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SUMMARY

As presented in this report, thermal conductivity and viscosity measurements were performed on key
chloride pseudo-binary molten salt systems of relevance to molten salt reactor developers. Thermal
conductivity measurements were conducted with a variable gap technique, in which a known heat flux is
driven across a molten salt specimen and the temperature difference is measured, allowing calculation of
the thermal conductivity. This is achieved by establishing a small gap between the bottom of a cylindrical
inner containment, which houses electrical heating elements, and an outer containment, which houses
cooling channels; the gap size can be varied by compression of a formed bellows. A new calibration
scheme was developed herein, involving a correction factor to the heat flux based on He measurements at
various temperatures. Furthermore, the data processing methodology was improved to minimize the impact
of radiative heat transfer in the calculation of salt specimen thermal conductivity from the temperature
difference measurements. Viscosity measurements were conducted with a rolling ball viscometer, in which
a ball rolls some known distance in an angled tubular crucible, and the terminal velocity can be used to
calculate the viscosity of the salt. The measurement can be performed in a quartz crucible, with which a
standard camera can be used to track the ball, or in a metal crucible, with which x-ray radiography is
required to track the ball. A new custom x-ray system was made and dedicated to the rolling ball
viscometer to enable high throughput automated measurements with salts which require containment with
metal. Both systems have been integrated with a ventilation stack which allows for off-gassing of
radioactive material, enabling future measurements with U-bearing salts.

The thermal conductivity measurements performed herein were with NaCl-KCl (44 mol% NaCl). This salt
system was measured in the previous fiscal year, however the thermal conductivity values obtained were
comparatively low, and so the system was remeasured with the aforementioned calibration scheme and
improved post-processing techniques. The newly obtained thermal conductivity values for NaCl-KCl (44
mol% NaCl) indicate good agreement with kinetic theory and ab-initio models (within 5-10 %). The
viscosity measurements performed herein were with three different compositions of NaCl-KCl: 75, 50, and
25 mol% NaCl; a new calibration scheme was applied to account for variable flow effects in the laminar
regime. The results show reasonable agreement with literature (5-20 %, depending on the temperature,
composition, and study); however, literature values are likely higher than true values based on pure
end-member measurements performed in the comparative studies. The measurements conducted herein do
show a trend such that viscosity increases with increasing NaCl concentration, which agrees well with one
of two comparative studies. In general, the measurements conducted herein gives confidence in the
capability to use these systems to accurately measure thermal conductivity and viscosity of
actinide-bearing salts within the next fiscal year.

vii






1. INTRODUCTION

Several private and public domestic entities are in the process of designing, developing, licensing, and
demonstrating molten salt reactor (MSR) designs. The intent of these projects is ultimately to deploy MSR
designs so that they can contribute to the energy grid [9, 22, 27, 29, 45] or serve as experimental test
reactors [47]. These designs are considering a wide range of molten halide salt mixtures: those of a variety
of mixture orders and actinide compounds in the fuel mixtures, some that are both chloride and fluoride
based, and some that consider beryllium. The cumulative interest in different salt mixtures from the
domestic industry has resulted in a large matrix of potential salt mixtures for MSR applications; this matrix
was first been defined by McMurray in a roadmap for molten salt thermal property measurements [34].
Consequently, a complete and accurate characterization of the thermophysical properties of this matrix is
desired. These thermophysical properties primarily include density, viscosity, thermal conductivity, and
heat capacity. In addition, knowledge of the surface tension and optical properties may be desired. Without
accurate thermophysical characterization of a particular salt mixture in question for a particular MSR
design, thermal hydraulics or mass transfer analysis cannot be performed, which would be necessary to
understand aspects of core performance such as the temperature distribution in steady-state or transient
conditions. Moreover, the U.S. Nuclear Regulatory Commission (NRC) will likely require a well-described
thermal hydraulic design as well as analysis of accident scenarios (such as behaviour during power—cooling
mismatch events) before licensing a particular MSR design [5]. Furthermore, a complete thermophysical
description of many of the salt mixtures in the matrix of MSR relevant mixtures will be needed to allow
MSR developers to more easily optimize their selection of a particular mixture and composition that fits
their criteria.

Unfortunately, there are several thermophysical property gaps within the matrix of molten salt mixtures
that are of concern in the development of MSR designs. These gaps are presented in a recent report on the
thermophysical arm of the Molten Salt Thermal Properties Database (MSTDB-TP) [46], which is managed
at Oak Ridge National Laboratory (ORNL), with funding from the Nuclear Energy Advanced Modeling
and Simulation (NEAMS) program under the US Department of Energy’s Office of Nuclear Energy
(DOE-NE). For example, though perhaps density is reasonably well understood for many key mixtures,
several key pseudo-binary mixtures lack characterization for viscosity, thermal conductivity, and heat
capacity. Furthermore, significant discrepancies tend to be present in independent measurements of these
properties for the same mixtures: for example, independent studies of eutectic LiF-NaF-KF thermal
conductivity have yielded values as low as 0.5 W/mK to as high as 4 W/mK for the same temperature [2].

Several gaps in thermophysical property data for key mixtures may be expected, and high uncertainties are
common for the data that do exist; in general, the salt mixtures that are of interest for MSR developers can
be highly corrosive, hygroscopic, volatile, and difficult to purely synthesize. Furthermore, developing and
maintaining systems that can handle the use of potentially toxic and radioactive salts at extreme
temperatures require significant capital investment, personnel costs, and expertise in manufacturing and
operating such systems. Therefore, experimental efforts across the national laboratory complex and
university research laboratories represent only one current strategy to fill gaps in molten salt
thermophysical data. First-principles modeling techniques such as ab initio

[40, 26, 33, 41, 32, 31, 30, 20, 12, 11, 10, 39] and semi-empirical approaches such as modified
quasi-chemical [38, 17] and Redlich—Kister [1, 6] methods have been developed and demonstrated to fill
some of the gaps as well. If an MSR developer were to utilize such models to hone in on a particular salt
mixture and composition of interest, further experimental validation of the models for that particular
composition would likely be required for NRC licensing.



Given the apparent need for high-accuracy measurements of key pseudo-binary and perhaps certain
higher-order salt mixtures, Oak Ridge National Laboratory (ORNL) has focused on developing and
demonstrating systems capable of measuring each of the thermophysical properties, focusing particularly
on thermal conductivity and viscosity, due to the generally poor or non-existent characterization in the
literature for these two properties. ORNL recognizes that characterization of heat capacity is generally
lacking for many key mixtures as well, but other DOE-NE funded laboratory and university partners are
focusing more heavily on measurements of that property specifically [15, 14, 23, 28, 42, 50]. The molten
salt mixtures measured herein—and which have been measured in previous reports on this work

[8, 16]—are all alkali halide mixtures, which represent either coolant salts or subsystems to higher-order
actinide-bearing salts that may be considered as MSR fuel. However, the measurement systems developed
and reported on herein have been designed to enable direct measurements of actinide-bearing mixtures,
which will be crucial for providing accurate and validated thermophysical property data to MSR thermal
models.

2. VISCOSITY MEASUREMENT SYSTEM

2.1 METHODOLOGY
2.1.1 Principles of Operation

A rolling-ball viscometer was chosen by ORNL as the technique to measure molten salt viscosity. The
system involves rolling a ball through a tubular crucible filled with molten salt and measuring the time, ¢,
that the ball takes to roll some length, L, through the crucible, which is tilted at some angle, §. The working
equations to solve for the viscosity, u, of the salt involve force balance of the three forces that act on the
ball along the crucible’s axial direction: (1) the opposing viscous force, (2) the opposing buoyancy force,
and (3) the gravitational driving force. It can be shown [7] that, by solving for u in these equations, one
arrives at

_ Kipy — p)tsin()
_ o,
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where K is a geometric correction factor, pj, is the density of the ball, and py is the density of the fluid
(molten salt). Here, K depends on the Reynolds number associated with the flow, Re, and the ratio of the
ball diameter to the inner diameter of the crucible, d/D. It has also been shown [7] that, for some Re value,
a polynomial-type equation works well to describe this relationship:

K(Re, %) = a(Re) + b(Re)(%) + c(Re)(%)z, Q)

where a, b, and c are constants that can be determined through a least-squares fit to data at a particular Re.

In this work, the crucible and ball were not fabricated with the same material; the crucible was fused
quartz, whereas the balls were stainless steel 316 alloy. Therefore, these components had different
coefficients of thermal expansion, meaning that d/D was temperature dependent. Therefore, this work
required the measurement of many K values—over a wide range of Re and d/D values—using National
Institute of Standards and Technology (NIST) oils with well-known viscosities to adequately characterize
the variable space associated with Eq. (2). Details on handling the temperature dependence of d/D to



accurately determine d/D for any temperature can be found in Birri et al. [7]. Thermal expansion data to
solve for d/D at varying temperatures were acquired from studies by Kim [25] and Oishi [37].

Given that the appropriate K value is assigned to a measurement of u in the salt at a given temperature 7T,
and many measurements are collected over a range of T values, an Arrhenius-type equation is assumed to
describe the functional relationship between ¢ and 7

u(T) = AeP/RT 3)

where A and B are constants determined based on a least-squares fit to measured u values at different T
values, and R is the universal gas constant.

2.1.2 System Overview

As opposed to designs in previous reports [8, 16], a simplified, two-stage crucible design was designed and
fabricated in this work, as shown in Figure 1. The crucible consists of a loading section (i.e., the first stage)
and a measurement section (i.e., the second stage). The loading section is intended to hold the ball after
loading until the ball has reached thermal equilibrium with the system; this is achieved when the crucible is
rotated such that the ledge between the measurement section and the loading section is on the underside of
the crucible, preventing the ball from rolling into the measurement section. The measurement section
contains two etch marks (labeled as I and II in Figure 1) that define L; these marks are used to measure ¢ as
the ball rolls through the measurement section. The ball can enter the measurement section when the
crucible is rotated such that the ledge between the measurement section and the loading section is on the
overside of the crucible, and the underside of the crucible has a flush transition between both stages.
Previously fabricated designs involved a third stage, which was a second holding section; the intent was to
be able to tilt the crucible back and forth, conducting multiple measurements with the same ball. However,
gas pocket formation was an issue with this design implementation [8]. The simplified design considered
herein remains in a static orientation, and new balls are introduced to the crucible for each measurement.

During testing, the crucible is inserted into a tube furnace as shown later in Section 4 in Figure 11, which is
oriented on a manipulable test stand. The test stand allows the furnace to be tilted to a desired angle, which
is measured with a digital angle gauge. The furnace has a small viewing window in the insulation to allow
for visual tracking of the ball if a glass crucible is used or to minimize x-ray attenuation if an x-ray
generator and x-ray detector plate system are used in conjunction with a metal crucible. The crucible is
attached to a rotational stage, which enables the rotation to drop the ball from the loading section to the
measurement section. The rotational stage is mounted on a linear motion stage to ensure proper orientation
within the tube furnace. An argon backfill system is connected to the crucible to ensure inert gas
maintenance within the crucible volume at all times. The system comes equipped with a vacuum pump to
enable backfilling of the entire control volume as well as vacuum heating of the salt for dehydration, if
desired. The system also has an argon feed line, a large tank to minimize pressure increases from heating
the salt, and a small load-lock chamber to allow new balls to enter the system without contaminating the
inert environment. Temperatures are measured with type-N thermocouples oriented adjacent to the
crucible. Additional details about this system, including exact components and specifications, can be found
in Birri et al. [7].



Figure 1. Two separate crucibles demonstrating the change in orientation in the experimental
apparatus. The top represents the initial position where the ball is held in the holding section. The bottom
represents a 180° turn to a final position allowing the ball to descend. A, measurement section; B, holding

section; and C, the entrance to the crucible attached to the rotational stage and argon inert environment.

2.2 SYSTEM CAPABILITY EXPANSION

The rolling ball viscometer developed herein was improved in two primary ways during FY23: (1)
implementation of a new, dedicated x-ray system, as opposed to a portable system, and (2) integration to a
ventilation stack that captures internal off-gasses, enabling measurements of uranium-bearing salts. Both of
these system improvements are intended to enable handling of compounds such as UCl3, UCly, UF3, UF,,
and fluoride alkali halides. The dedicated x-ray system is crucial for such compounds because they require
containment in alloys such as stainless-steel 316, or perhaps more corrosion-resistant alloys such as
Hastelloy or nickel-dominant alloys; tracking balls in these alloys requires x-ray imaging techniques.
Furthermore, these improvements advance the system toward more high-throughput measurements.
Because of the 100% x-ray imaging system dedication for anytime use, Python scripts can be used to
communicate simultaneously with the imaging system and automated rotational stage for
semi-autonomous experimentation and data acquisition.

The x-ray generating device used previously is described in detail in previous works [43]. The setup
consisted of a mobile XRS4 from Golden Engineering producing a 370 kVp bremsstrahlung beam. Images
were generated using a NOVO 22WN digital radiography panel, and a fast plastic scintillator (EJ-200 from
Eljen Technologies) was placed next to the XRS4 and connected to a CAEN DT5730 digitizer. The new
x-ray imaging system uses a XRS4T from Golden Engineering with the same kilovoltage peak as the
previously implemented generating device, which is now dedicated to the viscometer 100% of the time; it
is automatically triggerable, whereas the XRS4 was self-triggered. The trigger signal can be sent from a
Python script over USB/RS232 converter to the device. X-ray images are generated in the new system
using a Varex XRD 3025N-G22-N; the device can be operated using commercial software, and APIs are
available that can be called in Python for both controls and image acquisition. Also, this panel has a 5 fps
frame rate which will enable video generation, as opposed to a series of static images, which were



generated previously with the NOVO 22WN and required more significant post-processing to determine
terminal velocities. In Section 4, the new x-ray system is shown in Figure 11, along with the entire
viscosity and thermal conductivity system setups; the detector plate is not visible, as it is behind the
furnace in this image.

2.3 IMPROVEMENTS TO METHODOLOGY

Previously [8, 7], it was assumed that K (Re, %) consisted of two primary regimes in the Re space: (1) a
Stoke’s flow regime for Re << 1 and (2) a laminar regime for Re > 10, with a transition between both
regimes. The laminar regime was assumed to be a plateau, such that 0K/JdRe = 0. Herein, calibration
measurements were taken at higher Re numbers and lower d/D values than considered previously, which
resulted in the discovery that 0K/dRe < 0 for relatively low values of d/D in the laminar regime, and this is
more consequential for high values of Re. Regardless, in light of this discovery, it was crucial to modify the
manner in which K values were assigned to salt viscosity measurements for the sake of improving accuracy
of the overall measurement scheme. Note that all salts considered herein and in previous works involved
measurements in the laminar regime, so the focus on tuning the determination of K strictly involves the
assumption that the salt viscosity is low enough to result in measurements in this regime.

The calibration involves measurements with NIST standard oils with well-known viscosities for a range of
d/D values, such that a total of I values are considered with index i. Therefore, it is assumed that for some
d/D at which a given crucible is calibrated ((d/D);), K(d/D = (d/D);, Re) follows a linear relationship:

K(d/D = (d/D);,Re) = a; + b; * Re, @

where a; and b; are constants determined based on a least-squares fit to raw data acquired for

K(d/D = (d/D);, Re). A total of I calibration curves, of the form of Eq. (4), exist in the calibration data:
here, I = 4. Assuming a salt measurement takes place at some calculated (d/D),,, then it is assumed that
there is some respective linear relationship that describes K(d/D = (d/D),,, Re):

K(d/D = (d/D),,,Re) = a,, + b, * Re, 5

where a,, and b,, are assumed to be weighted averages of the constants in the calibration curves associated
with the (d/D);, which is immediately below that associated with (d/D),,—and the calibration curves
associated with the (d/D);+1, which is immediately above that associated with (d/D),,. These weighted
averages thus take the form

/Dy — @D (D - d/Dyt] .
m = i i+ d/D); < (d/D)y < (d/D)is1,
= @Dy = @D I Dy = @Dyt PN < @D < (@[D)ivr - (6)

_ 1@/D)w = d/D)il , |(d/D)n = (d/D)is1
" d/D)iv1 = (@/D)l " 1(d/D)is1 ~ (d/D)il

biy1 if (d/D)i <(d/D)y < (d/D)is1. (N

After determination of a,, and b,, associated with K(d/D = (d/D),,, Re), an iterative process is applied to
solve for Re because Re depends on u. Thus, some guess values for u are initially supplied, Re is calculated



from this guess, and then K(d/D = (d/D),,, Re) is used to determine an updated value for u. This process is
repeated until some residual criterion is met.

An example of the calibration curves used—that is, K(d/D = (d/D);, Re)—for one particular crucible is
shown in Figure 2. The four (d/D); values are shown in the legend. The a; and b; values associated with
these curves are used to determine a,, and b,, for any given salt measurement, based on Egs. (6) and (7).

Figure 2. K(d/D = (d/D);, Re) for one particular glass crucible, determined based on non-linear least
squares fitting to NIST oil measurements.

It should also be noted that, the formalism was developed in this FY to apply propagation of uncertainty to
experimentally acquired viscosity data for molten salts. This propagation is based on Gaussian error
formalism, where the uncertainties associated with d, D, K, pp, py, t, 6, L, and T are all input to a set of
dependent equations to solve for the uncertainty in u. This formalism is fully detailed in Birri et al. [7].
Experimental uncertainties reported in the next section were determined based on application of this same
formalism.

2.4 EXPERIMENTAL MEASUREMENTS

A compositional study on the viscosity of NaCl-KCI was conducted in this work for mixtures of 0.75, 0.50,
and 0.25 mol% NaCl. Each crucible used for this measurement was calibrated separately such that a unique
set of calibration curves was applied to each crucible to convert terminal velocity to viscosity. All salt
samples were vacuum dried at 350°C for ~4 h prior to heating and melting at the maximum temperature set
point associated with a given mixture. The samples were then allowed to homogenize at the maximum
temperature set point for ~16 h before viscosity measurements were conducted. Each salt mixture was
measured at four temperature set points in triplicates, such that the lowest temperature set point was
~25-45°C above the mixture’s respective melting point. Mixture melting points were determined based on



phase diagrams generated in FactSage (version 8.2) using the thermochemical arm of MSTDB
(MSTDB-TC) [4]; the NaCl-KCl evaluation has been validated against the works of Yin [49]. Densities of
the salt were calculated based on a Redlich—Kister model which was fit to experimental data from Van
Artsdalen [48].

A plot of the experimental data collected herein is shown in Figure 3, along with similar mixtures measured
by Murgulescu [35] and Katyshev [24]; identical colors are used to compare mixtures that are identical or
most similar across these studies. As discussed in previous works by the authors with NaCI-KCl, [7] it is
generally expected that Murgulescu and Katyshev may have erroneously high measurements of viscosity of
NaCl-KCl, because both authors report high-endmember viscosity data relative to reference values.
However, the overall trend in viscosity as a function of composition is similar between Murgulescu and this
work, such that the viscosity increases by ~0.2-0.3 cP as NaCl concentration is increased from ~25 to 75
mol %. Contrarily, Katyshev did not observe a trend as obvious as that regarding viscosity as a function of
composition.

Figure 3. Measured viscosity of NaCl-KCl as a function of temperature and composition. Data comes
from this work and values from the literature.

These measurements performed with NaCl-KCl are part of a larger effort to characterize the pseudo-ternary
system NaCl-KCI-LiCl and the pseudo-ternary subsystems. Such an effort demonstrates the
high-throughput measurement capabilities with the rolling ball viscometer, thus enabling full
compositional studies of higher-order systems. Measurements are being validated against those in the
literature and ab initio simulations, following the general framework described in Nguyen et al. [36].
Laser-induced breakdown spectroscopy is also being performed for trace metal and moisture content



Figure 4. Circuit diagram that describes the electrical analog to the thermal resistances associated
with the variable gap technique.

analysis, following processes described in Andrews and Phongikaroon [3].

3. THERMAL CONDUCTIVITY MEASUREMENT SYSTEM

3.1 METHODOLOGY
3.1.1 Principles of Operation

Thermal conductivity measurements of molten salts at ORNL are performed using the variable gap
technique. This technique was developed in 1973 by Cooke [13] and adapted by Gallagher [18, 19]; the
system developed by Gallagher is considered herein. The variable gap technique is a steady-state technique
involving careful measurement of temperature difference across a gap with a fluid specimen with unknown
thermal conductivity while driving a known heat flux across. The main advantage of the variable gap
technique over other steady-state measurement techniques is that measurements at different salt thicknesses
(gaps) allow the conductivity to be dependent only on the salt properties, and not the other materials in the
system (fixed resistance).

Using the electrical circuit analog, the system can be described using Figure 4. T, e, and Ty, represent
the temperatures, which are measured by the probes located on the upper and the lower ends of the
specimen, respectively. Ry, upper and Ry, jower are the thermal resistances associated with the material
between the probes and the specimen on the upper and lower ends of the specimen, respectively. The
specimen itself has three heat transfer mechanisms; therefore, it should have three resistances in parallel
(radiation Ry, rqq, conduction Ry cond, convection). However, convection is considered negligible for the
small gap sizes measured, proven based on an assessment of the Rayleigh number in Gallagher et al. [18].

The total fixed resistance in the system is defined as

Rth,fixed = Rth,upper + Rth,lower’ (®)

and the total variable resistance in the system is defined as



1

Rinyar = ————, )
Keond T Krad
where k.onq 18 the thermal conductivity of the salt, and k.44 is the effective radiative component. Using
Fourier’s law, the conductivity as a function of specimen thickness or gap size (x) can be defined:
AT spec(X) 1
pec
———— = R fixea + ———x, (10)

Kcond t Krad

where ¢ is the heat flux applied by some heat source on the upper end of the specimen, and AT pec(X) 18
the difference between T, per and Tjyye,. By measuring the AT, at multiple x values, a linear function
can be fit, where - d1+K y is the slope of the line. From this slope value, thermal conductivity k..,q can be

determined by calculating the radiative component «,,4, which depends on the optical properties of the
salt-wetted faces above and below the specimen, and of the salt specimen itself.

The main challenges for accurately measuring thermal conductivity in this system are accounting for
system effects (heat losses/gains) on q” and the correction of «,,4, Which is discussed in more detail in
section 3.2.

3.1.2 System Overview

An overall view of the thermal conductivity system is shown in Figure 5. The system comprises an external
and internal containment. The structure is compact enough to fit within a glove box for specimen loading.
The containment can then be resealed inside the glove box after loading such that the salt is never exposed
to an open environment and is always in an inert one. The system is then placed inside a tube furnace,
where it can be heated up to temperatures of 900°C. Air is flowed through the bottom of the external
containment through evenly spaced channels, while two heating elements, a main heater and a guard
heater, are placed inside the bottom of the internal containment above the sample shown in Figures 6 and 7.
The two heating elements drive a AT across the sample. The internal containment can move vertically via a
welded bellows feedthrough, which allows the heating elements to move farther down into the outer
containment. This, in turn, reduces the amount of salt sampled and changes the gap thickness (x). This gap
thickness is measured by a digital variance indicator following the internal containment. Two complete
containment structures have been constructed from Hastelloy C-276 and SS-316; both are available for salt
measurements.

3.2 IMPROVEMENTS TO METHODOLOGY

Over this FY, significant work was devoted to reducing the uncertainty and increasing the consistency in
measurements. Two parameters were identified that influenced the measurements the most significantly:
heat flux (q”) and radiative heat transfer (k,44).

In previous measurements, heat flux into the sample was solely determined to be from the “main” heater,
with the assumption that heat shunting in the system was low if the system was properly insulated and AT
between the main heater and the top of the guard heater was close to 0. However, it was determined



Figure 5. Overall cross-sectional view of the variable gap system, which comprises the inner and
outer containments.

Figure 6. Specimen region of the variable gap system. Black arrows indicate ideal heat flux vectors.)
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Figure 7. As-built heater assembly: (a) axial guard heater, (b) quartz insulator, (¢) main heater,
(d) center thermocouple slot, and (e) side thermocouples placed in welded heater assembly cup.

through repeated measurements with various media that this assumption was not accurate, and it was too
difficult to ensure perfect insulation to prevent excessive heat shunting and to maintain the AT assumption
over repeated measurements. Even if the difference between main heater and guard heater temperatures
were low—especially if there were a large discrepancy in power supplied to each heater—the system could
not accurately predict thermal conductivity. Therefore, a more rigorous characterization of heat flux was
performed using various helium calibrations at different temperatures and systems setups to establish a
correction factor (Cs) to account for heat shunting based on temperature profiles within the system:
ATspec(x) 1

———— = R fixea + —————x, (11)
(Cs)g) e Kcond + Krad

This power correction is assumed to correct for the following:
e Radial losses/gains
e Combined power contribution to the salt from both main and guard heater
o Differences in cooling power from measurement to measurement

To ensure that the heat loss characteristics are similar from a helium calibration to a salt measurement, it
was assumed that for a given measurement, if the magnitude of AT is the same, a power correction for
one measurement can be applied to another measurement. Figure 8 shows the power correction trends as a
function of AT pec.

The second major source of uncertainty is radiative heat transfer. With the addition of helium as a calibrator
for the system, the differences in how media interact with radiation must be accounted for. Helium is
considered transparent (i.e., negligible interaction with radiation), whereas salt is considered optically thin
but participating. Both media have significant but different effective radiative heat transfer components.
Therefore, when determining the power correction factor during calibration, the inherent transparent
radiative heat transfer must be accounted for before applying this correction to the salt (which will have its
own but different relationship). In previous considerations of the radiative heat transfer, both effective
radiative conductivities (transparent and optically thin but participating) were presented as k44 in [18] as:

EO‘X(Tupper + Tlower)(Tzfpper + leower)
Krady, = 2 —€ ’ (12)
Kradge, = 47l260’T§pec'x’ (13)
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Figure 8. Changes in the power correction factor C; due to heat shunting with respect to the
difference in temperature across the specimen (7’)..) .
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Figure 9. Radiative heat effect on resistance curves during gap changes for (a) 900°C helium [13] and
(b) 700°C helium (Current).

where € is emissivity, T’y is average specimen temperature, and 7 is the refractive index of the salt.
However, singling out the radiative heat transfer for calculating the power correction factor or correcting
the salt conductivity are very challenging due to the dependence of «,,4 on x. It is also very challenging to
directly calculate the radiative heat transfer because the emissivity of the plates is constantly changing and
difficult to determine, and optical properties of the salt (77) are not well studied. Therefore, an experimental
approach was taken to remove the effect of radiative heat transfer. Due to the dependence of effective
radiative heat transfer on X, it can be neglected in the working equation if the slope of the resistance line is
taken as close to a gap size of 0 as possible, resulting in Eq. (11) reducing to

I dAT(x—0) 1
C‘Yq” dx Kcond +_K‘ra/a';0

(14)

The effects of gap size on the resistance curves due to radiative heat transfer were studied extensively by
Cooke [13], and the linearizing phenomenon of the total thermal resistance as x approaches zero is seen in
recent measurements taken (Figure 9); this phenomenon was similarly shown by Cooke, indicating that
radiative heat transfer indeed becomes negligible for particularly small x values.

3.3 EXPERIMENTAL MEASUREMENTS

Near-minimum liquidus NaCI-KCl (44 mol% NaCl) molten salt was measured at four temperatures over
the range of 680-800°C. The salt composition was loaded into the external containment, sealed, and
vacuum dried at 350°C for three hours. The containment was backfilled with helium after drying to closely
match the system configuration of the helium calibration measurements. For each measurement
temperature, the system was given ~12 hours to reach thermal equilibrium. Temperatures were measured
for each data point over five gaps ranging from 0.35 mm to 0.05 mm. The results of four temperature
setpoints (680, 716, 760, and 800°C) are shown in Figure 10 comparing data from the previous FY [8],
experimental literature data from Smirnov [44], kinetic theory based on a model derived by Gheribi [21],
and an ab inito model [21].

The newest acquired data agree very well with kinetic theory over the temperature range measured,
showing a slight negative trend with increasing temperatures.

13



Figure 10. Comparison of new NaCl-KCl thermal conductivity measurements to previously acquired
values and literature values.
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Although significant variability was observed for each temperature, precision can be improved in future
measurements by taking more gap measurements toward the lower gap sizes to more accurately capture the
non-radiative linear trend. To further validate this new methodology, and prior to moving toward
application to actinide-bearing salts, pure LiCl will be measured in the same device because LiCl is well
characterized in the literature. This method will also be repeated for FLiNaK in our separate fluoride
containment vessel (Hastelloy) to ensure that this methodology is validated for both containment types.

4. PREPARATION FOR URANIUM-BEARING SALT MEASUREMENTS

An image of the the variable gap thermal conductivity system and the rolling ball viscometer is shown in
Figure 11. The control volumes of both of these mixtures are now connected to a ventilation stack that is
designed to handle off-gassing of uranium-bearing salts. Before and after measurements with either system,
the respective control volume can be completely evacuated into the stack. During measurements, an in-line
pressure relief valve will be connected to the stack, such that if either system pressure exceeds its respective
pressure limit, then the pressurized gas can vent into the stack as well. Such a ventilation system will be
crucial because uranium-bearing salt mixtures are targeted for future experiments with both systems, now
that the ability to measure thermal conductivity and viscosity of alkali halides has been established. Target
compounds include UCl3, UCly, UF3, and UF4, mixed with alkali halides. Regarding the chlorides, extra
caution must be taken with UXy4 (where X is either fluorine or chlorine) because the U/UX,4 redox potential
is relatively low [51], meaning corrosion of most metal alloys becomes thermodynamically favorable; it
may be necessary to handle UX4 (unless mixed with UX3) in glass liners within metal alloys.

Figure 11. Both the rolling ball viscometer and variable gap system with the integrated ventilation
stack.

15



S. CONCLUSION

In general, thermal conductivity and viscosity are not well characterized for many key molten salt systems
of interest to MSR developers. To address this issue, a variable gap system for thermal conductivity, and a
rolling ball viscometer were tested on the key chloride pseudo-binary system, NaCl-KCl, to generate
property datasets that may be added to the literature. These tests were also conducted to demonstrate the
feasibility of performing accurate measurements on uranium-bearing systems, which are particularly
lacking in terms of thermophysical characterization. Thermal conductivity measurements with NaCl-KCl
showed good agreement with kinetic theory and ab initio modeling, both in terms of magnitude and
temperature dependence. Viscosity measurements with NaCl-KCl show reasonable agreement with
independent experimental studies, and the impact of increasing NaCl concentration has been shown to
increase the viscosity of the mixture. A dedicated, high-throughput x-ray system was arranged for the
viscometer, and both systems were integrated with a ventilation system for off-gassing of radioactive
material. Both systems are now prepared for measurements with uranium-bearing salts, with the target of
conducting such measurements in FY24.
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