7), Oct, 2014. (Chinese version)







PIV pebble-bed experimental facility
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 Distribution of pebble spheres in core is important for physics 
and thermal-hydraulics analysis.


 SINAP is building a facility to record position of every sphere
 Medium: NaI solution;      Sphere: PMMA polymer ball


Loop simulation core measure system







TMSR-LF1
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Based on technologies of TMSR-SF1 and 
pyroprocessing, TMSR-LF1 (2 MW) will be 
built.


 Demonstrate concept of MSR with liquid fuel and 
pyroprocessing.


 Demonstrate Th-U cycle and its features.
 MSR physics and chemistry research. 
 Build experimental platform for future reactors 


development.







Basic design considerations
 U-235 enrichment less than 20%;  (different constrains 


with MSRE)
 Li-7 abundance: 99.95%； (lower requirement than SF)
 Appropriate amount of Th (demonstration for Th-U fuel 


cycle and pyroprocessing) ;
 Low excess reactivity; (virtue of MSR)
 Negative temperature feedback; (for safety)
 Simple core structure, easy for system integration, 


control and maintenance;
 cope with various uncertainties in physics design
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TMSR-LF1 layout
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 Reactor core 
 Heat transfer 


system
 Pyroprocessing
 Radioactive gas 


removal system
 Safety system 
 Auxiliary 


components







Main design features of LF1


 Reactor power: 2MWth


 Coolant temperature: Inlet 600°C, outlet 620°C. 


 Fuel element: LiF-BeF2-ThF4-UF4  (mol%)


 Core: Graphite core


With passive residual heat removal.


 Reactor vessel pressure limitations: <5atm.







Fuel salt candidates for TMSR-LF1
 Fuel solubility must meet the critical requirement
 Good physical properties such as vapor pressure, 


viscosity
 Proper charge potential (U4+/U3+) during running
 O2- concentration should be limited to decrease 


UO2/ThO2 precipitation 
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Fuel and coolant salts
LiF-BeF2-ThF4-UF4 (mol%) Melting point(℃)


68-29-0.22-2.78 470
LiF-NaF-KF Melting point(℃)


46.5%-11.4%-42% 454







Reactor vessel and silo







Reactor layout
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 Reactor core
 Reactor vessel
 Graphite moderator and reflector
 Control rods
 Primary salt loop
 Sample channel







Core design parameters for TMSR-LF1
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Parameters Value Parameters Value
Thermal power 2 MWth Core diameter / height 195/251 cm
Active core diameter / height 110/110 cm Reflector thickness 40 cm
Total fuel salt volume 0.54 m3 Total reactivity coefficient -9.0 pcm/K


Fuel salt inlet temperature 600 ℃ Fuel salt outlet temperature 620 ℃


control rods 12


TMSR-LF1 assembly







Modified core design parameters for 
TMSR-LF1 
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Parameters Value Parameters Value
Thermal power 2 MWth Core diameter / height 195/251 cm
Active core diameter / height 110/110 cm Reflector thickness ~40-55 cm
Total fuel salt volume 0.385 m3 Total reactivity coefficient -6.0 pcm/K


Fuel salt inlet temperature 600 ℃ Fuel salt outlet temperature 620 ℃


control rods 12


TMSR-LF1 assembly


Top deflector Bottom deflector







Comparison of design parameters of two 
versions
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Parameters Initial version Current version 
Reactor diameter / height, cm 195/251 195/251


Core diameter / height, cm 110/110 110/110


Axial reflector thickness, cm 40 40-55


Fuel salt volume in the active zone, m3 0.096 0.184


Total fuel salt volume in core, m3 0.538 0.385


Fuel salt Composition
mol%


LiF-BeF2-ThF4-UF4 LiF-BeF2-ThF4-UF4


70.2-26.8-0.073-2.927 68-28-0.1-3.9


Li-7 abundance, % 99.95 99.95


U-235 enrichment, % 16.2 18.6


U-235 loading, kg 33 42.04


Th-232 loading, kg 5.0 5.66
Average operation temperature, ℃ 610 610


Temperature reactivity coefficient, pcm/K -9.0 -6.0


Control rod worth (@610 ℃) , pcm 5832 9038 


CR(Th-232) @BOL 0.0093 0.0099 
CR(U-238)@BOL 0.2080 0.1991 







Th-U conversion optimized in the future
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Considerations on increaseing thorium inventory:
 To meet the requirements of Th-U conversion demonstration


 U-235 enrichment less than 20% (considering online refueling)


 Low heavy nuclei inventory (low requirement for oxygen control)


• Negligible effect on Th-U conversion
• Weaken the temperature feedback


Increase HN


• Improve Th-U conversion
• Decrease tritium production


increase Li-7 
enrichment


• Negligible effect on Th-U conversion
• Limited Th inventory (due to U-235 <20%)


Increase U-235 
enrichment







Pyroprocessing of Th-U fuel cycle
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 Sampler~ 10L/d; 
 Fuel salt batch reprocessing: 10 L 


per course
 Thorium ~ 50 kg in core; 


 demonstration of key 
technologies: reprocessing 
flowsheet, fluorination and 
Vacuum distillation


 Validation of Th-U conversion 
and online refueling







Some other issues
 Nuclear database


 Thermal neutron scattering cross-section of FLiBe


 Delay neutron from fission production and 
photoneutron
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Nuclear database
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 According to requirement of  nuclear data in TMSR project , 
TMSR is building a Th/U cycle special nuclear data library
（CENDL-TMSR）which is a sub-library in CENDL Lib.


 Complete  the evaluate system of Th/U cycle nuclear data ,and 
obtain the more accurate nuclear data for physical design of  
TMSR until 2030 .







CENDL-TMSR-V0
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 Re-evaluate nuclear data for 232Th、233U、7,6Li and other key nuclides.


 Add the thermal neutron scattering  data of molten salt.


 Build the  CENDL-TMSR-V0 evaluated nuclear data which is based on 


re-evaluated nuclear data and the result of the benchmark testing for 


ENDF/B、JENDL、JEFF and CENDL.


Better


232Th(n,γ)







Benchmark tests for CENDL-TMSR-V0 
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 Data source ： ENDF/B-VII.1, JENDL4.1, JEFF3.2, CENDL-TMSR.
 Temperature：300K.
 Critical benchmark experiments: Based on ICSBEP2006, include U233-


SOL-THERM for 233U, the KBR series and Thor for 232Th and so on.
 Conclusion :From the results of benchmark testing, CENDL-TMSR-V0 


has reached the level of ENDF/B-VII.1, and part of the benchmark devices 
are slightly better.







Thermal neutron scattering of FLiBe
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 Thermal neutron scattering cross section have a large influence on 
critical analysis of MSR. Evaluateing this effect of liquid FLiBe is 
important. 


 According to raw estimation, the influence of thermal neutron 
scattering of liquid FLiBe molten salt on Keff in MSRE is about 
0.5~1% ( 700~1200K).


The cross section of liquid FLiBe
Material behavior 


and structure
(Crystal, Liquid, Gas)


Neutron scattering 
behavior


Evaluating cross 
section in different 


material state







Delay neutron
 Circulating of the fuel salt in TMSR-LF1 will affect βeff


 βeff is an important safety parameter in transient analysis.
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velocity of flow, cm/s βeff


22.93 333.6


10.00 453.4


0 640.5


βeff  with different flow velocities.


Precursors distribution without/with circulating 







Photoneutron
 Photoneutron in Be contained reactor has significant amount. 
 βeff is an important safety parameter in transient analysis, which 


should contain Photoneutron effect.
 Be is in the salt (TMSR-SF1, TMSR-LF1)


reaction: Be (γ, n+2α)          threshold: 1.67MeV


 Delayed photoneutrons
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Group ,i ϒ-emitter Energy of ϒ-
radiation, MeV


Lifetime Decay 
constant,sec-1


Yield βi(10-5)


1 Kr90,Se87 1.78 0.51min 2.26·10-2 2.07
2 I136,Br87 2.49 1.3 min 8.85·10-3 3.66
3 Sb133,Kr89,Rb90 2.66 3.2 min 3.60·10-3 1.85
4 Xe138,Rb89,Mo101 2.5 15.5 h 7.42·10-4 3.68
5 Te134,I134,Br84,Cs138 2.42 43.2 h 2.67·10-4 0.36
6 I135,La142,Kr87,Kr88 2.15 3.11 h 6.20·10-5 3.20
7 Te131 2.06 21.1 h 1.59·10-5 0.260
8 Te132 2.02 77.7 h 2.48·10-6 0.038
9 La140 2.51 12.8 days 6.24·10-7 0.057


Delayed photoneutrons in infinite Be per U-235 fission







Conclusion
 There are inherent relationships between TMSR-SF1 


and TMSR-LF1 on technologies, difficulties, time 
schedule, etc.


 In TMSR-SF1 and TMSR-LF1 design, safety, 
feasibility, flexibility and functions are all considered 
to achieve an engineering and actual reactor.


Many key physical issues have been studied in 
TMSR-SF and TMSR-LF to achieve clear 
comprehensions.


 Before building, there are also many work should 
be done, such as pebble bed experiments, thermal 
neutron scattering cross section of FLiBe, a more 
reliable crossing section database, engineering 
uncertainties analysis, benchmark, etc. 52
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Thermal Hydraulics Working Group Scope Definition


Overview


• Introduction of participants


• Overview of agenda


• High level goals of working group


• Solicitation of scope definition


• General instructions/format of sessions


• Discussion
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Thermal Hydraulics Working Group Scope Definition


Participant introduction







4UCB Nuclear Engineering Session 1:
Thermal Hydraulics Working Group Scope Definition


Overview of WG agenda


DAY 1:


• FHR university research
• Separate effects test (SET) research programs
• SINAP TH experiments and modeling progress update
• Integral effects test (IET) research program
• Additional concerns


DAY 2:


• TH WG structure
• TH WG path forward
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Thermal Hydraulics Working Group Scope Definition


Main objective of the TH WG


The focus of this working group is on benchmarking 
thermal hydraulic phenomena in FHRs (and MSRs), 
specifically passive decay heat removal, salt 
overcooling and freezing, and enhanced heat 
transfer structures.
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Thermal Hydraulics Working Group Scope Definition


High level goals of TH WG


• What do we want to achieve with the TH WG


• What types of benchmarks do we want to perform?


• What facilities do we want to validate against?


• What is a reasonable timeline?


• Things to keep in mind for the next two days
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General instructions


• Try and stay on topic as much as reasonably possible


• Try to maintain schedule as much as reasonably possible


• Enjoy and have a good time!


• Observers (students) take really good notes!
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Thermal Hydraulics Working Group Path Forward


Identifying the What, Who, When, Why, 
How, and Where


• Identify benchmarking problems of interest
• Who is assigned to what task?
• How often do we communicate and through what 


channels?
• Where do we report and store our results?
• What is our timeline and when do we want to set 


deliverable dates?
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Design, Fabrication and Startup Testing in the CIET Facility 
in Support of FHR Technology


Session 2.1:
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Hydraulics


April 14, 2016


Facilitators: Charalampos Andreades (UCB) & James Kendrick (UCB)
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Design, Fabrication and Startup Testing in the CIET Facility 
in Support of FHR Technology


Compact Integral Effects Test 1.0
Progress Updates


LOFC Validation Progress
Outcomes: Better models for predicting 


system performance, improved heat 
structure study/analysis


Heater Performance and Upgrade
Outcomes: Solve the problem of 


temperature fluctuations at the 
heater outlet, improve scaling to the 
Mk1, upgrade heat input capacity


Upgrade of Controls System (LabVIEW)
Outcomes: Tighter control of system 


inputs (ex. Heater) for transients, 
higher quality data collected, control 
strategy research open
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Thermal Hydraulics Lab


Design, Fabrication and Startup Testing in the CIET Facility 
in Support of FHR Technology


X-PREX Facility Update


Dry Quasi-2D Silo Dry Cylindrical HopperControl Blade Insertion
(CoBIE)
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Design, Fabrication and Startup Testing in the CIET Facility 
in Support of FHR Technology


TMSR-SF1 Geometry Studied in X-PREX


• X-PREX Test Section Dimensions
– D / d = 135 / 6 = 22.5  OK
– H / d = 180 / 6 = 30.0  TWO HEIGHTS


SINAP Random Bed TMSR-SF1


Parameter TMSR-SF1 X-PREX


Thermal Power 10 MW --


Number of Pebbles Start: 10950
Full: 14650


Start: 10950
Full: 14650


Core Outer Diameter 135 cm 28.6 cm


Core Height 180 cm 38.1 cm


Cone Angle 30° 30°







5UCB Nuclear Engineering
Thermal Hydraulics Lab


Design, Fabrication and Startup Testing in the CIET Facility 
in Support of FHR Technology


Current Work and Next Steps


• Surface geometry studies


– Dish-like indentations 


(HTR-10)


• Cylindrical silo with 


recirculation


• Improved image processing 


code
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UW Flow Loop


• Parameters:
– 550 C – 800 C
– 3-5 cm/s flow
– Redox control
– Sample inserts
– Online beryllium  


additions
– Ability to control 


cooling


Measurements
• Direct


– Temperature
 Outer Wall 
 Center line
 Point


– Redox
– Power input
– Cooling fan 


power


• Indirect
– Flow velocity
– Mass Transport
– Heat transfer 


coefficients
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Temperature versus time


Natural Circulation Loop Model in COMSOL 


Velocity versus time


COMSOL Simulations
• 1-D, Transient study
• Boundary conditions: uniform heat flux at the cooled and heated 


regions
• System reaches a periodic-steady-state condition


– The period is equal to the time it takes for the salt to complete one loop


• Changing the boundary condition at the cooled region to a constant 
convective boundary condition has an attenuating effect on the 
cyclic behavior of the flow/temperature in the system


Temperature versus time
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Molten Salt Freezing Experiments


Thermocouples


Nitrate 
Salt Bath


Heating 
Mixing 
Plates


Fluoride Salt 
Sample in Clear 


Fused Quartz 
Boiling Flask


Heating 
Tape & 


Insulation


Melting 
Bath


Freezing 
Bath


Static Freezing 
Experimental Setup:


Static Freezing Experiment 
Modeling Pre-prediction


Pipe Freezing Experiment 
Modeling Pre-prediction


GOAL: Model and experimentally validate freezing front propagation and heat 
transfer properties in a static molten salt environment, as well as quantify 


supercooling effect
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Thermal-Hydraulics SETs
UNM Experimental Overview


• Reduced scale heat transfer 
facility constructed at UNM


– Currently under shakedown 
testing


– Primary loop
» Water initially – transition 


to Dowtherm A
» Natural + forced circulation 


flow modes
» Bi-directional
» Electrically heated
» Cooled in test section


– Secondary loop
» Water initially – transition 


to Dowtherm A
» Forced circulation
» Heated in test section
» Cooled in secondary heat 


exchanger by chilled water


Facility


Heat transfer facility at UNM.


Surge Tanks


Flowmeters


Secondary Pump


Electric Heater


Chiller


Drain Tanks


Primary Pump


Test Section


Static Mixers


Flow Reversal 
Piping


Programmable 
Power Supply
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Thermal-Hydraulics SETs
UNM Experimental Overview


Twisted outer/plain inner vs. plain outer/plain inner tube 
heat exchanger.


Planned Tests
• Enhanced heat transfer


– Single-wall plain tube heat 
exchanger


– Single-wall twisted tube heat 
exchanger


– Focus on buoyancy effects


• Directional heat exchanger
– Implement hydrodynamic 


experiment (DirEX2) insights in 
designing a heat transfer 
experiment


• Double-wall heat exchanger
– Plain outer/plain inner heat 


exchanger
– Twisted outer/plain inner heat 


exchanger
– Focus on double-wall performance


Twisted vs. plain tube heat exchangers provided to UNM, masked 
for clarity (flange is behind support; photo credit: Hipex).
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FHR University Research – Thermal Hydraulics


Outline


• FHR Thermal Hydraulics Analysis Tool Validation
– FHR Thermal Hydraulics PIRT Panel 
– Thermal Hydraulics Code Validation
– Experimental Facilities


• Tritium Mitigation and Control
– Tritium Control System
– Novel Heat Exchangers


2OSU Nuclear Engineering Session 1.2:
FHR University Research – Thermal Hydraulics


FHR Thermal Hydraulics PIRT Panel 


• A PIRT panel on thermal hydraulics is being organized by 
The Ohio State University and Oak Ridge National 
Laboratory to address the verification and validation of 
thermal hydraulics codes in support of licensing


– PIRT panelists will cover a wide range of technical expertise 
in relation to FHRs (AHTR as the reference design) from 
national laboratory, industry, regulator, academia, and 
international collaborator


– Planned on May 24 – 26, 2016 at Ohio State, Columbus, OH 
with a full report expected to be completed in August 2016


– White paper is being prepared to provide information to 
facilitate the panel discussion


– Findings will be published in appropriate form after the 
workshop


– Interested parties are to be invited as observers (email X. Sun 
at sun.200@osu.edu)
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Thermal Hydraulics Code Validation


• Validation of a System Analysis Code for FHRs
– RELAP5 MOD 4.0
– Benchmark study of the Low-temperature DRACS Test Facility 


(LTDF) at OSU, including startup and pump trip scenarios
– Implementation of fluoride salt properties into RELAP5
– Analysis of the High-temperature Fluoride Salt Test Facility 


(HTFSF) at OSU prior to the actual tests


Lin et al., ICAPP2016
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Thermal Hydraulics Code Validation 
(Cont’d)


• HTFSF Vortex Diode Design using ANSYS Fluent


• Validation of a Computational Fluid Dynamics (CFD) Code 
for FHRs


– Planed for a certain multi-dimensional phenomena in FHRs
– Salt mixing in upper plenum in AHTR
– Salt flow in AHTR reactor core
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Experimental Facilities
• Low-temperature DRACS Test Facility (LTDF)


– 1.0 MPa water as primary coolant
– Steady state and Transients: Startup; Pump trip without IHX; 


Pump trip with IHX


• High-temperature Fluoride Salt Test Facility (HTFSF)
– FLiNaK as primary coolant and KF-ZrF4 as secondary coolant
– Preliminary tests: leakage, instrumentation, insulation, etc.
– Salt preparation: dehydration and impurity removal


Lv et al., NURETH16


6OSU Nuclear Engineering Session 1.2:
FHR University Research – Thermal Hydraulics


Tritium Control System


• Overall Technical Strategy


• Validation Experiment
– To evaluate the performance and efficiency of our cross-flow 


tritium removal facility design


Wu et al., NURETH16
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Novel Heat Exchangers


• Design HXs (NDHX, DHX, IHX, and SHX) for AHTR, 
considering tritium mitigation and heat transfer


• Ongoing design work for NDHX: Two preliminary designs 
being considered


– Option 1: Double-wall NDHX with sweep gas in the annulus
» Inner tube: Allow tritium permeation  
» Outer tube: Prevent tritium permeation (with surface 


treatment if necessary)
» Tritium: Trapped in the gap and removed by sweep gas


– Option 2: Double-wall NDHX with tritium getter in the annulus
» A tritium getter (yttrium) pre-filled in the gap/annulus 








Thermal hydraulic 
experimental research 
progress in SINAP
Chong Zhou







Content


▪ TH experimental progress on salt loops


▪ Nitrates test loop


▪ FLiNaK test loop


▪ Pebble-bed hydraulic test loop


▪ TMSR-SF0 TH test plan


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Nitrates test loop


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Nitrates test loop


▪ Heat transfer fluid
▪ Hitec salt


▪ NaNO3-NaNO2-KNO3 (7-40-53wt%)


▪ Thermal oil (Therminol 66)


▪ Operation temperature
▪ 200-400


▪ Operation salt mass flow
▪ 0.2-6m3/h


▪ Heater power
▪ 120kW


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Circular tube HT tests


▪ Test section
▪ Concentric tube 


▪ Inner tube: Hitec molten salt, din=20mm, l=1200mm
▪ Outer tube: thermal oil, din=39mm


▪ Test parameter range (salt)


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Circular tube HT tests


▪ Suggested new correlation


▪ Uncertainty of Nu: ±7.8%


▪ HT correlations validation
▪ Gnielinski (+7%)


▪ Sieder-Tate (-8%)


▪ Hausen (-10%)


▪ Dittus-Boelter (-20%)


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Enhanced HT tube tests


▪ Test section
▪ Concentric tube 


▪ Inner tube: Hitec molten salt
▪ Transversally corrugated tube


▪ din=16mm, e=0.73mm
▪ P=9.6mm, P’=2mm


▪ Outer tube: thermal oil, din=39mm


▪ Test parameter range (salt)
▪ Temperature: 200-300
▪ Flow rate: 0-6m3/h
▪ Reynolds number: 200-70000
▪ Prandtl number: 11-27


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Enhanced HT tube tests


▪ Test section
▪ Concentric tube 


▪ Inner tube: Hitec molten salt
▪ Transversally corrugated tube


▪ din=16mm, e=0.73mm
▪ P=9.6mm, P’=2mm


▪ Outer tube: thermal oil, din=39mm


▪ Test parameter range (salt)
▪ Temperature: 200-300
▪ Flow rate: 0-6m3/h
▪ Reynolds number: 200-70000
▪ Prandtl number: 11-27


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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HT enhancement ratio







FLiNaK test loop


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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FLiNaK test loop


▪ Heat transfer fluid
▪ LiF-NaF-KF (46.5-11.5-42mol%)


▪ Operation temperature
▪ 500-600


▪ Operation salt mass flow
▪ 17-25m3/h


▪ Heater power
▪ 200kW


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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HX & pump preliminary tests
Tests Air fan 


frequency
Salt flow


(m3/h)
Air flow
(m3/h)


Salt Tin
( )


Salt Tout
( )


Air Tin
( )


Air Tout
( )


Natural convection 0 20 - 514.0 509.1 42.5 422.4


Forced convection 20Hz 20 1114 515.5 508.5 45.6 355.3


Forced convection 30Hz 20 1896 510.5 501.5 46.5 337.3


Forced convection 40Hz 20 3316 510.4 499.9 46.9 303.8


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Pump frequency (Hz) Salt flow rate (m3/h)


Pu
m
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)
Salt-air HX steady HT tests


Pump hydraulic tests







Test plan of FLiNaK loop


▪ System steady thermal equilibrium test
▪ Measure temperatures of equipment, structures and pipes at different steady 


boundary conditions to obtain system heat loss characteristics


▪ System steady hydraulic test
▪ Measure pressure drops of equipment, structures and pipes at different steady 


boundary conditions to obtain system hydraulic characteristics


▪ System transient test (for system code validation)
▪ Power transients


▪ Salt flow rate transients


▪ Heat exchanger load transients


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Pebble-bed HT tests


▪ Pebble-bed channel test section
▪ SiC/SiC composite circular pipe
▪ Filled with 16 graphite pebbles


▪ Pebble diameter: 60mm
▪ Pipe diameter: 76mm
▪ Filled length: 970mm


▪ Electromagnetic induction heating
▪ Power: 60kW


▪ Planned test parameter range
▪ Temperature: 500-600
▪ Flow rate: 0.1-7m3/h
▪ Reynolds number: 200-18000


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Pebble-bed hydraulic test loop


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Pebble-bed hydraulic test loop


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Particle Imagine 
Velocimetry (PIV)
Flow field 
measurement 
platform


Water


Water
filter


Cooling water unit


Water
filter


Water
tank


Pressurizer


Temperature gauge
Pressure gauge


Flow rate gauges


Pressure 
difference 


gauge


Reactor 
simulator


Laser 


Pump







Flow field test of a small octahedral pebble-bed 


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science


16


Measured 
velocity field


(Re = 300)


Parameters Value 
Pebble diameter (mm) 30
Packing height (mm) 175.64


Packing manner Random
Fluid NaI solution


Mode/pebble/fluid refractivity 1.4912
Re 6-300


PIV tracer particle:
16μm glass particle with 
silver coating


NaI: 61.6-64%wt.







Flow distribution test of TMSR-SF1 1:4 scaling model 


• Pebble-bed: 15mm diameter PMMA pebbles, random packing
• NaI solution: 61.6-63%wt.
• Mode/pebble/fluid refractivity: 1.49


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Water 
inlet


Water 
outlet


Inner 
barrel


Outer 
barrel


Lower 
reflector


Square 
water 
jacket







Flow distribution test of TMSR-LF1 1:4 scaling model 


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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2D measured velocity field


3D velocity field







TMSR-SF0 TH test plan


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Schematic layout of TMSR-SF0


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Electric heater


Reactor


Upper silo


PRHR







Key TH parameters of TMSR-SF0
Parameters Value Parameters Value


Core heating power (kW) 0-400
Design temperature of reactor and 


primary loop ( )
700


Salt temperature at reactor inlet ( ) 600 Salt temperature at reactor outlet ( ) 650


Salt temperature at IHX inlet ( ) 520 Salt temperature at IHX outlet ( ) 536
Air temperature at salt-air HX inlet 


( )
40


Air temperature at salt-air HX outlet 
( )


180


Coolant in primary loop
FLiNaK (Phase I)
FLiBe (Phase II)


Coolant in secondary loop FLiNaK 


Salt mass flow in primary loop (kg/s) 0-10.0
Salt mass flow in secondary loop 


(kg/s)
0-12.2 


Air mass flow in salt-air HX (kg/s) 0-2.6 PRHR power (kW) 12.8
Salt volume in primary/secondary 


loop (m3)
1/1 Primary/secondary pump head (MPa) 0.321/0.403


Reactor inlet/outlet pipes DN50/DN100 Primary/secondary loop pipes DN50


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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TH test plan of TMSR-SF0


▪ Passive residual heat removal system HT capacity validation test


▪ Transient test of loss of coolant forced convection


▪ Reactor integrate hydraulic test
▪ Reactor friction & form loss test


▪ Reactor core coolant bypass flow test


▪ Heat loss test of the upper lid


▪ Operation test
▪ Start up


▪ Shutdown


▪ Steady operation at different power level


▪ Salt-air HX load swing transient test


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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TH test plan of TMSR-SF0


▪ System code validation tests
▪ Steady tests


▪ System heat loss and thermal inertia test
▪ System pressure drop test
▪ (both for main equipment, structure and piping in coolant loops)


▪ Transient tests
▪ Power transients
▪ Salt flow rate transients
▪ Heat exchanger load transients
▪ Loss of heat sink transient
▪ Salt flow rate increasing/decreasing in secondary loop transients


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Questions?


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Session 4:
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April 14, 2016


Facilitators: Lakshana Huddar (UCB), Joel Hughes (UNM) & 
Kazi Ahmed (UW)


NEUP Integrated Research 
Project Workshop 2:
FHR Benchmarking and VVUQ 
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Thermal-Hydraulics SETs
Motivation for the session


• Separate Effects Tests are performed for several reasons:


– Exploratory


– Develop a basis for code validation


– Develop data for closure models for systems level codes


– Component-level testing


• What are the benchmark needs for SETs for FHRs?
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Separate Effects Test (SET) Research Programs 


Thermal-Hydraulics SETs
Goals for the session


• Provide high-level overview of SET work being performed 


at the participating universities


• Provide guidance for selection and design of benchmarking 


problems for thermal-hydraulics separate effects tests


• Establish next steps in benchmark development
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Separate Effects Test (SET) Research Programs 


Thermal-Hydraulics SETs
UNM Experimental Overview


• Reduced scale heat transfer 
facility constructed at UNM


– Currently under shakedown 
testing


– Primary loop
» Water initially – transition 


to Dowtherm A
» Natural + forced circulation 


flow modes
» Bi-directional
» Electrically heated
» Cooled in test section


– Secondary loop
» Water initially – transition 


to Dowtherm A
» Forced circulation
» Heated in test section
» Cooled in secondary heat 


exchanger by chilled water


Facility


Heat transfer facility at UNM.


Surge Tanks


Flowmeters


Secondary Pump


Electric Heater


Chiller


Drain Tanks


Primary Pump


Test Section


Static Mixers


Flow Reversal 
Piping


Programmable 
Power Supply
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Thermal-Hydraulics SETs
UNM Experimental Overview


Twisted outer/plain inner vs. plain outer/plain inner tube 
heat exchanger.


Planned Tests
• Enhanced heat transfer


– Single-wall plain tube heat 
exchanger


– Single-wall twisted tube heat 
exchanger


– Focus on buoyancy effects


• Directional heat exchanger
– Implement hydrodynamic 


experiment (DirEX2) insights in 
designing a heat transfer 
experiment


• Double-wall heat exchanger
– Plain outer/plain inner heat 


exchanger
– Twisted outer/plain inner heat 


exchanger
– Focus on double-wall performance


Twisted vs. plain tube heat exchangers provided to UNM, masked 
for clarity (flange is behind support; photo credit: Hipex).
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Thermal-Hydraulics SETs
UCB Experimental Overview


• Measure heat transfer 
coefficient in a pebble 
bed test section as a 
function of position and 
time, for ranges of 
Prandtl and Reynolds 
numbers


• Collect data that could 
possibly be used for 
validating similitude of 
heat transfer oils and 
fluoride salts
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Thermal-Hydraulics SETs
UCB Experimental Overview


• Need to demonstrate 
similitude between fluoride 
salts and Dowtherm A for 
natural convection heat 
transfer


• Immerse a heated element in 
flinak and Dowtherm A, and 
compare Nusselt numbers for 
matched Pr and Gr conditions


• Nusselt number can be 
predicted using correlations 
for natural convection heat 
transfer from a vertical flat 
plate







8UW Madison 
Engineering Physics Department


Day 1 Session 4:
Separate Effects Test (SET) Research Programs 


Thermal-Hydraulics SETs
UW Experimental Overview


• Static Freezing Experiments
– Molten salt sample immersed in cooler nitrate salt


» Stirred cold bath for uniform temperature
» Adding PID control of heaters


– Explore different cooling rates and sample sizes
» What is the effect on freeze front propagation
» What is the effect on supercooling


• Possible Property Measurements
– Bulk Measurements


» Density, thermal conductivity 
– DSC or other Measurements


» Latent heat, specific heat


• Future Pipe Freezing Experiments
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Thermal-Hydraulics SETs
UW Simulation Overview
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Thermal-Hydraulics SETs
Discussion Points


• Ensuring complete and appropriate benchmark selection 


will be important to avoid future delays


• How do we assess the completeness of the benchmarks 


selected in covering the important phenomenology?


• How do we determine which codes need to be 


benchmarked for which parts of the problem?


• Can we create a benchmark from an experiment which 


may involve proprietary vendor data?
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Thermal-Hydraulics SETs
Discussion Points


• A large amount of the experimental work on FHR thermal-


hydraulics is utilizing simulant fluids at a reduced scale


• How appropriate is the use of simulant fluids in 


benchmarking, considering some key phenomena will be 


missed (e.g. freezing/participating media during radiative 


heat transfer)?
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Thermal-Hydraulics SETs
Discussion Points


• Fluoride salt properties have large associated 


uncertainties, and small applicable temperature ranges


• How can we reduce the uncertainties in property 


measurements, and take measurements for a wide 


temperature range?


• We need more accurate property measurements for flibe 


as well as other fluoride salts such as flinak
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Thermal-Hydraulics SETs
Discussion Points


• Using codes to simulate SETs


• What are the values/limitations of using CFD?


• Simulating certain phenomenology may require additional 


development of codes, for example freezing


• What SET simulations will provide useful results for 


development of system code and iterative design changes?


• What multi-physics coupling is needed?


• What experiments will be useful for validating codes?
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• What are some of the additional SET needs?
• Testing salt pumps, fluidic diodes, etc.
• Narrow down benchmark problems / define SET 


benchmarks for the FHR project


• How will we move forward with SET data?
• Generate experimental data with salts for code validation
• Use experimental and CFD data to provide information to 


TH system code for transient analysis 


Thermal-Hydraulics SETs
Next Steps








TMSR-SF1/TMSR-LF1
Thermal Hydraulic Design 
Progress
Chong Zhou







Content


▪ 10MW TMSR-SF1 TH design


▪ Overview


▪ TH design of the reactor


▪ TH design of the upper reactor & upper silo


▪ TH design of the lower silo & PRHR


▪ 2MW TMSR-LF1 TH design


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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TMSR-SF1 TH design overview


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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TH design objective


▪ Study the thermal hydraulic behavior of the reactor core and the coolant 
system, to define a reasonable set of reactor thermal hydraulic 
parameters


▪ Provide enough heat transfer capacity matching the fission thermal 
energy generation in the reactor core during normal operation


▪ Ensure effective passive residual heat removal after reactor shutdown, 
and ensure the reactor safety in accidents


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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TH design limits


▪ Fuel temperature design limits


▪ Peak fuel temperature ≤ 1250 in operating condition I & II


▪ Peak fuel temperature ≤ 1600 in operating condition III & IV


▪ Coolant temperature design limits


▪ Peak coolant temperature ≤ temperature limits of the structure materials (704
for Hastelloy N) 


▪ Coolant temperature in reactor and coolant system ≥ salt melting point (465
for FLiBe)


▪ Core coolant flow rate design limits


▪ Coolant flow rate in the core active zone ≥ 85% of reactor inlet coolant flow rate


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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TH design method and tools


▪ Steady state design and analysis
▪ FLUENT/CFX
▪ Porous media model for pebble-bed core simulation


▪ Transients and accidents safety analysis
▪ Relap5
▪ Code modification includes properties, heat transfer and pressure drop 


correlation for pebble-bed


▪ Heat transfer correlation
▪ Wakao-Kaguei correlation:  Nu=2+1.1Re0.6Pr1/3


▪ Pressure drop correlation
▪ Ergun correlation : 


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Schematic layout of TMSR-SF1


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science


7


Lower plenum 


Graphite reflector 
Downcomer


Thermal insulation


Control rod


Core active zone


Reactor vessel


IHX


Pump 


Core barrel


Fan 


Concrete wall
Thermal insulation


Biological shield


Fuel loading channel


Upper plenum


PRHR heat exchanger
Lower silo


Control rod driver 


Air Inlet
Air outlet 


Fuel unloading device


Upper lid 


Upper silo


Reactor Support


Salt-Air HX







Key TH parameters of TMSR-SF1


Parameters Value Parameters Value


Thermal Power (MW) 10 Coolant mass flow rate (kg/s) 84


Salt temperature at core inlet ( ) 600 Salt temperature at core outlet ( ) 650


Coolant in primary loop LiF-BeF2 Coolant in secondary loop LiF-NaF-KF


Average coolant velocity in the 
core (m/s) 0.068 Average coolant Reynolds number 420


Coolant pressure drop from reactor 
inlet to outlet (kPa) 20 Coolant pressure drop in the core


active zone (kPa) 2


Primary pump head (MPa) 0.3 Coolant velocity in primary pipes
(m/s) 2.3


Thermal power of passive residual 
heat removal (kW) 200 System pressure (MPa) 0.5


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Key structure parameters of TMSR-SF1 core
Parameters Value


Fuel pebble diameter (mm) 60
Diameter/length of core cylindrical active zone (mm) 1350/1800


Diameter/length of core truncated cone active zone (mm) 1800 (bottom)/300 (top)/303
Fuel pebble packing manner Random packing


Fuel pebble filling height (mm) 1600
Fuel pebble number ~12000


Fuel pebble packing factor 60%
Outside height/outer diameter of side reflector (mm) 3064/2850


Thickness of top/bottom/side reflector (mm) 632-329/632-329/750
Number/diameter of channels in top and bottom reflector


(Diameter of central fuel loading/unloading channel) 288/40 (300)


Number/diameter of control rod channel in side reflector 16/162
Control rod diameter (mm) 110


Inner/outer diameter of control rod guide tube (mm) 126/146 (C/C composite)
Inner/outer diameter/height of core barrel (mm) 2866/ 2926/3064


Thickness of the bottom flow distribution plate of core barrel (mm) 80mm
Inner/outer diameter of the reactor vessel (mm) 2986mm/3050mm


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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TMSR-SF1 TH design of the reactor


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Reactor vessel internals of TMSR-SF1


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Reactor inlet/outlet


Flow channel in the 
upper/lower reflector


Flow distribution device 
below the lower reflector







Reactor coolant flow distribution


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Velocity distribution at fuel pebble bed 
bottom cross section


Core active zone radial coordinate (m)
C


oo
la


nt
 v


el
oc


ity
 (m


/s
)


Reactor coolant streamline


Velocity distribution in the 
lower plenum


Velocity distribution in the 
downcomer







Flow diagram of TMSR-SF1


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Reactor vessel Reactor coolant system


Upper plenum


Lower plenum


Primary pump Secondary
pump


Fan
Air


Venting
tower


Core


Control rod & 
test channel


Gap in the 
graphite reflector


Downcomer


IHX Salt-air HX


Anti-siphon
pipe







Reactor coolant flow distribution & pressure drops


Coolant flow paths in reactor vessel Mass flow rate (kg/s) Percentage (%)
Core active zone 74.5 89


Anti-siphon pipe at top of the downcomer (10mm x 4) 1.7 2


Gap at top sealing of the downcomer (≤1mm) 5.0 6


Control rod channel (10mm x 5mm x 16) 2.5 3


Total 83.7 100


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Region Pressure drop (kPa)
Core (from inlet to outlet) 19.3


Downcomer (from reactor vessel inlet to downcomer bottom) 4.6


Lower plenum (from downcomer bottom to lower reflector inlet) 0.2


Core (from lower reflector inlet to upper reflector outlet) 1.4


Upper plenum (from upper reflector outlet to upper plenum pipe inlet) 4.9


Upper plenum pipe (from upper plenum outlet to reactor vessel outlet) 8.2







Reactor core power and temperature distribution


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Core coolant temperature Fuel surface temperature


Region Average Temp. ( ) Minimum Temp. ( ) Maximun Temp. ( )
Coolant in core active zone 629 600 676


Fuel pebble surface 664 619 706


Fuel pebble center 723 - 774







Reactor vessel internals temperature distribution 


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Reactor vessel Temp. Core barrel Temp. Upper plenum outlet pipe Temp. Upper plenum top lid Temp.


Region Average Temp. ( ) Minimum Temp. ( ) Maximun Temp. ( )
Side reflector 614 601 634


Upper reflector 650 628 676
Core barrel 601 600 623


Reactor vessel 604 600 650
Upper plenum 634 620 646







TMSR-SF1 TH design of the
upper reactor & upper silo


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Schematic layout of the upper reactor & upper silo


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Upper silo


Concrete wall


Control rod driver 


Thermal insulation of 
the upper lid
Upper lid
Thermal insulation


Biological shield







Temperature distribution of the upper reactor & upper silo


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Region Average Temp. ( ) Minimum Temp. ( ) Maximun Temp. ( )
Biological shield 620 582 642


Upper lid 265 237 296
Reactor vessel wall 528 256 650


Reactor Support 65 47 228
Control rod guide tube 323 70 650


Gas in control rod driver shell 87 71 108
Gas in the upper silo 67 53 255


Concrete wall 50 42 66


Overall Temp.


Concrete wall Temp. RV wall Temp. Upper lid Temp.







TMSR-SF1 TH design of the
lower silo & PRHR


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Schematic layout of PRHR


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Core 
Electric heater in silo


Concrete wall
Thermal insulation


PRHR heat exchanger
Lower silo


PRHR Air Inlet
Air outlet 


Silo air inlet PRHR heat exchanger 







Key design parameters of PRHR


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Parameters Shut down Normal
operation Preheating 


Air inlet temperature ( ) 40 40 40
Air temperature at PRHR HX outlet ( ) 304 530 556


Air outlet temperature ( ) 300 435 453
Air mass flow (kg/s) 0.752 0.060 0.060


Air door opening (1-fully open, 0-fully closed) 1 0.007 0.007
Temperature of reactor vessel outer wall ( ) 600 600 625


Temperature of PRHR heat exchanger inner wall ( ) 482 582 608
Temperature of inner/outer thermal insulation layer ( ) 482/431 582/523 608/547


Inner/outer temperature of the concrete wall ( ) 59.7/47.7 65.4/49.5 67/50
Environment temperature ( ) 40 40 40


Heat loss of the venting tower (kW) 200 30 31.6
Heat loss of the concrete wall (kW) 3.9 5.1 5.5


Heat loss of venting pipe inside the concrete wall (kW) 0.145 0.315 0.338
Heat loss of venting pipe outside the concrete wall (kW) 2.7 5.8 6.3







TMSR-LF1 TH design


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Schematic layout of TMSR-LF1


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Schematic layout of TMSR-LF1


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Key TH parameters of TMSR-LF1


Parameters Value Parameters Value


Thermal power (MW) 2 Moderator Graphite


Coolant in primary loop LiF-BeF2-ThF4-UF4 Coolant in secondary loop LiF-NaF-KF


Fuel inlet temperature ( ) 600 Fuel outlet temperature ( ) 620


Coolant volume in core (m3) 0.54 Coolant mass in core (600 ) (t) 1.38


Coolant velocity  in primary 
loop (m/s) 1.75 Coolant mass flow in primary loop 


(kg/s) 55.34


Pressure drop in core (kPa) < 20 Pressure drop in primary loop (kPa) < 100


Pressure drop in heat 
exchanger (kPa) < 100 Primary pump head (MPa) 0.3


Power of passive residual 
heat removal (kW) 100 Coolant evacuation time in primary 


loop (min) 30


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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Reactor flow and temperature distribution


4/15/2016Thorium Molten Salt Reactor System
Shanghai Institute of Applied Physics, Chinese Academy of Science
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3 candidate coolant 
channel arrangements


Flow distribution in reactor 
vessel


Temperature distribution 
in reactor vessel







Schematic layout of PRHR


4/15/2016Thorium Molten Salt Reactor System
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Questions?
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Overview


1. FHR IET Program Purpose


2. IET Background


3. UCB Progress and Plans


4. UW Progress and Plans


5. Benchmarking Strategies


6. Looking Forward: TMSR
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FHR IET Program Purpose


Develop understanding and competence in SETs and IETs for 
FHR research


Verify and validate evaluation models that can be used for 
FHR design and analysis


Support understanding of FHR performance under licensing 
basis events of concern to the NRC for licensing


Ultimately: To Commercialize
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IET Background


Purpose of IETs: 
• Reproduce the integral behavior of 


the system of interest under a wide 
range of initial and boundary 
conditions


• Produce test data to compare 
against evaluation model results for 
the scaled system


Examples from OSU:
• Advanced Plant Experimental (APEX) 


Facility
• Multi-Application Small Light Water 


Reactor (MASLWR)
MASLWR Facility at OSU
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IET Background


Discussion Points:


Is this the best direction for IET development within this IRP 
to support FHR/MSR understanding and development?


Can IETs be useful in other areas of FHR/MSR research? 
Training facility for personnel? Etc.?


Is there something missing that is restricting progress or 
limiting the application of IET research?
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UCB Progress and Plans


Compact Integral Effects Test (CIET 1.0) Facility


Progress:
• Completed basic steady-state natural circulation 


validation for single- and coupled-loop configurations
• Completed basic steady-state power step change 


validation for single-loop configuration
• Preliminary results for Loss-of-Forced-Circulation 


transient scenario verification and validation
Plans:
• Upgrade instrumentation and control system for 


dynamic inputs (controlled oscillation, reactor 
dynamic models, power conversion models)


• Complete Loss-of-Forced-Circulation and Loss-of-
Heat-Sink scenario verification and validation
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Flow Loop Design Studies


Riser


Downcomer


CFD Simulation
• 2D, Steady state


• Significant flow stratification is observed.
– Potential back flow in riser
– Dependent upon boundary conditions


» Temperature
» Heat flux
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Flow Loop Design Studies
• Large Temperature gradient also observed 


– Tube ID: 0.76 inches
– Salt has poor thermal conductivity and large 


heat capacity but this seems extreme


• Is this important to FHR? 
• If so, what need we measure? 
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• Wetted Thermocouples
– Accuracy may be as low as േ૚૙	Ԩ


• Fiber-optic temperature sensors down outside of wall and 
pipe centerline


• Redox with UW Probe (corrosion)
• Time


Fibers in these two 
legs


Wetted TC 
Location:      


Measurement Capabilities


Outer wall fiber


Center 
Line Fiber
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Discussion Points


• How can the TH measurements from the flow loop be put 
to best use for the FHR project? 


– Particular tests we can run?
– Particular measurements we need to take? 
– Is there interest in scaling this loop to oils? If so, are 


additional experiments needed?


• In the limited time available before corrosion testing, what 
sorts of tests should be prioritized vs. what would be nice 
to have if there is enough time? 
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UW Progress and Plans


Progress:
• Verification of a simple natural circulation loop model in 


COMSOL Multiphysics that uses FLiBe as the coolant with 
temperature-dependent thermo-physical properties 


• Preliminary results for a 1-D linear stability analysis on the 
natural circulation loop


Plans:
• Continue the work on the stability behavior of a single-phase 


molten salt natural circulation loop
• Include the effect of freezing in the stability analysis of the 


natural circulation 
• Present different transient scenarios for the benchmarking 


studies of the CIET facility (startup/shutdown, power step 
changes, loss of forced cooling)
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Temperature versus time


Natural Circulation Loop Model in COMSOL 


Velocity versus time


COMSOL Simulations
• 1-D, Transient study
• Boundary conditions: uniform heat flux at the cooled and heated 


regions
• System reaches a periodic-steady-state condition


– The period is equal to the time it takes for the salt to complete one loop


• Changing the boundary condition at the cooled region to a constant 
convective boundary condition has an attenuating effect on the 
cyclic behavior of the flow/temperature in the system


Temperature versus time
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Scaling Analysis for the Freezing of Liquid 
Inside a Pipe


Parameter Expression


Reynolds ܴ݁ ൌ
ത୭ܴݑ௅ߩ2


ߤ


Prandtl ݎܲ ൌ
ܿ௅ߤ
݇௅


Stefan ݁ݐܵ ൌ
ܿௌ ௢ܶ െ ௙ܶ


௙ܪ


Heat Flux 
Parameter


ொߎ ൌ
ሶ௪ᇱᇱݍ


݇ௌ ௢ܶ െ ௙ܶ /ܴ


Thermal 
Conductivity Ratio


௞ߎ ൌ
݇௅
݇ௌ


Aspect Ratio ோߎ ൌ
ܴ
ܮ


From the thermal energy balance equations on the flow inside the pipe, the solid 
layer and the solid-liquid interface, the following scaling arguments are identified for 
the scaling analysis of the freezing of liquid inside a pipe


• Boundary and initial conditions: constant pipe wall heat flux, inlet 
temperature, and velocity


Parameter CTAH DHX TCHX Unit
Minimum 
Temperature 600 526 526 °C


Mass Flow Rate 0.0351 0.0121 0.051 kg/s
Inlet Velocity 1.08 0.0641 0.27 m/s
Inside Diameter 0.00457 0.0109 0.0109 m
Tube Length 18.47 24.0 24.0 m
Pipe Wall 
Heat Flux 25.37 24.08 10.54 kW/m2


Reynolds 1189 119.0 500.5 -
Prandtl 18.64 27.88 27.88 -
Stefan 0.452 0.215 0.215 -
Reynolds at 
freezing point 562.9 81.38 342.2 -


Ptandtl at 
freezing point 42.15 42.15 42.15 -


Table 2: Mk1 design parameters for a single tube for CTAH, DHX 
and TCHX


Table 1: Non-dimensional quantities 
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Discussion Points


• For our 1-D NC model, what transient scenarios can we 
investigate with our model that are applicable to the 
benchmarking studies of the CIET facility? (For example, 
heat input step changes, loss of forced cooling)


• For our NC stability studies, how the 1-D model can be 
extended to relax some of the assumptions, for example, 
consideration for a mixed boundary condition (radiation 
and convection)?


• For our freezing studies, where can we find the 
temperature-dependent thermo-physical properties 
,࢑) ,࢖ࢉ ,࣋ for FLiBe (ࢌࡴ,ࣆ and FLiNaK at and near their 
freezing points?
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UW/OSU/SINAP Progress and Plans


UW: Natural circulation flibe test loop


OSU: DRACS test facilities


SINAP: Multiple salt loops, TMSR-SF0
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Benchmarking Strategies


Is there something missing that is restricting progress or 
limiting the application of IET research?


Are there aspects of one facility that can be complementary 
to another facility?


Can results from different studies be compared with one 
another?


What PIRT exercises are needed? How can this be 
coordinated with the Georgia Tech IRP?


What modeling tools and codes need to be benchmarked?
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Looking Forward: SINAP TMSR


For what modes of operation and scenarios should the 
evaluation models be verified and validated in advance of 
TMSR-SF0? In advance of TMSR-SF1?


Are there other experimental facilities (IETs) needed for 
TMSR modeling and study?
- Are scaled, simulant fluid loops needed?







18UCB Nuclear Engineering
Thermal Hydraulics Lab


Benchmarking Workshop 2
IET Research Program


Thank you for your attention!








FHR Benchmarking Workshop 2


Additional Concerns
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Overview
1. Session Purpose


2. Similitude: Coolants


3. Similitude: Structural Materials


4. Verification, Validation, and Uncertainty Quantification


5. Conjugate Heat Transfer


6. Radiation Heat Transfer


7. Computational Fluid Dynamics


8. Liquid-Fuel Reactor Phenomena


9. Other?
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Session Purpose


What are significant concerns for FHR TH development that 
haven’t been addressed within the previous sessions? 


Fundamental phenomena and methodologies important for 
overall development not already captured?
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Similitude: Coolants


Simulant fluids may be an important research tool for FHR TH 
understanding and development. 


What requirements are needed to establish simulant fluids 
for molten salts, particularly in the eyes of licensing agencies 
(ex. NRC)?


What are the restrictions on using simulant fluids in 
experiments? What TH experiments must be done with the 
prototypical fluid (flibe)?
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Similitude: Structural Materials


Simulant materials (solids) may be an important research tool 
for FHR conjugate heat transfer understanding and 
development. 


What requirements are needed to establish simulants in 
general for molten salts, particularly in the eyes of licensing 
agencies (ex. NRC)?


What are the restrictions on using simulants in experiments? 
What TH experiments must be done with the prototypical 
fluid (flibe)?


What SETs would be useful here, and how can results be 
integrated in IETs?
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Verification, Validation, and Uncertainty 
Quantification


VVUQ is the fundamental process of benchmarking.


Do we have a uniform methodology between IRP members? 
Between working groups? What are industry best practices?


What requirements are needed to establish the success of 
VVUQ, particularly in the eyes of licensing agencies (ex. 
NRC)?


What role do PIRTs play?
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Conjugate Heat Transfer


Conjugate heat transfer is the coupled heat 
transfer between solids and fluids in the 
system; this will be important in understanding 
the interaction between flibe and the reactor’s 
structural components, particularly during 
accident transients.


What are the best experiments and modeling 
tools to build our understanding of this area in 
FHRs?


How will phase change (boiling of flibe or 
melting of steels) be important? How can we 
improve our understanding here?
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Benchmarking Workshop 2
Additional Concerns


Radiation Heat Transfer


Important at high temperatures, particularly those in 
accident transients. Relatively poorly characterized for 
molten salts (spectral absorptivity in particular)…


What experiments and modeling tools can be used to improve 
our understanding of this area in FHRs? SETs?


How important will this be for design and licensing?


How can better data for spectral absorptivity coefficients be 
obtained?
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Thermal Hydraulics Lab


Benchmarking Workshop 2
Additional Concerns


Computation Fluid Dynamics


A very powerful tool for understanding flow within 
structures, particularly to capture 3D effects/phenomena.


What components or phenomena must be modeled using 
CFD? 


Where can CFD be used to aid in optimization of components 
and structures?
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Benchmarking Workshop 2
Additional Concerns


Liquid-Fuel Reactors TH Phenomena


A long-term goal generally is the development of fluid-fueled 
reactors (TMSR-LF, MCFR, MSR, etc.). 


How can our research set the stage for this development and 
transition? What are common understanding/development 
milestones?


How can we tap the same resources as this community to 
expedite research and development?


How can we help each other? 
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Benchmarking Workshop 2
Additional Concerns


Others?







12UCB Nuclear Engineering
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Benchmarking Workshop 2
Additional Concerns


Thank you for your attention!
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Yixing Sung
Westinghouse Electric Company


Overview of T/H Code Benchmarking and Validation 
for Industrial Application


DOE NEUP FHR IRP Benchmark Workshop
T/H Working Group
April 14-15, 2016







Our vision is to be the
first to innovate the next


technology, practice or solution that
helps us help customers generate safer,
cleaner, more reliable energy for more


people and a better planet.
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Outline


• Roles of T/H in Reactor Design


• Requirements for Licensing & Industrial Application


• Recommendation on FHR Code V&V and Benchmark
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Roles of T/H in Reactor Design
• Reactor Performance – Provides effective and economical 


heat removal from nuclear fuel elements and energy 
transport


• Reactor Safety – Define limits through “Defense in Depth”
– Accident analyses and mitigation
– Regulatory compliance (licensing)
– Adequate margins retained in meeting regulatory, design and 


operating limits
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Reactor Safety - Defense in Depth


Regulatory Limits 
(Postulated 
Accidents)


Design Limits 
(Passive or 


Active 
Protection 
System)


Operating 
Limits 


(Control 
System & 
Operator)


Reactor 
Operation


Radiation Hazard


Safety Margin
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Requirements for Licensing & Industrial Application
• Benchmark and validation dependent on test data


– Single physics components
– Multi-physics components
– Scaled prototypes 


• Quality Assurance (QA) requirements for commercialization 
and licensing
– 10 CFR 50 Appendix B
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Recommendation for FHR Tests & Code Validation


• Consider elements of QA requirements for future 
commercialization and licensing
– Traceability (e.g., validation database) 
– Reproducibility (sufficient documentation)
– Peer review (among students) 
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Thermal Hydraulics Working Group Structure


April 15, 2016


Facilitators: Charalampos Andreades(UCB) & James Kendrick (UCB)


NEUP Integrated Research 
Project Workshop 2:
FHR Benchmarking and VVUQ 
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Important Issues


• Chairs of the WG


• Who are the members of the advisory board and what are 
their functions?


• Important items for WG charter


• How is work delegated?


• Information repository


• Discussion
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FHR Integrated Research Project (IRP‐2) Workshop 2 


FHR Benchmark Workshop 


Draft Workshop Agenda 


Clark Kerr Campus, Building 14 
Berkeley, California 
April 14‐15, 2016 


 
 


Day 0: Wednesday, April 13, 2016 (On Campus, Etcheverry Hall) 
 
1:00 – 2:00  Student/Post‐Doc Meet‐and‐Greet: Welcome to UCB 
    4118 Etcheverry Hall (TH Lab) 
    Hosts:   Harry Andreades: (703) 474‐4215 
      James Kendrick:  (972) 978‐1671 
 
2:00 – 2:50  Facilitators’ Workshop Planning Meeting: Logistics 
    1106 Etcheverry Hall 
 
2:50 – 3:00   Break 
 
3:00 – 5:00  Berkeley Lab Tours (XPREX, CIET, Materials) 
    Starting from 4118 Etcheverry Hall 
 
5:00 – 6:00  Berkeley Campus Tour 
    Starting from 4118 Etcheverry Hall 
 
6:00 – 9:00  Reception 
    3110 Etcheverry Hall 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 







 


 
Day 1: Thursday, April 14, 2016 (Clark Kerr Campus) 
 
ALL PARTICIPANTS 
 
8:00 – 8:30  Continental Breakfast 
    Joseph Wood Krutch Theater 
 
8:30 – 8:45  Welcome and Participant Introduction 
    Per Peterson (UCB) 
 
8:45 – 9:15  Status of U.S. and International FHR Development Activities 
    David Holcomb (ORNL) 
 
9:15 – 9:45  FHR MIT‐IRP Overview 
    Charles Forsberg (MIT), Per Peterson (UCB) 
 
9:45 – 10:15  FHR GT‐IRP Overview 
    Farzad Rahnema (GT) 
 
10:15 – 10:30  Break 
 
10:30 – 10:40  Previous Workshop Summary and Workshop Objectives 
    Per Peterson (UCB) 
 
BREAKOUT SESSIONS 
Breakout sessions will consist of meetings in separate rooms/areas for each of the three FHR IRP working 
groups. Discussion will focus on the working group’s FHR‐specific phenomena and relevant 
benchmarking exercises and progress. The FHR IRP working groups are as follows: 


➢ Neutronics: Meet in Newell Perry Room. 
➢ Thermal Hydraulics: Meet in Krutch Theater. 
➢ Materials, Activation, Tritium, and Transport (MATT): Meet in Clark Kerr Room. 


 
10:40 – 12:00  Individual Working Group Session 
    Discussion of working group’s objectives during workshop, definition of scope 
 
12:00 – 1:15  Lunch 
    Lunch Talk: SINAP TMSR program update 
 
1:15 – 5:00  Individual Working Group Sessions 
    Each working group continues discussion 
 
5:00    Adjourn 
 
6:00    Workshop Banquet 
    Clark Kerr Campus 







 


 
Day 2: Friday, April 15, 2016 (Clark Kerr Campus) 
 
ALL PARTICIPANTS 
 
8:00 – 8:30  Continental Breakfast 
    Joseph Wood Krutch Theater 
 
8:30 – 9:00  Summary of Workshop Progress and Overview of Day 2 
    Working Group Chairs 
 
BREAKOUT SESSIONS 
 
9:00 – 11:00  Resume Working Group Sessions 
    Each working group resumes previous day’s discussion 
 
ALL PARTICIPANTS 
 
11:00 – 11:15  Working Groups Reconvene 
 
11:15 – 11:30  Working Group Progress Overview: Thermal Hydraulics 


Presented by James Kendrick and Charalampos Andreades (UCB) 
 
11:30 – 11:45  Working Group Progress Overview: Neutronics 
    Presented by Lance Maul and Dan Shen (UCB) 
 
11:45 – 12:00  Working Group Progress Overview: Materials, Activation, Tritium Transport 


Presented by Nisarg Patel and Francesco Carotti (UW) 
 
12:00 – 1:15  Lunch 
    Lunch Talk: “TerraPower: Innovation, TWRs, and Salt” by Robert Petroski 
 
1:15 – 3:15  Multiphysics Discussion – All WGs  


Facilitated by April Novak, Xin Wang (UCB), Nisarg Patel and Francesco Carotti (UW) 
 
3:15 – 3:30  Break 
 
3:30 – 4:00  Issues and implications for fluid fuel technologies  


Facilitated by Manuele Aufiero (UCB) and Boris Hombourger (PSI) 
 
4:00 – 4:15  Concluding Remarks and Next Steps 
    Charles Forsberg (MIT), Per Peterson (UCB) 
 
4:15    Adjourn 
 
   







 
 


All workshop participants should prepare for the possibility of light rain on either day.  An umbrella and 
possibly a light rain jacket might be useful items to have. 


 
 
 
 


 
 


 
 
 
 
 
 







 


 
BUILDING 14


 
  


General Meeting/ 


Thermal Hydraulics WG 


Neutronics WG 


MATT WG 
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FHR Integrated Research Project (IRP‐2) Workshop 2 
 


FHR Benchmark Workshop 
 


Materials, Activation, Tritium and Transport (MATT) Working Group Agenda 
Clark Kerr Campus – Clark Kerr Room 


Berkeley, California 
April 14‐15, 2016 


 
 
Materials, Activation, Tritium, and Transport (MATT): The focus of this working group is on 
benchmarking [description]. Many of the FHR materials, chemistry, and tritium challenges are in 
common with molten salt reactors and salt‐cooled fusion reactors; thus, this working group is working 
with these other communities. 


 
Instructions to MATT Breakout Participants 
 
On the FHR workshop website for your information is a tritium discussion paper that summarizes our 
understanding of ongoing work for tritium control in 600 to 700°C liquid salts. If you have materials you 
want to share, they can be placed on that website. Each of the sessions will cover a specific subject. If 
you have specific work you which to report on, prepare one or two viewgraphs for the specific session. 
Any comments or viewgraphs can be sent in advance to C. Forsberg (cforsber@mit.edu) and Raluca 
Scarlat (raluca.o.scarlat@gmail.com)  
 
http://fhr.nuc.berkeley.edu/april‐2016‐berkeley‐fhr‐workshop/ 


 
Day 1: Thursday, April 14, 2016 (Clark Kerr Room) 
 
10:40 – 11:00  Introduction: MATT Benchmark Goals 


Facilitators: Dr. Charles Forsberg, Dr. Kumar Sridharan and Dr. Raluca Scarlat 
 
11:00 – 12:00  Session 1: Tritium management options (excluding carbon), and system modeling 
    Facilitators: Floren Rubio (UNM) and Nisarg Patel (UW) 


1. Other tritium separation techniques (excludes tritium on carbon) 
2. System modeling – need input from: MIT/SINAP, Stephen Lam 


 
Questions: 
1. What are the current activities on tritium management options? (excluding 


absorption on carbon) 
2. What are the current and future activities on system‐level tritium modeling? 
3. What multi‐physics coupling is needed? 
4. Current activities and capabilities for tritium permeation barriers? – Get input from 


Kumar Sridharan – mention INL start facility – mention cold spray capability at UW 
 


12:00 – 1:15  Lunch – All WGs 
    Lunch Talk: SINAP TMSR program update 
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1:15 – 3:30  Session 2: Graphite 
Facilitators: Huali Wu & Nisarg Patel (UW) 
Topics: 
1. Graphite characterization 
2. Salt‐graphite interaction 
3. Tritium in carbon 
4. Other species in carbon: corrosion products, activation products 


 
Questions: 
What is status of work? What are future plans? How to integrate the results? 
What specific carbon forms for benchmarking? 


    Graphite, matrix, carbon‐carbon, etc. 
Availability of irradiated graphite, for in‐core carbon 
What else gets removed by carbon (silver for FHR, all noble metals for MSR, etc.) 
Salt‐carbon interface—how approach? 
Hydrogen 
How much hydrogen off‐gassing from fresh fuel? 
Add hydrogen to drive down tritium inventories or reduce releases? 
Tritium source term during reactor transients? 


 
3:30 – 3:45  Break 
 
3:15 – 4:00  Session 3: Salt Chemistry  
    Facilitators: Francesco Carotti, Tom Chrobak & Dr. Ruchi Gakhar (UW) 


Topics: 
1. Electrochemistry 
2. Spectroscopy 
3. Purification 
4. Solubility, diffusion coefficients 
5. Beryllium safety 
6. Redox control 


 
Questions: 


 
What is the status of the work in this field? (Salt Chemistry, Electrochemistry, 
Purification) 
Melt manufacturing: reporting and measuring LiF‐BeF2 ratio. 
Purification options: Gas treatment (various options). Can electrochemistry be used for 
purification? 


   
What measurements and techniques should be used to benchmark for the chemical 
quality of flibe used for experiments? How can we set quality standards? 
What can we learn about Tritium and Material transport using electrochemistry? 
What might be the sources of hydrogen (tritium) in Flibe to study hydrogen (tritium) 
transport from salt to graphite ? 
Future Plans ? 
Estimation of corrosion products in Flibe – study of diffusion coefficients of corrosion p


  roducts 
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                 Electrochemistry of graphite‐salt interface               
Transport of activation products and corrosion products – solubilities, diffusion 
coefficients 
Optical spectroscopy of the liquid salt, and other salt chemistry characterization 
techniques 


                 Metal fluoride solubility in flibe and volatility (partial pressure) 


 
Day 2: Friday, April 15, 2016 (Clark Kerr Room) 
 
9:15 – 10:00  Session 4: Corrosion  


Facilitators: Tom Chrobak & Karl Britsch (UW) 
Topics : 
1. Redox Control – corrosion and transport of tritium and other species 
2. Metallic alloys 
3. Effect of graphite 
4. Ceramics and composites 
5. TRISO fuel 
6. Effect of radiation damage on corrosion (salt radiolysis) – input from Tony  
7. Flow‐assisted corrosion 


 
Questions: 
What are the choices for redox control in the salt (or do we need it)? 
What is the effect of Redox Potential and salt Chemistry on tritium transport? 


 
10:00– 10:15  Break 
 
10:15 – 11:00  Session 5: Path Forward 


Facilitators: Dr. Charles Forsberg, Dr. Kumar Sridharan and Dr. Raluca Scarlat 
1. Benchmarking goals 
2. Group progress overview 
3. Next MATT workshop at UW (expert suggestions) 


 
Benchmarking : 
 


Establishing a standard material stock for the representative materials being studies by different 
groups (graphite, salt, steel alloy) on which everyone can perform baseline measurements. 
Establishing standard conditions for benchmark measurements ‐ temperature, cover gas purity etc. 
Establishing a standard set of parameters to be reported for salt purity 
Establishing a standard set of parameters to report on hydrogen barriers 
Establishing a standard set of parameters to be reported for materials ‐ eg. composition of steel 
alloys, pre‐treatment procedure of graphite etc. 
Establish a simple system‐level tritium transport benchmark problem with all inputs fully defined. 
Fuel‐element model? 


 








FHR Integrated Research Project (IRP‐2) Workshop 2 
 


FHR Benchmark Workshop 
 


Neutronics Working Group Agenda 
Clark Kerr Campus ‐ Newell Perry Room 


Berkeley, California 
April 14‐15, 2016 


 
Neutronics: The focus of this working group is on developing a benchmark specification for code‐to‐code 
comparison of FHRs. Key outcomes are feedback on existing work, adding/removing results of  interest, 
development of benchmark specification, code limitations and how the specification should be distributed. 
 
Day 1: Thursday, April 14, 2016 (Newell Perry Room) 
 
Session 1 
 
10:40 – 11:00   Neutronics Scope Definition 
    Facilitators: Dan Shen, Lance Maul 
 


Welcome and overview of discussion structure and high level goals/outcomes.  
 


11:00 – 12:00  UCB FHR Neutronics Benchmark Specification Development 
    Facilitators: Dan Shen, Lance Maul 
 


The outcome of this benchmark is to identify and quantify any discrepancies that may 
arise from using a particular code to model FHR systems, focusing on k‐eff, point 
kinetics, cross sections, reactivity coefficients, neutron flux & distributions, power 
distributions and potentially burnup. Discussion can include reviewing the results and 
methodology in the work so far and how it can be improved further. 
 


12:00 – 1:15  Lunch – All WGs 
    Lunch Talk: SINAP TMSR program update 
 
1:15 – 2:15  Further Discussion on the UCB Benchmark Specification 
    Facilitators: Dan Shen, Lance Maul 
 


Continuing the discussion on the benchmark work from UCB. 
 
2:15 – 2:30  Break 


 
2:30 – 3:30  Multiphysics models of FHRs 
    Facilitators: Xin Wang, Dr. Manuele Aufiero 
 


Present the UCB efforts in developing coupled thermal‐hydraulics and neutronics 
models for pebble‐bed FHR transient analysis. Discuss challenges, best practices and 
path forward. 







 
3:30 – 3:45  Break 
 
 
3:45 – 4:25  Progress of Neutronics Design of TMR‐SF1 
    Facilitators: Dr. Yang Zou 
 
 
4:25 – 5:00  ORNL FHR Engineering Demonstration Reactor 
    Facilitators: Dr. Nicholas Brown 
     


Fluoride salt‐cooled high‐temperature reactors (FHRs) represent a potentially promising 
advanced reactor technology option. Significant knowledge gaps to implementation of 
FHRs may be addressed via a small‐scale demonstration reactor to increase the 
technology readiness level (TRL) of the system. This talk outlines a notional concept for 
an FHR demonstration reactor and addresses how the demonstration reactor would 
advance the TRL of FHR concepts. Additionally, the talk includes a discussion of ad‐hoc 
tool development accomplishments and future needs for salt reactor design and 
analysis. The FHR demonstration reactor point design is under development as part of a 
U.S. Department of Energy Office of Nuclear Energy study of options for advanced test 
and demonstration reactor systems. 


 
The development of the FHR demonstration reactor point design concept is a 
collaborative and crosscutting team effort that spans multiple groups within the Reactor 
and Nuclear Systems Division. The FHR demonstration reactor point design team is: Lou 
Qualls, Nick Brown, Ben Betzler, Juan Carbajo, Scott Greenwood, Richard Hale, T.J. 
Harrison, Jeff Powers, Kevin Robb, and Aaron Wysocki. Additional contributors include 
Cole Gentry, Askin Guler, Jess Gehin, and Andrew Worrall. 


 
5:00    Adjourn 
 
 
 
 
 
 
 
 
Day 2: Friday, April 15, 2016 (Newell Perry Room) 
 
Session 2 
 
9:00 – 10:15  Consolidating the Neutronics Benchmark and Scoping the Next Stage     
    Facilitators: Dan Shen, Lance Maul 
 


Discussing the benchmark in light of yesterday’s discourse and what we can look at next. 
Areas of interest may include burnup, control rods and any other point raised so far. 







Discussion on how we should present and distribute the benchmark specification and 
how we should receive the results from participants. 


 
10:15 – 10:30  Break 
 
10:30 – 11:00  Additional Concerns and Conclusions. 
    Facilitators: Dan Shen, Lance Maul 
 


Summary of outcomes for the neutronics working group discussion and any final 
discussion points. 


 
11:00     End of Neutronics Working Group Session 


 








FHR Integrated Research Project (IRP‐2) Workshop 2 
 


FHR Benchmark Workshop 
 


Thermal Hydraulics Working Group Agenda 
Clark Kerr Campus – Krutch Theatre 


Berkeley, California 
April 14‐15, 2016 


 
Thermal Hydraulics: The focus of this working group is on benchmarking thermal hydraulic phenomena in 
FHRs, specifically passive decay heat removal, salt overcooling and freezing, and enhanced heat transfer 
structures. 
 
Day 1: Thursday, April 14, 2016 (Krutch Theatre) 
 
10:40 – 11:00   Session 1: THWG Scope Definition 
    Facilitators: Charalampos Andreades, James Kendrick 
 


Welcome and overview of discussion structure and high level goals/outcomes.  
 


11:00 – 12:00  Session 2: FHR University Research – Thermal Hydraulics 
    Facilitators: One person from following universities: UCB, UNM, UW, OSU 
    James Kendrick (UCB) 


Louis Chapdelaine (UW) 
    Joel Hughes (UNM) 
    Quiping Lv (OSU) 
 


Brief overview of the current FHR thermal hydraulics research within both FHR IRPs. This 
is a good opportunity to discuss current research, gaps in research that can be covered 
in the future, and to identify research programs that can be utilized in the benchmarking 
exercises. GT may not have dedicated TH research, but this is a great opportunity to 
hear a status update on the TH PIRT‐Like Workshop planning efforts.  
 
 


12:00 – 1:15  Lunch – All WGs 
    Lunch Talk: SINAP TMSR program update 
 
1:15 – 2:00  Session 3: SINAP TH Experiments and Modelling Progress Update 
 


Updates on SINAP’s TH‐related research efforts, with particular focus on salt 
thermophysical properties studies and uncertainties reduction, and work on the TMSR‐
SF0 simulator facility.  


 
 
2:00 – 2:45  Session 4:  Separate Effects Test (SET) Research Programs 
    Facilitators: Lakshana Huddar, Joel Hughes, Kazi Ahmed 
 







Provide more detail on the SET programs at UCB and UNM, as well as define benchmark 
needs for this area. Clear research goals will be to provide support for oil‐to‐salt 
similitude, clear definition of salt thermophysical properties and their uncertainties, and 
better understanding of FHR‐specific phenomena (heat transfer in low‐Pr fluids, salt‐to‐
salt heat exchangers with enhanced heat transfer, salt freezing, etc.). 
 


2:45 – 3:00  Break 
 
 
3:00 – 3:15  Session 5: TMSR‐SF1 Thermal Hydraulics Design 
    Presented by Dr. Chong Zhou (SINAP) 
 
3:15 – 4:00  Session 6: Integral Effects Test (IET) Research Program 
    Facilitators: Chris Poresky, James Kendrick 
 


Provide more detail on the CIET program at UCB and benchmarking possibilities. Begin 
discussion in earnest on how benchmarking using CIET can proceed. CIET will be a 
natural place to start as it is within the university research of the IRPs, and will be good 
benchmarking practice for eventual benchmarking of the TMSR‐SF0 and TMSR‐SF1.  


 
4:00 – 5:00  Session 7: Additional Concerns 
    Facilitators: Chris Poresky, James Kendrick 
 


Discuss important research topics and other FHR TH phenomena that need to be 
covered. Topics include: Verification, validation, and uncertainty quantification (VVUQ); 
radiation heat transfer in molten salts; 3D‐CFD for complex structures (outlet plena, 
pebble‐beds, etc.); liquid‐fueled reactor phenomena; and conjugate heat transfer. 


 
 
5:00    Adjourn 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 







Day 2: Friday, April 15, 2016 (Krutch Theatre) 
 
Session 2 
 
9:00 – 9:15  Session 8: “Overview of T/H Benchmarking and Validation for Industrial Application” 
    Presented by Yixing Sun (Westinghouse) 
 
9:15 – 10:00  Session 9: THWG Structure 


Facilitators: Charalampos Andreades, James Kendrick  
Determine the structure of the working group. This includes chairs of the group, 
discussing important items for the working group charter, who should be members on 
the working group advisory board, how work will be delegated for optimal performance, 
and other topics. 


 
 
10:00– 10:15  Break 
 
10:15 – 11:00  Session 10: THWG Path Forward 
    Facilitators: Charalampos Andreades, James Kendrick 
 


Discussion of the practical operation of the working group, assigning work, setting a 
timeline for the completion of initial benchmarking activities, and deliverables.   


 
Read‐ahead Materials 
Go through reference material to identify applicable benchmarks, methodology to FHR (e.g., IAEA 
Tecdoc 1694, VERA‐CS, NGNP, NRC ARDC, EBRII) 
 







