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ABSTRACT

A small liquid fluoride salt experiment has been constructed and tested to develop experimental
techniques for application in liquid fluoride salt systems. There were five major objectives in
developing this test apparatus:

1. Allow visual observation of the salt during testing (which involved determining how lighting
could be introduced, how pictures could be taken, and what could be seen).

2. Determine if infrared photography can be used to examine components submerged in the salt.

3. Determine if the experimental configuration provides sufficient salt velocity for collection of
corrosion data for future experimentation.

4. Quantify natural circulation salt velocities using a laser Doppler velocimeter.

5. Acquire natural circulation heat transfer data in fluoride salt at temperatures up to 700°C.

All of these objectives were successfully met during testing with the exception of the fourth:
guantify natural circulation salt velocities using a laser Doppler velocimeter. This paper describes
the experiment and experimental techniques used and presents data taken during natural
circulation testing.

1. INTRODUCTION

Effective high-temperature thermal energy exchange and delivery at temperatures above
600°C has the potential for significant national impact by reducing both capital and operating
costs of energy conversion and transport systems. It is one of the key technologies necessary for
efficient hydrogen production and could potentially enhance efficiencies of high-temperature
solar systems. Today there are no standard commercially available high-performance heat transfer
fluids effective above 600°C. High pressures associated with water and gaseous coolants (such as
helium) at elevated temperatures impose limiting design conditions for the materials in most
energy systems. Liquid salts offer high-temperature capabilities at low vapor pressures, good heat
transport properties, and reasonable costs and are therefore leading candidate fluids for next-
generation energy production. The experiment discussed in this paper examined techniques that
could potentially be used to help characterize equipment and process variables in fluoride salt
systems while also providing natural circulation heat transfer data.

1.1 BACKGROUND

Major interest in fluoride salts as a heat transfer medium was initiated as part of the Aircraft
Nuclear Propulsion (ANP) program in the late 1940s. To develop a lightweight nuclear power
source that could be used to support long duration aircraft flights, a high-temperature heat transfer
medium was needed. The initial design of the aircraft nuclear reactor used liquid sodium as the
coolant, combined with a solid fuel. However, because of reactor physics issues with this design,
as well as structural concerns over the solid fuel itself, the project eventually turned to the use of
a liquid fuel consisting of sodium, zirconium, and uranium fluoride salts. The ANP program
lasted for approximately 12 years and included operation of the first molten salt reactor, the
Aircraft Reactor Experiment (ARE) at Oak Ridge National Laboratory (ORNL).** This reactor
operated for nine days in 1954 at a steady outlet temperature of 850°C and at power of up to
2.5 MW. The ANP program officially ended in 1961; however, it was understood early in the
ANP program that liquid salt-fueled reactors could potentially serve as commercial power
reactors, given the attractive characteristics of fluoride salts.

Investigation into the application of molten salt reactors for civilian power started in the late
1950s. In 1960, the design of a new molten salt-fueled experimental reactor, the Molten Salt



Reactor Experiment (MSRE), was initiated at ORNL to support the development of the
commercial version of this reactor. MSRE was fueled with a mixture of uranium, lithium,
beryllium, and zirconium fluorides and was constructed of INOR-8 (now Hastelloy-N), a material
developed specifically for molten salt application. Using much of the infrastructure developed for
the ARE, MSRE went critical in 1965 and was operated for approximately four years. This
included six months of continuous operation at up to ~8 MW, demonstrating that the reactor
could be operated stably and that the components were reliable. The reactor was also the first ever
to operate fueled with >**U. A good summary of the MSRE test program is presented in

reference 5.

The molten salt reactor program continued into the early 1970s and was primarily focused on
developing the molten salt breeder reactor (MSBR) concept,® developing full-scale reactor
designs, and evaluating the economics of these systems. The MSBR program was discontinued in
1974 in favor of the sodium fast-breeder reactor design, and work on molten salt reactors
essentially stopped for several decades.

However, these three programs—ANP, MSRE, and MSBR—generated much of the existing
data for fluoride salts as well as fluoride salt reactors. The significant amount of research
performed during these programs covered areas such as materials compatibility with the salts,’
salt physical properties,”*® heat transfer characteristics,'* neutronics behavior,*? component
development,®® salt purification and handling techniques,™ and salt eutectic characterization,*
among many others. Hundreds of papers and reports were generated during the course of these
programs; the ones previously cited are only a few examples but should give readers an entrance
point into this literature. A partial list with links to ORNL reports on the subject can be found in
reference 16.

After a long hiatus, interest in fluoride salts as a reactor fuel and coolant was renewed in 2002
when the Generation IV reactor program*’*® selected the molten salt concept as one of the six
reactor types to be investigated. Initially, the molten salt portion of that program focused on
traditional liquid salt fuel concepts using either uranium or thorium fuel. However, shortly after
the Gen IV program began, a second concept emerged that used fluoride salt as coolant but
combined it with a solid fuel."® This configuration is called the advanced high-temperature reactor
(AHTR) or the fluoride salt—cooled high-temperature reactor (FHR). Other Gen IV concepts, for
instance some configurations of the very-high-temperature reactor, a gas cooled concept, also use
liquid salts as the heat transfer medium in an intermediate cooling loop because of their attractive
heat transfer properties.

France and Euratom, within the Gen IV International Forum, have been working on the liquid
salt—fueled reactor concept focusing on a molten salt fast reactor design.®** The FHR design is
primarily being pursued in the United States by ORNL,?* which is developing several FHR
concepts, and by a university consortium led by the Massachusetts Institute of Technology; the
University of California, Berkeley; and the University of Wisconsin,?>?® which is developing a
concept that uses solid fuel imbedded in graphite pebbles, the pebble bed-AHTR (PB-AHTR).

China has a very active liquid salt reactor development program,”” with multiple experimental
efforts designed to culminate in a test reactor using a pebble bed fuel design to be built by about
2017. They also are developing a molten-salt-fueled reactor design that will be built on
information gathered with the test reactor. The Czech Republic is also involved in fluoride salt
experimentation® and is planning to perform neutronics testing using salt (FLiBe) that was
originally used in MSRE. India is also developing an FHR concept called the innovative high-
temperature reactor® that uses a pebble bed core design. Russia also made a significant effort
during the 1970s at the Kurchatov Institute in Moscow by studying a variety of aspects of molten
salt coolant, including several different reactor design options and optimization studies, as well as
materials development and compatibility testing programs.®

Several small companies have been formed recently that are proponents of the molten salt
reactor concept. Companies such as Terrestrial Energy,* Havelide Systems,® Flibe Energy,®



Transatomic Power,* and ThorCon® have been formed, some promoting specific molten salt
reactor concepts, others promoting the concept in general or specific aspects of molten salt
reactors.

Even during the early years, as molten salt fission reactors were being developed, fluoride
salts were also proposed as potential coolants for blanket modules in fusion reactor designs.®**" A
fusion reactor blanket, no matter what type of fusion reactor, generally has three requirements: (1)
remove heat generated by the fusion reaction, (2) generate tritium to replace that used in the
fusion reaction, and (3) shield structural materials from the neutron field generated by the plasma.
Fluoride salts are very attractive candidates to meet the first two of these requirements. Liquid
fluoride salts have good thermal transport properties, and therefore good heat transfer
characteristics, and can effectively fulfill the heat-removal requirement. The second requirement
is often met by introducing lithium into the blanket design, with tritium produced by neutron
capture. To improve tritium production, beryllium is also often introduced in those designs.
FLiBe salt is therefore often proposed as a potential blanket coolant, although other salts might
also be attractive®® for tritium production. Although the salt itself is not a very good neutron
absorber, it is very stable in a neutron field and is an effective coolant of shield components.

Various designs of liquid-salt-based tritium breeding blankets have been proposed. Some
proposed designs use the salt only for breeding,® and some use the salt both to breed tritium and
as a high-temperature heat transfer medium to remove blanket heat for power production.®
Conventional fluoride salt breeder blanket designs use a circulating fluoride salt inside a breeding
blanket structure. For the two fluid concepts, the salt is used only for tritium breeding and helium
is often proposed for removing most of the plasma-generated heat.*® However, some novel liquid
salt blanket designs have been proposed that use a liquid fluoride salt “waterfall” facing the
plasma.®® In this concept the liquid actually forms the plasma-facing wall and is used to absorb
first wall surface heating. Another concept proposed by Lawrence Livermore National Laboratory
dissolves thorium in the breeding salt to produce **U as well as tritium.**** The **U would be
used to fuel the fission reactor fleet and would provide an additional revenue stream for the fusion
reactor.

Fluoride salts have also been proposed as thermal storage media, making use of the salt heat
of fusion to provide a low mass/volume storage media. Misra and Whittenberger® have examined
a variety of fluoride salt eutectics and congruently melting fluoride salts to determine their
usefulness as a storage medium for solar space power applications. Their study looked at a variety
of fluoride salts with melt temperatures between 973 and 1400 K and heat of fusion between 0.44
and 1.08 kJ/g. Fluoride salts have also been proposed as storage media using only their sensible
heats. The small AHTR* (SmAHTR) reactor concept used a “salt vault” to couple multiple
reactors. The proposed storage used the sensible heat of either liquid FLiNaK or NaF-NaBF, salts
operating between 500 and 600°C to supply either process heat or heat for a power conversion
system from multiple FHR-type reactors.

The renewed interest in fluoride salts for a wide variety of high-temperature energy
applications implies that there will be a need to develop and adapt modern measurement
techniques for this heat transfer medium. The material presented in this paper is intended as a first
step in examining measurement techniques that have been developed since the ANP/MSRE
programs were abandoned and where much of the research on fluoride salts was performed. The
experimental apparatus discussed is intended to provide a relatively inexpensive and versatile
platform for making several fluid and heat transfer measurements in a liquid fluoride salt and for
investigating potential measurement techniques that could be used as the previously discussed
programs progress. The apparatus has been used to test instrumentation and measurement
techniques that are used in conventional heat transfer systems but have not been applied to high-
temperature fluoride salts. Other than a few materials compatibility studies** and some fluoride
salt properties measurements* “° and assessments,*" little thermal/fluid experimental work has
been performed on fluoride salts since those early investigations.



1.2 EXPERIMENT DESIGN

The experiment uses ~4 L of FLiNaK salt. A three-dimensional schematic of the
experimental cell is shown in Fig. 1. It shows the cell inserted into an electrically heated furnace
used to maintain cell temperatures. A nickel crucible holds the liquid salt and is located inside an
outer stainless steel vessel that is used to maintain the correct inert atmosphere. An ultrapure
argon cover gas is used over the salt, and a small argon flow rate is maintained to continuously
sweep that area. A heater located in the center of the cell is used to induce natural circulation in
the liquid salt and maintain a hot-to-cold surface temperature difference. A three-junction
thermocouple probe allows salt temperature measurement at three axial locations.

Sapphire Windows

Stainless Steel
o Vessal

Ni Crucible

Thermocouple
probe

- Fumace

Fiberfrax
insulation

Fig. 1. Schematic of liquid salt cell.

Four thermocouples located internal to the heater system are used to measure heater surface
temperature during operation. The heater and thermocouple probe were fabricated by Delta-M
Corporation using nickel as the outer sheath material. Temperature measurement errors were
estimated from the thermocouple calibration curves to be 0.55°C (a 1o value). The heater is
powered using a BK Precision VSP-12010, 0-120V, 0-10A dc power supply. Error in the
measured power was a maximum of 2.5%. The flange at the top of the cell includes two sapphire
viewports that allow visualization of the salt and the use of other optical measurement techniques
including infrared (IR) imaging and laser Doppler velocimetry (LDV). Some of the cell’s
components are shown in the following pictures.

The upper flange (used in first series of testing) is made of stainless steel and is shown in
Fig. 2. The two large ports visible in the picture allow viewing of the salt through sapphire
windows during operation. The center tube (yellow cap) is where the heater element is inserted.
The tube to the left (with two compression fitting caps) allows insertion of two thermocouples



used to measure vapor temperature in the cell. The tube with the green cap is where the three-
junction thermocouple probe is inserted to measure salt temperatures. The Y-shaped tubing to the
right is used to keep an argon purge gas in the cell. Argon overpressure in the cell is maintained at
a few pounds per square inch to ensure that no air can ever enter the cell. The purge tubes are
bent upward inside the window ports to maintain a purge gas flow over the inner window surface.
(The sapphire windows have not been installed in the device shown in Fig. 2.) One of the two
red-capped tubes is used to exhaust the argon purge gas, and the second is a spare port.

Fig. 2. Upper flange of cell.

Later in the testing program, a second upper flange was constructed that allowed removal of
corrosion/compatibility test specimens while the salt was still at temperature and molten. It
included all of the features of the first flange but added a 76 mm gate valve that allowed
specimens to be removed from the melt while maintaining an inert argon cover over the
specimens and melt. Figure 3 is a drawing of the second flange design. The test samples were
submersed in the salt using a rod that extended through the top of the sample antechamber, with
the gate valve open. When samples were to be removed from the melt, the samples were lifted
from the melt using the holder rod until they were above the gate valve and in the antechamber.
The gate valve was then closed. A glove bag was placed over the glove bag port and the glove
bag evacuated. The blind flange that closed the glove bag port (not shown in Fig. 3) was removed
exposing the samples to the glove bag. The samples were removed from the antechamber, and the
glove bag port was resealed with the port flange. The glove bag was then isolated and removed
from the glove bag port along with the test samples. Before opening the gate valve, the
antechamber was evacuated and refilled with argon gas and the crucible and antechamber
pressures equalized. The gate valve was then opened, and the remaining samples were returned to
the melt. A picture of the modified flange is shown in Fig. 4.
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Fig. 3. Improved top flange.



Fig. 4. Modified top flange showing 76 mm gate valve.

The nickel crucible that holds the salt is shown in Fig. 5. Tabs on the outer surface located at
the top and bottom of the crucible center are on the outer vessel. The outer vessel with the
crucible inserted is shown in Fig. 6. The upper flange assembly, including the windows, is shown

temporarily assembled in the vessel in Fig. 7, and the assembly is shown inserted in the furnace in
Fig. 8.



Fig. 6. Outer vessel with crucible inside.

Fig. 7. Top flange temporarily assembled to vessel.
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Fig. 8. Assembly inserted in furnace.

The dimensions of the cell are shown in Fig. 9. The nickel crucible is 13.3 cm in diameter and
31.2 cm in height. During an experiment, the salt level is within ~2.5 cm of the top of the
crucible. The furnace surrounding the outer vessel was manufactured by Watlow and has three
vertical heating zones that allow higher heating levels at the top of the crucible to prevent salt
from deforming the crucible during the melting process. The furnace heaters are controlled using
Omega proportional-integral-derivative power controllers. The outer surface of the furnace is
insulated with Fiberfrax insulation. Approximately 5 cm of insulation is extended to cover the top
flange of the vessel. The vessel and furnace both sit on firebrick to provide insulation and to
position them vertically.

Optical measurement techniques have advanced significantly over the last 20 to 30 years, and
because of fluoride salt optical properties, as well as low-pressure operation of fluoride salt
systems, these techniques could provide unique measurement opportunities. A recent evaluation
of optical measurements as applied to advanced small modular reactors specifically identified IR
imaging, LDV measurements, and visual observations as potential measurement methods that
could be used with both MSR and FHR reactor designs.* The discussion and experimentation
presented here is an initial attempt at examining the difficulties and usefulness of these techniques
applied to high-temperature operation of fluoride salt systems.

1.3 VISUALIZATION

To observe the salt, a high-intensity fiber-optic light source (Cuda Products Corporation
Model 1-150) and lens system are used to illuminate the cell through one of the sapphire
windows. A Toshiba Teli Corporation video system equipped with a Kowa Company, Ltd., 18—
108 mm macro lens is mounted above the other port to observe the salt during testing.
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Fig. 9. Salt cell dimensions.

Still photography is also used to capture images of the salt and internal components. An example
is shown in Fig. 10. The heater can be seen at the left of the photo. The salt is completely clear.
The “spots” seen in the figure are actually on the bottom of the 31 cm tall nickel crucible and
appear to be regions in which the reflectivity changes in the bottom of the crucible, perhaps
because of the welding process used in fabrication. The three-thermocouple probe is also clearly
visible in the figure. The liquid salt surface level can be seen as the dark “ring” around the heater.
There is an obvious meniscus around the heater and thermocouple probe. The change in angle at
which the light penetrates the liquid causes this shadowed region on the heater and the
thermocouple probe to “disappear” around the salt surface in the picture. It becomes “hidden” in
the neighborhood of the meniscus as the curvature of the liquid salt defines zones that cannot be
imaged.
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Figure 10 also shows a rendering of the view in the picture for clarity. It was found during
testing that providing the light source through one window and viewing through the second
window provided the best illumination. Sometimes the light source had to be adjusted so that
shadows caused by the structure of the top flange did not darken the picture area of interest.

During testing the experiment operated continuously with salt melted for ~1 month at several
salt temperature levels. The windows remained clear (or nearly so) for all but operation at 700°C.
Operation at this temperature tended to cause salt condensation on the window surface, clouding
visibility through the window. When the system was disassembled after testing, the condensate
was found to be a very fine powder consisting of fluorides of sodium, potassium, and lithium that
could be easily removed by lightly brushing with a paper towel. Figure 11 shows a picture of one
of the clouded windows during testing. To use optical techniques, the windows will need to
remain clear. The windows might need to be operated at higher temperatures, or cleaned in some
way (mechanically high velocity gas, etc.), to prevent fogging.

1.4 IRPHOTOGRAPHY

A FLIR Indigo Phoenix mid-wave IR camera was used to evaluate the utility of using IR
photography or videography to measure temperatures of articles submerged in the salt. The salt
itself was at a temperature of 700°C; however, the heater provided temperature differentials
(heater to salt) of up to 30°C. The IR camera was focused on the heater element operating at
about 300 W with heater thermocouples reading between 20 to 30°C higher than the surrounding
salt temperatures.

Salt surface
Camera

Thermocouple
probe

Fig. 10. Photo of salt through sapphire window.
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Fig. 11. Sapphire window showing “fogging” after 1 month of testing.

Figure 12 is a plot of sapphire transparency versus wavelength and indicates that transparency
is limited above a wavelength of about 4 zm. The IR camera operated in a wavelength range of
~3to 5 um, so it was recognized that the resolution would be affected; however, this test was
conducted to determine whether a temperature difference could be detected even with this
limitation.

Figure 13 shows the results of one test. The still image shown is one frame of a video taken
with the camera looking down through the sapphire window. The heater element can be seen as
the lighter area ranging from the lower left to the upper right of the window. As shown in this
picture, the camera does detect temperature differences in the heater element, but there is a
significant lack of resolution. It was thought that with the addition of filters on the camera, this
resolution could be significantly improved; however, the testing had to be terminated before the
effect of selective filtering could be evaluated. Other salt-compatible window material might be
available that has better transparency in the IR region, but this project was not able to evaluate
that possibility. The measurements taken here were only the first step in evaluating this
measurement technique, but they were sufficiently successful to warrant additional investigation.
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Fig. 12. Transmittance of sapphire window.

Fig. 13. IR image of heater immersed in salt.

1.5 LASER DOPPLER VELOCIMETRY

A TSI, two-dimensional LDV with an IFA750 signal processor operating at wavelengths of
488 and 514.5 nm was used to examine velocities within the salt cell. Predictions using
computational fluid dynamics (CFD) calculations indicated that velocities on the order of 3 cm/s
could be expected. This velocity is in the lower range of what can be detected using the LDV
system, but measurements should still be possible.

The TSI LDV system uses an 83 mm, two-component fiber-optic probe to position the two
laser beams. A 900 mm focal length lens was purchased for this system to allow the head to be
located at a distance from the sapphire window that would allow both beams to pass through the
window and still cross within the region of salt that was of interest. Because of the window
orientation at the top of the melt, the velocity directions that could be measured were in the r-¢
plane of the melt, as opposed to the z direction (vertical), which is the major flow direction. To
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evaluate the technique, for most of the testing the beam intersection was located at either the top
or bottom of the melt (where radial and azimuthal velocities would be highest).

Tests were initially conducted without any seeding of the salt melt. These tests produced no
statistically significant velocity results because of the purity of the salt and lack of seed material
within the melt. A seed material was then introduced into the melt through one of the spare ports
in the top flange of the apparatus. Boron nitride (BN) powder was used as seed material because
of its compatibility with the salt and because the density of the BN is very similar to that of the
FLiNaK salt. When the BN powder was introduced, it was noted through the viewing port that the
powder tended to clump together, some of it lying on the top of the melt and other portions of the
material sinking to the bottom of the melt. It is not known at this point exactly why the seed
material behaved in this way. Perhaps it did so because of wettability issues and/or gases
entrapped in the BN particles and clumps. LDV tests were still conducted with the hope that some
of the particles would be entrained in the flow and that a sufficient amount of seed material would
be in the bulk of the melt. Unfortunately, the research team could not get any statistically
significant velocity measurements, and additional work is needed to develop an effective seed
technique. Perhaps mechanical mixing of the melted salt and BN would provide sufficient seed
material density in the salt, or experiments with higher velocities might promote seed/salt mixing.
The testing had to be terminated before any of these techniques could be investigated. Because it
was recognized that introduction of BN would contaminate the salt, these tests were
chronologically the last tests conducted with this salt batch.

1.6 SALT VELOCITY CALCULATIONS

A series of calculations using the FLUENT CFD code were performed to examine the natural
circulation and thermal behavior of the cell. Example results from these calculations are shown in
Figs. 14 and 15. An axisymmetric geometry was chosen for this analysis. The heater is
represented as the white rectangle in the center of each figure, while the crucible holding the salt
is the white “outline” in each case. Only the region of the crucible containing salt was modeled.
Figure 11 shows predicted velocity profiles inside the cell for 200 W of heater power. (Design
heater power is 500 W.) The salt was maintained at a temperature of 700°C for this calculation
(the maximum operating temperature that was used in the experiment). Fluid velocities near the
heater were ~3 cm/s. This velocity level was also typical of the velocities developed in the harp-
type corrosion experiments run with liquid salts in the past®’. A large, annular recirculation region
over the major portion of the salt is noted in the Fig. 13, which is what is qualitatively expected.
However, the convective boundary condition between the salt and argon cover gas imposed at the
top of the salt causes a series of recirculation cells to form at the top of the melt.

Temperatures are shown in Fig. 15. The maximum temperature difference in this example is
~30 K (although temperature differentials as high as 100-150 K should be possible with the
heater operating at maximum power). As expected, the highest temperatures surround the heater
and are near the top of the heater element. The major portion of the salt remains at a lower
temperature, however, because of the fluid motion. The hot salt flowing over the top of the heater
section is swept across the salt surface and to the cold crucible wall, so a high-temperature region
is also seen at the top of the melt.

These calculations were done in part to evaluate natural circulation heat transfer, but were
done primarily to evaluate the cell concept for use in corrosion studies. Traditional harp-type
natural circulation experiments® are typically used to establish temperature gradients between
two materials using a natural convective flow. Harp experiments are D-shaped; one leg of the D
is the hot (and heated) region, while the other leg is the cold (and cooled) region. A natural
circulation flow is established in the D because of this temperature gradient. In the cell
configuration, the heater acts as the hot region and the crucible wall as the cold region. With this
configuration, the sheath could be fabricated from the material with corrosion characteristics of
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interest, and the desired temperature differences could be established by the amount of power to
the heater. A variety of corrosion studies could be easily performed using this geometry by
simply changing the heater sheath rather than the entire harp loop. The calculations show that the
natural circulation flows in the cell are very similar to those in a similar harp configuration, while
temperature differences are also very similar, easily varied, and easily controlled. Ignatiev et al.**
performed corrosion testing using a cell-type geometry and natural circulation within the cell.
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Fig. 14. Velocity path lines and magnitude as predicted by
FLUENT CFD analysis.
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Fig. 15. Temperature profiles within the melt.

The experiment used separate specimen samples and an internal geometry that allowed
heating of the salt from the outside of the cell at the bottom and cooling of the salt from the
outside of the cell at the top of the experiment. The geometry proposed here is simpler, and the
cell configuration, therefore, seems to be a good candidate for performing corrosion testing under
temperature differentials and mild convective conditions.

1.7 NATURAL CIRCULATION HEAT TRANSFER DATA

A limited amount of heat transfer data is available for liquid fluoride salt systems. Less than
10 sets of experiments are available that characterize fluoride salt heat transfer, and the quality of
the data and reported experimental detail varies greatly. The data were taken in the 1950s through
1970s. A summary of available FLiNaK forced convection heat transfer data has been presented
by Ambrosek,>* who identified four data sources and tried to assimilate that data to develop
generalized conclusions on FLiNaK heat transfer. A more general review of the state of
technology for molten salt coolants, including heat transfer, was presented by Holcomb and
Cetiner,” and two additional sources of fluoride salt (not FLiNaK) heat transfer data beyond that
identified by Ambrosek were referenced. Not mentioned in any of these reports are data taken by
Silverman et al.,** who performed heat transfer measurements in LiF-BeF2-ThF2-UF4 and
NaBF4-NaF salts. All seven of the sets just mentioned were taken under forced convection
conditions. The author is unaware of any natural circulation heat transfer data taken using
fluoride salts. A review of fluoride salt heat temp experimentation and discussion of the data are
given by Yoder.**

A series of tests were run in the apparatus previously described with heater power and salt
temperatures parametrically varied to determine the natural circulation heat transfer coefficients
at the surface of the heater. Because there were heater failures, three heaters were used for this
experimentation. The geometries used are presented in Figs. 16—18. Heaters 1 and 2 were
separate heaters. However, after it failed, heater 2 was repaired to make heater 3. To repair the
heater, the bottom thermocouple had to be eliminated; therefore, heater 3 had no bottom
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thermocouple. The thermocouple probe (see Fig. 17) was installed midway between the outside
diameter of the heater element and the nickel liner inner wall and remained in the same location
for the duration of testing.

To perform these tests, a steady overall salt temperature was established using the furnace
system. The heater element power was then set at the desired level. The cell was allowed to
stabilize until steady salt and heater temperatures were achieved. Both heater and salt temperature
data were then taken, and heater voltage and current were recorded. In general, three overall salt
temperatures were tested: 600, 650, and 700°C. Temperature and heater power data are shown in
Table 1 for 11 separate tests, which represent data from all three heaters. Salt temperatures were
taken using the thermocouple array, with thermocouple locations as indicated in Fig. 19. Heater
thermocouple locations are indicated in Figs. 16-18 and depend on the specific heater used. A
thermocouple was also placed in the argon cover gas above the salt melt as well as in the space
(also filled with argon) between the nickel crucible and stainless steel outer vessel (vertical
centerline of the melt). These measurements are also shown in Table 1.

Table 2 shows heat transfer coefficients on the heater surface calculated from the data. Heater
power was calculated from current and voltage readings from the dc power supply. The local
natural circulation heat transfer coefficient, h,., was calculated as follows:

Nnc = (q"'q”rad)/(Th - Ts) )

where

q"” = average heater heat flux: P/A;,

(" = radiation correction,

P = heater power= Vi,

A, = heater surface area (based on heated length of heater),

i = current,

Th = measured local heater temperature,

T, = measured local salt temperature,

V = voltage.

A radiation correction q”,q Was calculated assuming grey body radiation between the heater
element and crucible. Nickel emissivity was assumed to be 0.1, and the FLiNaK was assumed to
be transparent. The latter assumption is an open question with fluoride salts, as very little
absorptivity measurements have been taken using these salts. The radiation correction was less
than 5% for all data points. In calculating the uncertainty in measured heat transfer coefficients, a
100% uncertainty was assumed in the radiation correction term.
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Table 1. Natural circulation heat transfer data from liquid salt cell testing

0¢

Test  Heater Salt temperature (°C) Heater temperature (°C) Argon cover gas Crucible gap

# Top  Middle Bottom  Top  Middle#l Middle Bottom témperature temperature
TE-l TE2  TE3  TE-4 TE-5 #2TE-6 TE-7 (°C) (°C)
1 1 563 561 561 596 600 600 590 447 568
2 3 609 608 608 647 644 642 487 617
3 3 610 609 609 647 646 644 493 617
4 2 567 565 565 601 598 597 586 455 571
5 2 603 597 504 654 646 645 623 478 583
6 2 634 625 617 699 688 687 652 510 594
7 2 611 610 610 644 641 642 631 505 623
8 2 640 635 634 690 684 683 665 526 632
9 2 639 635 633 690 685 684 667 521 632
10 3 610 609 609 648 645 644 498 621
11 2 603 597 594 654 647 645 623 479 583




Table 2. Calculated values of heat transfer coefficients

Test Heater power Heat trar_lsfer coefficier_1t, hne (W/m2/°C)
(W) Top Middle #1  Middle #2 Bottom

1 213 674 566 576 775
2 208 634 677 700
3 212 662 667 707
4 210 559 577 588 879
5 369 658 680 696 1161
6 525 727 754 776 1360
7 212 586 624 610 919
8 364 658 671 686 1051
9 371 654 675 688 1011
10 210 634 678 699
11 369 658 679 696 1165

In calculating T, as used in the heat transfer coefficient, the local measured salt temperature
was interpolated to the elevation corresponding to the heater temperature measurement elevation.
The heater thermocouples were located directly inside the nickel heater sheath. The calculated
temperature drop across the sheath was less than 0.1°C, so the measured heater temperature was
assumed to be the heater outer wall temperature for the heat transfer coefficient calculation.

A plot of the heat transfer coefficient versus (T,-Ts) is shown in Fig. 20. The data are plotted
as a function of the heater thermocouple location. For instance, the green triangles are from the
bottom heater thermocouple and tend to have higher heat transfer coefficients than the remainder
of the data. Because the thermal boundary layer grows as Z** (for laminar flow) with the
boundary layer thickness equal to 0 at the beginning of the heated length, the thermal resistance
tends to be relatively lower (and heat transfer coefficients relatively higher) at the bottom of the
heater. Error bars shown in Fig. 20 represent measurement errors.

For laminar natural convection flow in a vertical orientation, the Nusselt number, Nu, is
proportional to the Grashof number, Gr, raised to the one-fourth power:

Nu o Gr,"*
and for turbulent flow
Nu o Gr, ",

where
Nu = Nusselt number h,. z/k,
Gr, = Grashof number gp?Bz3(Ty-Ts)/ 1%,
h,. = natural circulation heat transfer coefficient,
k = salt thermal conductivity,
g = acceleration of gravity (9.8 m/s?),
p = salt density,
B = salt thermal coefficient of volume expansion,
z = distance from bottom of heater element,
Ty = heater temperature,
T, = salt temperature,
u = salt dynamic viscosity.
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Fig. 20. Heat transfer coefficient data.

A typical laminar flow correlation for Nu for 10* < Gr, Pr < 10°is

Nu, = 0.56 (Gr, Pr)¥*
and for turbulent flow for 10° < Gr, Pr < 10% is

Nu, = 0.13 (Gr, Pr)*® |
where

Pr = Prandtl number p Cy/K,
C, = salt specific heat.

Both correlations, taken from Rohsenow and Choi,> were developed for flow over a vertical
plate and are compared to the present data in Fig. 21. Error bars on the data reflect measurement
error in heater power, heater temperature, and the radiation component as noted previously. In
some cases (lower Nu values), the error bars are smaller than the symbol size and cannot be seen
in the figure. The preceding laminar and turbulent equations are indicated in the figure as solid
lines. The salt data compare very favorably to these traditional correlations. Also shown in
Fig. 21 are best-fit equations to the data. These have slightly different leading coefficients and
exponents on the GrPr parameter. Table 3 provides a comparison of these equations.

As Fig. 21 indicates, the data can be predicted reasonably well using conventional natural
circulation correlations developed using other fluids.

22



300

250

200

150

100

Nusselt number

50

o
1.000E+05

1.000E+0G

Fig. 21. Nusselt number data comparison.

Data
Predicted lam
Predicted turb
Data fit_lam
Data fit turb

L.O0QE+O7

GrPr

1.000E+08

1.000E+09

Table 3. Comparison of Nu equations of the form Nu = A(Gr,Pr)°

Correlation A b R’
Ref 1 laminar .56 .25 .997
Ref 1 turbulent A3 .3333 925
Data fit laminar .665 .246 .997
Data fit turbulent 438 272 927

2. CONCLUSIONS

A versatile experiment has been developed that allows a variety of testing to be performed
using fluoride salt operating at up to 700°C. Experiments were performed to examine the use of
LDV, IR videography, and visualization using standard videography through sapphire windows.
Each of these techniques was successful except for the LDV, where seed material could not be
adequately entrained in the salt. Natural circulation heat transfer testing was conducted using a
0.5 in. diameter instrumented heater element in the salt crucible. Results from this testing were
consistent with conventional correlations for flow over a vertical plate.
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