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Preamble 

The University of California, Berkeley; Massachusetts Institute of Technology; University of 

Wisconsin, Madison; University of New Mexico; Georgia Institute of Technology; The Ohio 

State University; and Texas A&M University, are collaborating to conduct a series of code-to-

code comparison and code validation exercises under two U.S. Department of Energy-sponsored 

Integrated Research Projects (IRPs) to develop the technical basis to design and license fluoride-

salt-cooled, high-temperature reactors (FHRs).  

The IRPs hosted a second FHR Code Benchmarking expert workshop April 13-15, 2016, in 

Berkeley, California, to review code benchmarking needs for FHRs and to obtain advice from 

experts on best practices for code benchmarking. Experts from Oak Ridge National Laboratory, 

Idaho National Laboratory, the Shanghai Institute of Applied Physics, and the IRP universities, 

among others, participated. 

This report summarizes results from the Thermal Hydraulics Working Group (THWG) 

sections of the workshop, and recommends future IRP activities for the THWG. 
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Executive Summary 

Since the original concept of fluoride salt cooled, solid fueled high temperature reactors 

(FHRs) was first proposed in 2002 [1], substantial progress has been made in understanding the 

neutronics, thermal hydraulics, and materials issues posed by this technology.  These studies 

have found that FHRs are likely to have high levels of intrinsic safety, enabled by the high 

volumetric heat capacity and intrinsically low pressure of fluoride salt coolants, and by the very 

large thermal margins, exceeding 700°C, to fuel damage during transients and accidents.   

Given these attributes, in the United States significant effort has been made to develop the 

scientific and technical basis to design and license FHRs, including work to develop pre-

conceptual FHR designs, as illustrated in Fig. P-1, to construct separate effect and integral effect 

test facilities to validate thermal hydraulics models, and to test FHR structural materials in static 

corrosion tests both in and out of reactors.  In China, rapid parallel progress is underway in the 

Thorium Molten Salt Reactor (TMSR) program to construct and run salt loops and to design a 

10-MWt FHR test reactor, the TMSR-SF1, as well as a 2-MWt, electrically heated TMSR-

Simulator. 

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

In 2012, the University of California, Berkeley; Massachusetts Institute of Technology; and 

University of Wisconsin, Madison, conducted a series of expert technical workshops to assess 

key areas important to the design and licensing of FHRs.  These workshops identified major 

design options and subsystems for FHRs, identified and reviewed key FHR phenomenology, 

identified key licensing basis events, and recommended a range of general-purpose modeling 

codes that can be adapted to use for simulation of FHR neutronics, thermal hydraulics, and 

structural mechanics.   

2008 900 MWt 
PB-AHTR 

2010 125 MWt 
SmAHTR 

2014 236 MWt 
Mk1 PB-FHR 

2012 3600 MWt 
ORNL AHTR 
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To be used in safety analysis reports for license applications to the U.S. Nuclear Regulatory 

Commission, simulation codes (referred to as ñevaluation models, or EMsò) must be validated by 

comparison with appropriate separate effect and integral system test data, and by benchmarks 

with other codes, as described in detail in the NRC Regulatory Guide 1.203 [2].  The Guide 

states, 

ñéan assessment should be made regarding the inherent capability of the EM to achieve the 

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

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

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

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

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

first principle. To a large degree, the calculational devices use collections of models and 

correlations that are empirical in nature. Therefore, it is important to ensure that they are used 

within the range of their assessment.ò (pg. 4) 

This report builds upon the descriptions of thermal hydraulic resources within the THWG, and 

recommends an approach to code benchmarking efforts during the final year of IRP research.  
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1 Introduction  

Recent studies suggest that fluoride salt cooled high temperature reactors (FHRs), which use 

solid TRISO fuel, could have exceptional safety characteristics and deliver heat at high average 

temperatures, in the range from 600°C to 800°C.  Noting this, the U.S. Department of Energy has 

supported two new Integrated Research Projects, with two university teams comprised of MIT, 

UC Berkeley, University of Wisconsin, and University of New Mexico, along with a second 

team comprised of Georgia Tech, Ohio State, and Texas A&M, to perform studies to further 

develop the technical basis to design and license commercially attractive FHRs. 

These IRPs are conducting coordinated work to address key technical issues in the areas of 

FHR thermal hydraulics, neutronics, and materials, chemistry and tritium transport.  This white 

paper describes progress in thermal hydraulics, and summarizes results from the Thermal 

Hydraulics breakout session of the second FHR Code Benchmarking expert workshop April 13-

15, 2016, in Berkeley, California. 

1.1 Thermal Hydraulics Working Group ï Purpose 

The FHR IRP Thermal Hydraulics Working Group (THWG) was formed to develop and 

participate in code benchmarking exercises, to validate key thermal hydraulics safety codes for 

use to predict FHR steady state and transient response.  The THWG coordinates its activities 

with the FHR IRP Neutronics Working Group (NWG), including identifying needs for 

benchmarking problems for coupled thermal hydraulics and neutronics.  The THWG has been 

identifying both separate effect and integral effect tests appropriate for code benchmarking, and 

coordinating benchmarking calculations. 

1.2 Benchmarking Goals 

To be used in safety analysis reports for license applications to the U.S. Nuclear Regulatory 

Commission, simulation codes (referred to as ñevaluation models, or EMsò) must be validated by 

comparison with appropriate separate effect and integral system test data, and by benchmarks 

with other codes, as described in detail in the NRC Regulatory Guide 1.203 [2].  The Guide 

states, 

ñéan assessment should be made regarding the inherent capability of the EM to achieve the 

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

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

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

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

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

first principle. To a large degree, the calculational devices use collections of models and 

correlations that are empirical in nature. Therefore, it is important to ensure that they are used 

within the range of their assessment.ò (pg. 4) 

The goal of the THWG is to lay out and prioritize needs for thermal hydraulics EM 

assessment for FHRs, and to recommends approaches to code benchmarking efforts.   
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2 Overview of IRP University Thermal Hydraulic Research 

This chapter provides an overview of key FHR thermal hydraulics research activities 

underway at IRP universities. 

2.1 University of California, Berkeley 

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

key separate effect test and integral effect test data.  The majority of these experimental activities 

use heat transfer oils as simulant fluids for convective heat transfer of the FHR molten salt flibe.  

These experiments are overviewed briefly here, and more detailed discussion is provided in 

Chapter 3 (separate effect tests) and Chapter 4 (integral effect tests).   Experimental data is used 

to validate models, as a part of the larger benchmark campaign involving all IRP members as 

well as outside participants. The coupling of models in thermal hydraulics, neutronics, and 

structural mechanics for a holistic view of FHR phenomena and response is also a goal for this 

effort.  

Additional students (April Novak and Chris Poresky) were added to this research area and 

time has been spent for their literature review, training, and research planning. Several 

undergraduate research assistants have also been trained to work in this research area. The 

culmination of these additions has been the creation of a, ñCIET Team,ò of seven members 

(three graduate, four undergraduate) that will be dividing the research tasks and working 

concurrently through the semesterôs end. The primary research task for this semester is to 

improve the RELAP5-3D models of the CIET facility as well as the Mk1 PB-FHR, and to verify 

and validate these models through experimentation using the CIET facility. Uncertainty 

quantification will be of particular concern throughout this process. Supporting research tasks are 

improving the similitude of the CIET facility by changing the physical construction (adding 

guard heating to limit parasitic heat losses, modifying the heating assembly, etc.), and 

reassessing the scaling between the CIET facility and the Mk1 PB-FHR through the use of a 

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

UCB currently has two major separate effect test experimental activities. 

The Pebble-Bed Heat Transfer Experiment (PBHTX) is a scaled facility designed to measure 

heat transfer coefficients within a pebble-bed test section for the conditions applicable to the 

Pebble-Bed Fluoride-Salt-Cooled High Temperature Reactor (PB-FHR). A simulant oil called 

Dowtherm A is used as the heat transfer fluid, which matches the Prandtl number of flibe at 

temperatures lower than the PB-FHR conditions. A dimpled test section 0.0889m long is filled 

with randomly packed 0.00635m diameter copper pebbles, some of which are instrumented with 

thermocouples to measure temperature. The inlet and outlet fluid temperatures are also recorded. 

A Coriolis flowmeter is used to measure the mass flow rate of the oil within the loop. A power 

supply is used to vary the heater power sinusoidally, and in this way the frequency response of 

the test section can be measured to a high accuracy. The facility is designed so that the range of 

Reynolds and Prandtl numbers are matched with the prototypical conditions. The loop has been 

built using flexible stainless steel piping and tri-clamp fittings. It is built in a modular fashion, 

implying that the pebble-bed test section could be replaced for future tests. Figure 4.3 shows this 
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test facility currently under construction and preliminary data will be collected starting next 

month. 

The Cartridge Heater Experiment (CHEX) was designed to test similitude between 

Dowtherm A and fluoride salt for natural convection heat transfer from a vertical cylinder. 

Experiments were conducted in Dowtherm A and were compared to results from Oak Ridge 

National Laboratory (ORNL) using flinak. Both laminar, transition and turbulent conditions were 

investigated. Data collection and data processing is complete, and simulation work is underway 

to complement the experimental results.  

The Compact Integral Effects Test (CIET 1.0) facility is designed to provide data on integral 

transient thermal hydraulic response of FHRs under forced and natural circulation, particularly 

startup and shutdown transients, loss of forced cooling (LOFC) and loss of heat sink (LOHS) 

accident transients, and passive, buoyant shutdown rod insertion during transients. CIET 1.0 has 

two coupled flow circuits that replicate the primary coolant flow circuit in FHRs, including 

bypass flow, and the DRACS flow circuit, a natural-circulation-driven loop designed to passively 

remove decay heat from the FHR core and reject it to the environment through a thermosyphon-

cooled heat exchanger (TCHX). Figure 1 shows a photograph of the facility. As an IET, the 

driving purpose of CIET 1.0 is to provide validation data for evaluation models of FHR thermal 

hydraulic systems, such as RELAP5-3D, so that the evaluation models may be used to provide a 

licensing basis for advanced FHR designs. The ability of IETs to perform this work and aid in 

the process of reactor design licensing was proven by the APEX-AP1000 facility [22]. 
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Figure 1. CIET 1.0 test facility. 

2.2 University of New Mexico 

The University of New Mexico currently has active experimental research supporting FHR 

development. This research can be divided into roughly two categories: heat transfer and mass 

transfer, where in some cases, the research problems are coupled. The heat transfer research is 

focused on addressing data needs for performance of heat exchangers under the conditions 

specific to the FHR: low flow rates, moderately high Prandtl number, and conditions where 

buoyancy effects will be important. Additional information is needed specifically for enhanced 

heat exchangers (such as twisted tubes), where data in these conditions is not available and it is 

unclear whether existing correlations will be adequate for design and licensing purposes. More 

detail on the specifics of the testing is included in the separate effects test experiments section 

below. The mass transfer research is focused on addressing the challenging level of tritium 

production in the FHR when utilizing certain primary coolants such as flibe. This research is 

investigating the use of ultrasonically enhanced inert gas sparging for removing and sequestering 

tritium produced in the reactor during normal operation. 

The major experimental facility that UNM is using to produce heat transfer data is the heat 

transfer facility shown in Figure 2. The facility is a reduced scale SET experiment designed to 

reproduce similitude of heat transfer for a range of conditions expected in the FHR heat 
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exchangers (particularly the DHX) using a simulant fluid, Dowtherm A. In addition, the facility 

is supported under an NEUP to test double-wall twisted-tube heat exchangers which feature an 

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

consideration). 

 

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

The University of Wisconsin at Madison has three groups conducting research on thermal 

hydraulics in the FHR. First, Professor Kumar Sridharan and Professor Mark Anderson are 

leading Karl Britch to build a materials research FLiBe salt loop that is driven by natural 

circulation for the Nuclear Materials Group. This salt loop will also be capable of conducting 

integral effects tests of FHR decay heat removal systems by controlling heat insertion and the 

buoyant head. While this loop is designed primarily for materials research, it will offer the 

capability of conducting natural circulation experiments for integral effects tests. A CFD model 

of the experimental loop has been developed in ANSYS, as part of the experimental design 

process, and to help with data interpretation. 

 Secondly, Professor Raluca Scarlat leads the Heat and Mass Transport Group, which has 

ongoing computational and experimental projects. Mohamed Abou Dbai is conducting scaling 

analysis, natural circulation stability analysis, and system-modeling of natural circulation loops 

with multiple branches in COMSOL [3], [4]. Kazi Ahmed is developing system level and 

component-level models for freezing. A freezing module for system-level modeling is being 

developed in MOOSE, and will be applied in the system code SAM. This work is in 

collaboration with Dr. Rui Hu and Dr. Tom Flannagan from Argonne National Lab. SAM is a 

single phase thermal-hydraulic code written on the MOOSE platform, which branched off from 

the RELAP7 code development, in order to focus development on problems specific liquid metal 

reactors, and has no two-phase flow capability. This project will also lead to the first application 

of system modeling in SAM to FHRs. This tool will enable the modeling of overcooling 

transients that involve freezing and thawing. This effort is supported by a three-year NEUP 

grant. 

Component-scale modeling and separate-effects experiments are underway, in order to 

generate closure models for freezing in heat-exchanger tubes: convective heat transport between 

the solid and the liquid, and friction losses. Kazi Ahmed has developed a CFD model of freezing 

in a heat exchanger tube in COMSOL. Louis Chapdelaine is conducting a separate effects 

experiment to study the supercooling effect in the salt, and the freezing behavior as a function of 

geometry and heat flux; he has also developed a CFD model of the experimental set-up in 

COMSOL, to aid in experimental design and data analysis. These experiments will be performed 

with FLiNaK and FLiBe to study the suitability of FLiNaK as a surrogate for FLiBe in freezing 

experiments; alternative surrogate and simulant fluids will also be studied. The capability of 

these experimental set-ups to also measure thermophysical properties of the liquid and the solid 

are being investigated [4]. 

The Heat and Mass Transport Group is building an optical spectroscopy cell for molten salts, 

which will be capable of measuring the infrared absorption spectra of salts, including FLiBe salt. 

It will also be capable of measuring emissivity of surfaces submerged in salt.  This work is in 

collaboration with Professor Mikhail Kats, from the Electrical Engineering Department at the 

University of Wisconsin Madison. Radiative heat transport will be added to the component-scale 

CFD models. 
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2.4 The Ohio State University (IRP Partner) 

A low-temperature DRACS test facility (LTDF) and a high-temperature DRACS test facility 

(HTDF) have been designed and constructed at OSU to study the thermal performance of the 

natural circulation/convection driven DRACS system during transients. RELAP5/SCDAPSIM/ 

MOD 4.0 has been selected to perform the system analysis for both DRACS test facilities. 

Benchmarks of two DRACS transient scenarios carried out in LTDF using RELAP5 have been 

performed, including a startup scenario and a pump trip scenario. The startup and pump trip 

scenarios for HTDF have also been simulated by the RELAP5 code. The objective of the present 

work is to numerically investigate the DRACS thermal performance in terms of its decay heat 

removal capability and validate the capability of the RELAP5 code for applications to the 

DRACS system [5]. In addition, fluid properties of FLiNaK and KF-ZrF4 have therefore been 

implemented into the RELAP5/SCDAPSIM/ MOD 4.0. [6]. 

2.4.1 LTDF and HTDF Models in RELAP5 

The 1-D models built in the RELAP5 input deck for the LTDF and HTDF, including the 

nodalization, are shown Figure 3. There are three loops coupled in both LTDF and HTDF and 

the main components include a simulated core, DHX, NDHX, fluidic diode, and pump. In the 

LTDF model, the fluids in the primary and secondary loops are water. In the HTDF, the working 

fluids in the primary and secondary loops are FLiNaK and KF-ZrF4, respectively. In addition, the 

heat transfer correlation and friction factor correlation for low Prandtl number fluids are utilized 

in the HTDF simulation. 

 

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

2.4.2 LTDF Benchmark Results (Startup Scenario) 

The simulation results of the DRACS startup scenario are compared with the experimental 

data obtained from the LTDF. For the initial condition of the startup scenario, the fluids in all of 

the three loops are initially stagnant and the fluid temperatures are close to the room temperature. 

At time zero, a constant power of 2 kW is provided in the simulated core. The temperature 

profiles of the fluid at the inlet and outlet on the DHX tube side are shown in Figure 4. Natural 
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circulation is gradually established after the core power is activated, resulting in a temperature 

increase. The simulation results of the fluid mass flow rates in the three loops are compared with 

the experimental data as well. From Figure 5 the results show that natural circulations are 

established in the three loops. The air mass flow rate from the RELAP5 simulation is slightly 

over predicted, which could be due to the measurement uncertainties from the instrumentations. 

However, the calculation results show similar profiles compared with the experimental data. 

 

Figure 4. RELAP5 simulation results of the water inlet and outlet temperatures of the DHX tube side compared with 

experimental data (startup). 
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Figure 5. RELAP5 simulations results of the fluid mass flow rates in the three loops of the LTDF compared with 

experimental data (startup). 

2.4.3 LTDF Benchmark Results (Pump Trip Scenario) 

Before the transients, the pump is under operation and the whole system reaches steady state. 

At time zero seconds, the pump is shut down. Figure 6 shows the benchmark results of the fluid 

temperature profiles in the secondary loops. After the start of the transients, the temperatures of 

the hot leg and cold leg in the secondary are not changing significantly, since the power provided 

from the core is not changed after pump is turned off. 
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Figure 6. RELAP5 simulations results of the water inlet and outlet temperatures of the NDHX tube side in the LTDF 

compared with experimental data (pump trip). 

2.4.4 HTDF RELAP5 Simulation Results 

The experimental data of HTDF is not available at the time this report was written, therefore, 

only simulation results of the startup and pump trip scenarios are included. Figure 7 shows the 

temperature profiles in HTDF in the startup scenario. It should be noted that enough temperature 

margin in the secondary loop cold leg temperature from the freezing point should be provided 

during the startup transient test [9]. 
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Figure 7. RELAP5 simulation results of the hot leg and cold leg temperatures of the primary and secondary loops in the 

HTDF (startup).  

In pump trip scenario simulation, the mass flow rates of the three loops in the HTDF are 

shown in Figure 8 (left). After the pump is tripped, the primary flow reverses since it loses the 

driving force provided by the pump and the buoyancy force and hence the natural circulation in 

the primary loop starts to develop. In the pump trip scenario, there is no need to worry about the 

salt freezing because the salt temperatures are above 600°C based on the RELAP5 simulation as 

shown in Figure 8(right). 

 

Figure 8. RELAP5 simulation results of the mass flow rates (left) and temperature profiles (right) in the HTDF (pump 

trip).  
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3 Separate Effects Test Research Program 

Separate effect tests provide key data to validate physics models and constitutive closure 

relationships used in thermal hydraulics safety models.  This chapter reviews SETs being 

developed and used in the FHR IRPs. 

3.1 Purpose of Separate Effects Tests 

Separate effect test facilities are one type of experimental facility used to validate thermal 

hydraulics models and to test FHR components. 

To be used in safety analysis reports for license applications to the U.S. Nuclear Regulatory 

Commission, simulation codes (referred to as ñevaluation models, or EMsò) must be validated by 

comparison with appropriate separate effect and integral system test data, and by benchmarks 

with other codes, as described in detail in the NRC Regulatory Guide 1.203. The Guide states, 

ñéan assessment should be made regarding the inherent capability of the EM to achieve the 

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

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

for later corrective actions. A key feature of the adequacy assessment is the ability of the EM or 

its component devices to predict appropriate experimental behavior. Once again, the focus 

should be on the ability to predict key phenomena, as described in the first principle. To a large 

degree, the calculational devices use collections of models and correlations that are empirical in 

nature. Therefore, it is important to ensure that they are used within the range of their 

assessment.ò (pg. 4) 

The purposes of separate effects tests are 

Å Exploration of phenomena 

Å Component-level testing 

Å Basis for code validation 

Å Closure models for system level codes 

Because FHRs have multiple phenomena which are either not fully understood or have not 

been demonstrated, we can use separate effects tests to isolate these phenomena so that the 

resulting information can be incorporated into integral effects test facilities. 

In addition to facilitating the study of isolated phenomena, separate effects tests can be used 

to study specific system components in order to define their performance for a variety of 

configurations and conditions that may complement the integral effects test program. 

Similarly, the data from these tests can be used in verification, validation, and uncertainty 

quantification (VVUQ) efforts for simulation codes which are being used to represent isolated 

phenomena. 
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Finally, experimental facilities which allow determination of system characteristics for 

specific components or phenomena can be used to provide information necessary to complete 

closure models for system level codes such as friction and form loss factors.  

3.2 University Separate Effects Test Experiments 

There are many phenomena important to FHRs that would benefit from separate effects test 

experiments. One property that will need to be determined and benchmarked will be the thermal 

expansion coefficient of both flibe and structural materials. Another set of phenomena that will 

be important to understand is phase change behavior in simulant fluids such as freezing. While 

Dowtherm A may provide useful results for heat transfer, the information may have limited 

usefulness in thermal-hydraulic regimes where two-phase phenomena play a role. 

Radiative heat transfer in flibe will also need to be studied using separate effects tests. 

Current designs have considered flibe to be ñtransparentò but this is only true for a pure, clean 

salt. The effect of radiative heat transfer will need to be incorporated in design decisions. 

Thermal radiation is very different for flinak versus flibe and its assessment may allow 

applicability of existing models to systems using flibe. This may also be a significant distortion 

between prototypes and scaled models using Dowtherm A. 

Leak behavior will also be important to FHR design and may be suitable for separate effect 

testing. The TMSR program has some research efforts in this area which have shown that 

insulation makes it difficult to detect leaks early on. Furthermore, beryllium has proven to be a 

significant concern when leaking due to the danger coming from aerosols and airborne 

particulates (beryllium oxides and metallic beryllium in the air). 

Because a large amount of the experimental work on FHR thermal-hydraulics is utilizing 

simulant fluids at a reduced scale, future separate effects tests should focus on validating this 

data. In order to use the data in design and licensing efforts, the appropriateness of the use of 

simulant fluids in benchmarking must be evaluated. A related concern is the large uncertainty 

associated with fluoride salt properties that have also been measured in small applicable 

temperature ranges. We must reduce the uncertainties in property measurements for flibe, as well 

as other fluoride salts such as flinak, and take measurements for wider temperature ranges. 

Heat exchangers may also require benchmarking because it is difficult to prove that small 

scale heat exchangers can accurately mimic the local effects of larger ones. Other component-

related separate effects test include salt pump testing and fluidic diode testing. 

Due to the size and variation of candidate separate effect tests, we should conduct PIRT or 

PIRT-like activities to determine the array of separate effects tests needed for phenomena not 

covered in integral effects tests. Information from Ohio State Universityôs recent PIRT workshop 

may be useful and informative in this pursuit. 

A key point that must be stressed throughout future separate effects testing work is that we 

must ensure complete and appropriate benchmark selection in order to avoid future delays. 
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3.2.1 University of California, Berkeley 

UCB is currently using the Pebble-Bed Heat Transfer Experiment (PBHTX) to measure the 

heat transfer coefficient between pebble fuel elements and flibe by using copper pebbles and a 

simulant oil. The heat transfer coefficient is being measured in a pebble bed test section as a 

function of position and time for ranges of Prandtl and Reynolds numbers. The experiment 

currently employs a food-grade mineral oil called Drakesol that is similar to Dowtherm A but 

easier to work with. 

While the primary goal of PBHTX is to determine pebble-coolant heat transfer, the 

experimental data it generates can also be used to support FHR scaling analysis. Data collected 

from the experiment could possibly be used to validate similitude of heat transfer oils and 

fluoride salts.  

An additional suggestion was made during the workshop to plot the heat transfer coefficient 

against the Buoyancy number because buoyancy may be affecting the flow characteristics. An 

example of this phenomenon is that downward flow has a higher heat transfer coefficient for 

gases. 

Future separate effects tests at UCB could focus on the need to demonstrate similitude 

between fluoride salts and Dowtherm A for natural convection heat transfer. One experiment 

might compare Nusselt numbers for matched Prandtl and Grashof conditions by immersing a 

cartridge heater in flinak and Dowtherm A. The data from such an experiment can be contrasted 

with Nusselt numbers predicted using correlations for natural convection heat transfer from a 

vertical flat plate. 

3.2.2 University of New Mexico 

The two categories of heat exchangers, single wall and double wall, which UNM will be 

testing in its heat transfer facility are shown in Figure 9 and Figure 10. The single wall tests will 

be specifically investigating bi-directional heat transfer enhancement in conditions 

phenomenologically similar to those of the FHR. Low flow rates in the laminar and transitional 

regimes will be tested using forced circulation in upward and downward flow directions. Natural 

circulation will also be testing in the downward flow direction. Because the plain tube and 

twisted tube variants are both manufactured from the same supplier with this testing purpose in 

mind, the experiment should provide an apples-to-apples comparison of heat transfer and 

pressure drop performance for the same flow rate and Prandtl number ranges between plain tubes 

and twisted tubes. This data will be used to test the adequacy of correlations in the literature (for 

example, see [14]) for use in natural circulation and Prandtl numbers in the 10-15 range. In the 

most likely case, the Reynolds dependency term in forced convection heat transfer correlations 

will be replaced with a Grashof dependency for natural circulation flow. 
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Figure 9. Twisted versus plain tube heat exchangers provided to UNM, masked for clarity (photo credit: Hipex). 

 

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

The double-wall tests will be investigating heat transfer performance of a double-wall 

twisted-tube heat exchanger concept for mitigating tritium migration through the salt-to-gas heat 

exchangers in the FHR, simulated by the heat exchangers in Figure 10. In particular, UNM is 

funded through a DOE NEUP to experimentally explore the use of this concept to couple FHRs 

to supercritical-CO2 (S-CO2) advanced power conversion cycles. The proposed advantages of the 

concept include the use of twisted outer tubes on the shell-side for heat transfer enhancement in 

the salt, double-wall design with intermediate tritium getter, and circular inner tube to help 

accommodate the large pressure differential between the salt and S-CO2. Several materials are 

under consideration for use in the intermediate annulus between the tubes. Liquids, gases, and 

even powders are available as potential tritium getters/barriers and heat transfer mediums. It is 

also possible to maintain the annulus at an intermediate pressure between the salt and S-CO2, 

which may also help provide accommodation for the large pressure differential. UNM will be 

working with Sandia National Laboratories (SNL) to perform thermal-hydraulic testing on the 

heat exchangers already provided to UNM and on revised test sections informed by the results of 

these preliminary experiments. 

The heat transfer facility component layout is shown in Figure 11. The facility is composed 

mainly of two loops: a primary loop and a secondary loop. The primary loop flows water or 

Dowtherm A through the shell side of the test section (heat exchanger) by natural circulation or 






























































































