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High-temperature fluids such as molten salts, liquid metals, and gasses are being proposed for many
advanced energy systems including thermal energy storage devices, concentrating solar plants, and ad-
vanced nuclear reactor designs. However, the chemical behavior and thermophysical properties of many
of these fluids have not been well characterized, which hinders the design, modeling, safety analysis, and
deployment of these systems. Thermal conductivity is a property that is especially limited by existing
measurement capabilities, which are subject to errors caused by convection, material interaction, radiative
heat transfer, and instrument degradation. Therefore, there is a lack of standard, systematic measurement
techniques for high-temperature, reactive, and corrosive fluids. In this work, the development of a vari-
able gap thermal conductivity measurement system is detailed. The system is designed to measure the
thermal conductivity of highly corrosive and reactive fluids, and survive operation between 100 °C and
800 °C. The effects of convection are minimized by limiting the thickness of the specimen to thin sizes
(<0.3 mm). Corrections for radiative heat transfer were included in the working equations to consider
specimens with varying optical properties. The design, construction, instrumentation, operating princi-
ples, and data analysis techniques are discussed in detail. The system was tested up to 500 °C using
helium gas and molten KNO3-NaNOs to verify the measurement technique and determine the sources of
error. At 300 and 400 °C KNO3-NaNOs, results showed maximum relative error of 6% when compared to
results in the literature. The helium results were within 13% of those in the literature at 300 and 400 °C.
Higher errors were observed at 500 °C for both fluids, and the sources of these errors are discussed.

© 2022 Published by Elsevier Ltd.

Keywords:

Thermal conductivity
Fluid properties
Property characterization
Molten salt

Heat transfer

Energy materials

1. Introduction

Many potential low-carbon energy systems rely on the use
of high-temperature heat transfer or heat storage fluids. High-
temperature, i.e. above 400 °C, molten salts, for example, have fa-
vorable properties for heat transfer and storage [1,2]. Thermal en-
ergy storage (TES) and concentrating solar plants (CSP) have al-
ready been demonstrated commercially with nitrate-based molten
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salts and steam [3-8]. However, the efficiency and energy density
of TES and CSP systems would be improved by utilizing higher op-
erating temperatures enabled by higher temperature fluids, includ-
ing molten metals, molten salts, and compressed gasses [5,9-11].
Moreover, some system designs will require even higher tempera-
ture fluids, such as energy storage units that have been proposed
for integration with industrial processes to recover and repurpose
waste heat streams that may have temperatures above 800 °C
[12-14]. Nuclear power would also benefit from the utilization of
higher temperature fluids to improve safety, efficiency, and poten-
tially reduce the capital cost of nuclear reactors [15]. Higher tem-
perature reactors also enable hybridization with other technologies
such as process heat applications, hydrogen production [16], and
supercritical CO, Brayton cycles [11,17]. Numerous advanced reac-
tor design concepts being pursued will utilize molten salts [15,18],
liquid metals [19], or high temperature gasses [20]. Additionally,
the use of high-temperature salts and metals have been proposed
for use in fusion reactors as thermal blankets [20-23].
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Modeling and simulation tools are often employed to design
and optimize energy systems, through multiphysics and multiscale
modeling which require temperature and composition dependent
thermophysical property data as inputs [24]. Accurate knowledge
of the thermophysical properties is required for accurate design,
optimization, and deployment of these systems [25]. Moreover,
high-temperature fluids often have challenging chemical charac-
teristics, including reactivity, corrosivity, and volatility. In molten
salt reactors, where nuclear fission products will be continually in-
troduced and potentially removed from the liquid fuel, the fluid’s
chemistry will have temporal and/or operational condition depen-
dent chemistries for which the thermal properties are uncharac-
terized, and these properties are currently difficult to predict with
modern computational tools. These effects can be simulated with
predictive thermochemical or thermophysical models coupled with
system models, but these models require experimental data to
benchmark and refine modeling techniques [24,25].

The efficiency, operational constraints, and safety of these high-
temperature systems will depend strongly on the working fluid’s
thermophysical properties and corresponding uncertainties. There-
fore, techniques to improve and optimize thermal properties—
such as thermal conductivity or heat capacity—that directly impact
charge/discharge rate of latent heat storage systems, are also under
investigation. For example, the use of encapsulated phase change
materials in conjunction with a heat transfer fluid, or the addition
of nanoparticle additives for latent heat storage, have the poten-
tial to improve the thermal performance of potential heat transfer
fluids [26-29]. However, experimental measurements will be nec-
essary to quantify the effectiveness of these proposed property en-
hancement techniques.

Despite the level of interest in utilizing high-temperature fluids
and the importance of thermal properties to system performance
[30], the properties are not well characterized because of the dif-
ficulty of performing experimental measurements at high work-
ing temperatures with reactive materials [31]. Molten salt thermal
conductivity experimental data are especially scarce, and much
of the existing data often have high uncertainties and discrep-
ancies between other studies [9,25,32]. These experimental dis-
crepancies are expected to be a result of measurement bias from
competing mechanisms of heat transfer (radiation and convection)
[32-34]. Multiple theoretical models have been proposed [35-39],
and molecular dynamics simulations [39-44] have also been uti-
lized to predict molten salt thermal conductivity, but both re-
quire additional experiments for validation. Although numerous
techniques—including transient electrically heated sensors, steady-
state heat flow, and optically heated techniques—have been devel-
oped [31,34], a standardized and repeatable technique applicable
for a wide variety of high-temperature fluids has not yet been es-
tablished.

1.1. Techniques for fluid thermal conductivity measurements

Generally, thermal conductivity measurement techniques are
classified into steady-state and transient methods. Reviews on dif-
ferent thermal conductivity measurement techniques are provided
in other works [31,45,46]. Here, we briefly discuss the techniques
that have been applied to high-temperature fluids such as molten
salts. Transient techniques applied to high-temperature fluids in-
clude the transient hot wire (THW), laser flash diffusivity, and
forced Rayleigh scattering. The primary disadvantage of these tech-
niques is that they are not direct measurements of thermal con-
ductivity, but rather of thermal diffusivity. This necessitates knowl-
edge of the fluid’s heat capacity and density to calculate the con-
ductivity. Steady-state techniques include coaxial cylinder and par-
allel plate (or axial flow) methods. These techniques generally re-
quire large sample volumes relative to transient techniques and
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have been hypothesized to be affected by convective and radiative
errors.

THW is an established technique applied to measure the ther-
mal conductivity of liquids, solids, gasses, and powders [47,48]. The
technique relies on measuring the transient temperature rise of a
thin wire that is resistively heated by a step increase in power
while suspended or embedded in a specimen and relating it to
the heat diffusion equation [47,49]. The application of the THW
method has proven to be reliable for measuring fluids’ thermal
conductivity. However, for use in high-temperature reactive flu-
ids, the sensors material selection/fabrication is a major techno-
logical challenge because of corrosion and the need for passiva-
tion when measuring conductive fluids. The sensor and passivation
layer must be chemically inert and resistant to thermal expansion
stresses. Furthermore, corrections for the sensor geometry and pas-
sivation layer thickness must be considered [50-55]. To simplify
the data analysis, the solution to the heat equation used for these
sensors typically assumes ideal conditions, such as a thin plane
source [56] or an infinitely thin wire [47]. Therefore, these tech-
niques must also carefully consider non-ideal conditions such as
the size of the wire/sensor and coating that can result in conduc-
tion errors, sensor heat capacity effects, and radiative heat trans-
fer. Corrections for these effects often require a priori knowledge
of thermal properties, such as specific heat capacity and density of
the sample and sensor materials in the experiment. Often it is non-
trivial to measure the other properties of high temperature fluids,
such as the heat capacity of molten salts [57]. Similar difficulties
also exist for other types of transient probes, including the three-
omega (3w) [58] and transient plane source techniques [56,59].

Another common technique that is widely applied to thermal
conductivity measurements of high-temperature materials is the
laser flash diffusivity technique, which optically heats a planar
specimen on one face with a laser pulse or high-power flash lamp
while measuring the transient temperature rise through a speci-
men of known thickness with an infrared detector on the oppo-
site side [60]. This technique has been applied to high-temperature
fluids using custom-designed layered crucibles [61-63], but results
suggested an errant positive temperature dependence with tem-
perature. This is expected to be due to a lack of corrections for
thermal radiation and conduction losses in a three-layer geome-
try [35,36,38]. Like other transient techniques, the laser flash tech-
nique is not a direct measurement of thermal conductivity and can
only provide data on the material’s thermal diffusivity without ad-
ditional heat capacity and density data. Crucible design must con-
sider volatility [64] and wetting [65] of the samples, which can
lead to corrosion or contamination of the system over time, as well
as measurement errors [57].

Forced Rayleigh scattering, described by Nagasaka et al. [66],
employs a heating laser split into two beams crossed within a sam-
ple volume, generating an interference fringe pattern. The interfer-
ence pattern generates a sinusoidal temperature pattern within the
sample. The heated region of the sample acts as a phase grating on
the probing beam. The transient decay of a short, heat-inducing
laser pulse obeys the diffusion heat equation, and analysis of the
diffracted probing laser is used to measure the thermal diffusivity.
This technique has been applied to a variety of pure molten salts
[67-69], and data are considered reference quality [34,35]. How-
ever, the technique is limited to transparent, glass cells, which are
not compatible with some fluids such as fluoride molten salts [70].
Like the other transient techniques, forced Rayleigh scattering re-
quires a priori knowledge of density and heat capacity.

Steady-state methods commonly require the exposure of two
ends/sides of a specimen to surfaces held at two different isother-
mal temperatures, resulting in a temperature gradient through the
specimen thickness. The temperature difference and a measure-
ment of the heat flux through the specimen is used to deter-
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mine the thermal conductivity through approximations of Fourier’s
law, a simpler working formulation relative to transient techniques.
Steady state methods include coaxial cylinder techniques [71-73],
comparative techniques [74], and parallel plate techniques [75-79].
Although these methods have the advantage of direct measure-
ment of thermal conductivity and simpler data analysis relative
to transient techniques, steady-state techniques generally require
larger sample volumes, sensors, and specimen heat sources. There-
fore, mitigation of convective and radiative losses is a significant
challenge when applying these types of techniques to fluids [34].
This is especially true when studying high-temperature fluids such
as molten salts, which tend to have low viscosities and high ther-
mal expansion coefficients which exacerbate the buoyancy-driven
flow if temperature gradients in the specimen exist, thereby in-
troducing error into measurements. The temperature sensors must
also account for material contact conductance, as well as the ther-
mal conductance of barrier materials if the sensor cannot be placed
in direct contact with the specimen. At high temperatures, correc-
tions for radiative heat transfer must also be considered, and ef-
fects will depend on the plate material, surface roughness, and the
fluid’s optical properties [80,81].

The variable gap technique described by Cooke [82,83], de-
veloped primarily for the measurement of thermal conductivity
of molten salts at Oak Ridge National Laboratory (ORNL), pro-
vides a potential solution to thermal resistance effects, buoyancy-
driven errors, and radiative heat transfer corrections. The technique
was demonstrated for He, Ar, Hg, and H,0. It was also demon-
strated for a 44-49-7 mol% mixture of KNO3-NaNO,-NaNO3, and
the results showed reasonable agreement with other experimen-
tally measured values and semi-empirical theoretical estimations
[82,84]. Like parallel plate and axial flow techniques, the vari-
able gap technique measures steady-state temperature differences
through a planar specimen but with small sample thicknesses to
reduce buoyancy driven flow in the fluids. Based on the thermal
power applied to the specimen, a thermal resistance with respect
to specimen thickness is measured to determine the thermal con-
ductivity using an approximate solution to Fourier’s law. Variation
of the gap thickness removes the uncertainty of contact conduc-
tance and thermal resistance between the temperature sensors and
the specimen being analyzed (further discussion provided in Sec-
tion 2). It was also proposed that measurement with sufficiently
thin specimen gaps has the potential to measure radiatively non-
participating (infrared transparent) fluids with radiative corrections
to the working equation as well as participating (semi-transparent)
fluids with a correction using refractive index and mean absorption
coefficients [80,82].

In this work, a modern measurement system based on Cooke’s
variable gap technique was designed, built, and tested. The variable
gap thermal conductivity system employs a thin (<0.3 mm) spec-
imen, small temperature differences through the specimen (~10-
15 °C), non-reactive materials of construction, and modern data
acquisition and analysis systems. Measures were taken with this
design to reduce temperature gradient through the specimen, as
well as specimen thickness to reduce the uncertainties that af-
fected previous works applying steady-state techniques on high-
temperature fluids. The data acquisition allowed for the application
of novel data analysis algorithms to process the data, and modifica-
tions to the variable gap working equations were developed using
updated models of radiative heat transfer.

2. Theory

The variable gap technique’s measurement principle is like
other steady-state techniques, which measure and apply a tem-
perature difference through a known thickness of material to de-
termine the thermal conductivity using approximation of Fourier’s
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law of conduction. This arrangement assumes isothermal, infinite
parallel plates held at two different temperatures.

2.1. Ideal analysis model

When considering the 1D heat flow between two sides of a
plane of material held at two different temperatures, Fourier’s law
simplifies to

p AT _ Qxx

q =—K7..A —>—K_m,

and the thermal resistance is
Rip = % = I%

where q” is the heat flux, ¥ is the material thermal conductiv-
ity, AT is the difference in temperature between the two sides,
x is the material thickness, A is the cross-sectional area of the
surface above the specimen, and Q is the thermal power. Most
steady-state measurement techniques use a single specimen thick-
ness and must include corrections for the total thermal resistance
of the materials that are in series with the specimen. Contact ther-
mal resistances can also contribute to the measured resistance, bi-
asing the measured thermal conductivity. One method to circum-
vent the estimated contact conductance and material thermal re-
sistances is to take thermal resistance measurements with varying
specimen thicknesses. This enables a direct measurement of the
thermal conductivity by isolating the effects of additional thermal
resistance [82,83,85]. Considering a geometry with planar material
in between upper and lower temperature probes, the thermal re-
sistance is calculated in series (shown in Fig. 1), and the total ther-
mal resistance between the probes is

AAT
Reh total = Q

(1)

(2)

= Rth,upper + Rth,lower + Rth,s~ (3)

In Eq. (3), Repupper and Ry jower are the thermal resistances
above and below the specimen caused by barrier materials and
contact interfaces, and Ry ¢ is the thermal resistance through the
specimen thickness. The upper and lower resistances are expected
to be nearly static or fixed during a measurement. With Ryp, pper
and Rep, jower @s components of the total fixed resistance (R fixed),

Rrh.fixed = Rth,upper + Rth,lowerv (4)

and the variation of the specimen thickness is the only vari-
able that will influence the total thermal resistance. Substituting
Eq. (4) into Eq. (3) and Eq. (2), the thermal conductivity of the
specimen (ks) can be described as a linear function of x,
1% = % = KlSX+Rth,fixed~ (5)
Maintaining ideal conditions, in practice, is very challenging be-
cause of the effects of convection, radiation, and conductive heat
losses, which can result in non-isothermal conditions and errors in
the measured conductivity. Eq. (5) applies only to opaque speci-
mens that have large optical thicknesses and do not transmit ther-
mal radiation. In the cases of transparent, optically thin, and radia-
tively participating species, adjustments to the working equation
must be made.

2.2. Treatment of radiative heat transfer

All materials constantly emit and absorb thermal radiation con-
sisting of electromagnetic waves or photons. The effects of radi-
ation are often insignificant when operating near room tempera-
ture, but correction for radiative heat transfer is essential for mea-
surements at elevated temperatures. Though it is important, these
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Rth,lower

Probe lower

Fig. 1. The resistance network for a planar specimen with material between the temperature reference points (probes).

effects are often poorly quantified because of optical property de-
pendance on many factors including temperature, surface condi-
tion of materials, and spectral energy. Like material surface emis-
sion and absorption of radiation, a medium can also absorb and
emit radiation internally. These materials are referred to as partic-
ipating or semi-transparent. When considering the thermal conduc-
tivity of semi-transparent materials, especially at elevated temper-
atures, the apparent enhancement of thermal conductivity due to
thermal radiation requires attention [86-90]. Many candidate ma-
terials for high-temperature systems including molten salts may
refract, absorb, emit, and potentially scatter radiation (in the case
of nanoparticle doped fluids, which are not considered herein) [91-
94].

It should be noted that numerous techniques with varying com-
plexity exist to solve the radiative heat transfer equation. However,
a concise working equation was used in this work that is more
tractable to apply with limited knowledge of the specimen’s opti-
cal properties. In the case of parallel plate instruments, it is rea-
sonable to treat the bounding surfaces as gray, diffuse bodies in-
stead of spectrally dependent surfaces and to make use of approx-
imations that circumvent the requirement of solving the radiation
transport equation.

For materials with small optical thicknesses and negligible
emission (transparent), the mathematics associated with radiative
heat transfer reduce to the Stefan-Boltzmann law of radiation.
When a medium is optically thick, such as liquid metals, photons
are absorbed, emitted, and reabsorbed without traveling a signifi-
cant distance within the medium, and radiation can be treated in
the same manner as heat conduction, reducing the working equa-
tion to Eq. (5).

Transparent, non-emitting specimens like many gasses at mod-
erate temperatures have negligible contributions from thermal ra-
diation. The radiative contribution can be accounted for using the
standard expression for radiative heat flux between two gray, dif-
fuse parallel plates held at two different temperatures:

"o o (T‘]l_TAZl)

4 T4
_ yo eo (T} -T})
rad erl+ey1-1

, i =3 g when & = &, (6)
where q;;d is the radiative heat flux, o is the Stefan-Boltzmann
constant, ¢ is the emissivity of plates 1 or 2, and T is the tem-
perature of plates 1 or 2. Using a thermal resistance network ap-
proach, the thermal resistance through the specimen can be ex-
pressed assuming parallel resistance, shown in Fig. 2, and the re-
sistance through the specimen is

1 1 1
=t —,
Rth.s Rth.rad Rthcond

(7)

where Ryp ;qq and Ry cong are the radiative and conductive resis-
tances.

In Eq. (6), the radiative heat transfer coefficient (h,,y) can be
used to express g , in terms of the temperature difference:

., &0 (T{‘ - T24)

Qrag = (2-¢) =h(hh - ). (8)

Using Eq. (2), Ry q¢ can also be described using the radiative
heat transfer coefficient:

R 1 2-¢)
hrad = 7 = .
M a0 (Ty + ) (T2 + T2)

Therefore, combining Eq. (9), Eq. (7), the total specimen resis-
tance is

1 eo(+D)(T2+T}) &

(9)

= — 10
Rone z-o T x 1o
and Eq. (5) becomes
AT 1
T Ren, fixed + cox (T (17477) X. (11)
—— = 1 Ks

Alternatively, the radiative contribution to the effective thermal
conductivity can be expressed as k44, giving [81]
AT 1

— =R fi —X. 12
q// th,flxed+Krad T K ( )

The effects of weakly interacting or semi-transparent fluids
when determining the radiative contribution to the thermal con-
ductivity measurement is more complex. Rausch et al. included
a correction for radiative participating fluids measured with a
guarded parallel plate apparatus [86]. This correction was based
on the works of Braun et al. [81], Kohler [95], and Poltz [80]. Cooke
[82,83] also described a similar correction for a previous version of
a variable gap apparatus. Assuming small temperature differences,
a linear temperature distribution through the specimen, and a con-
stant bounding surface emissivity, the «,q4 is

4 Ve,
e e (i)
k 2
" (e (1) 1)

where k is the absorption coefficient, v is the wave num-
ber, c; and ¢, are the constants in Planck’s energy distribution
(3.741771 x 10~ Wm [2] and 1.43877 x 102 mK respectively),
Tayg is the mean specimen temperature, and n is the refractive in-
dex. Y, the fluid’s reflectance, is a function of the plate emissivity
and specimen optical thickness (T = kx)

1—exp(-1)
1+ (1-g)exp(-%)

From Poltz’s tabulation of Y with different values of 7 and ¢
[96], in the case where the optical thickness approaches zero, Y
approaches

Y:%(zie)' (13)

Therefore, treating n independently from the wavelength,

Eq. (13) becomes
4 vey
v4exp (ng>

2
Ta%,g<exp (%) - 1)

dv, (13)

4
Krad = 3€1C2 Sozon(v)

Y=1- %(2 —e) s} vidv. (14)

Krag = C1CaN2X [ dv . (16)
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Rth,rad

Rth,upper

Probe upper

Rth,lower

Probe lower

Rth ,cond

Fig. 2. Resistance network with radiative heat transfer in parallel with conduction.

Egs. (11), (13), and (16) can be used to analyze participating flu-
ids by modifying «,,4 in Eq. (12), depending on the expected opti-
cal properties of the specimen being measured.

2.3. Convection effects

Convection effects are considered a primary reason for errors in
steady-state measurements of thermal conductivity of high tem-
perature fluids. In this variable gap system, the effects are mini-
mized by heating the specimen with the upper plate and by using
a very thin (<0.3 mm) specimen gap. The Rayleigh (Ra) number
describes the critical value at which buoyancy driven flow becomes
significant:

3¢ 2
Ra — 8 ATx*Cyp ’ (16)
Kn

where g is the gravitational constant, « is the thermal expansion
coefficient, C, is the specific heat capacity, p is the density, and n
is the dynamic viscosity. As discussed by Rausch et al. [86], a con-
servative limit to ensure insignificant convection in a parallel plate
apparatus is Ra < 1708, considering the works of Mostert et al.
[97] and Gitterman [98]. This is conservative because the criterion
assumes fluid heated from the bottom, instead of from the top. The
former having a higher tendency to induce buoyancy driven flows.
For this work, the Ra of helium was calculated to be well below
this criterion for gap sizes below 0.3 mm and temperature differ-
ences of 20 °C, which is conservative for this system. The NaNO3—
KNO3; molten salt, however, could approach Ra > 1708 at higher
temperatures where the viscosity is low. Care was taken to limit
the AT between the plates and the gap size during these mea-
surements to ensure that natural circulation errors did not affect
the measurement. The calculation of Ra was completed following
measurements using the measured gap size, average temperature,
and temperature difference to ensure that convection was negligi-
ble.

3. Experiment design and materials

The variable gap thermal conductivity system developed for this
work was designed with consideration of the following criteria: (1)
standard/simple fabrication and instrumentation consistent with
standard production methods; (2) robust design and construction
that can withstand continued use at high temperatures (up to
800 °C) and with chemically aggressive specimens; (3) modular
construction to allow for rapid replacement of components in the
case of damage by corrosion or for improvement and modification
of the design; (4) capable of direct measurement of thermal con-
ductivity because other properties, such as density and heat capac-
ity, of the potential fluids may not be well characterized; and (5)

compact enough to be loaded and sealed in standard inert glove
boxes and fit on a laboratory benchtop.

3.1. Experiment mechanical design

An illustration of the system is shown in Fig. 3. The system
consists of a flange-sealed cylindrical chamber, external contain-
ment, a), which encompasses the specimen, temperature probes,
and cooling channels, g). An additional sealed chamber, referred
to as the internal containment, b), is inserted into the external
containment. The internal containment features a welded bellows
feedthrough, c), which mates with the top flange of the external
containment. The bellows feedthrough enables vertical translation
of the internal containment within the external containment while
maintaining a hermetic seal between the sample environment and
external environment. At the bottom of the internal containment,
a cylindrical plate shaped cell-the heating module, d)—contains
thermocouples and a mineral-insulated resistive heating element.
Axial translation of the internal containment is precisely controlled
using a jam-nut coupled to a threaded portion of the internal con-
tainment, e). The position of the heater cell relative to the bot-
tom surface of the external containment (gap thickness) is mea-
sured with a digital variance indicator, f). The gap thickness during
a measurement is generally kept below 0.3 mm when measuring
high-temperature fluids to minimize convection effects.

The structure of the system is fabricated primarily from 316
stainless steel for its high-temperature strength and corrosion re-
sistance. The assembled system is small enough to fit in standard
glovebox antechambers and seals for transportation, which enables
loading and testing of specimens in high-purity, dry, and inert gas
environments, among other specific conditions. During operation,
the chamber is placed into a tube furnace, which is the primary
heating source used to maintain the entire system at the desired
equilibrium temperature. The specimen is contained at the bottom
of the outer containment; it is cooled on the bottom surface by air
cooling channels and heated on the top by the heating module.

An illustration of the specimen-containing region of the appa-
ratus is detailed in Fig. 4, with the key components labeled. The
heating module, a), contains the resistive heater, c¢), which is the
main source of heat flux, h), through the specimen, d). The heating
module also contains thermocouples to measure the temperature
on the top surface of the specimen in the center, e), and on two
sides. The heat applied to the top of the specimen results in a tem-
perature difference (AT) through its thickness when the specimen
is cooled simultaneously by the cooling channels, g), on the bot-
tom surface. The power applied to the top of the specimens is con-
trolled and measured using the current and voltage output of the
power supply; the heat flux is calculated using the heater’s area.
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Fig. 3. Schematic and image of the variable gap system: a) external containment, b) internal containment, c) bellows feedthrough, d) heating module, e) jam nut, f) variance

indicator, g) cooling channels.

A

o O W

m

Fig. 4. Depiction of the specimen region of the variable gap thermal conductivity system with a larger (left) and smaller (right) gap. a) heating module, b) insulating disk,
c) resistive heater, d) specimen, e) thermocouples, f) external containment chamber, g) cooling channels, h) ideal heat flux vectors.

An insulating quartz disk, b), is located above the heating element
to prevent axial heat losses that would bias measurements.

Both the internal and external containments feature gas inlets
and valves to remove or supply gas to the system, which can allow
for measurement in varying environments, as well as off-gas sam-
pling. Once both chambers are initially filled, with the specimen
in place, the pressure is manually controlled to keep the system
at the desired pressure during measurements and prevent over-
pressurization. Although the system is not designed to be pressur-

ized, moderate pressure (103-172 kPa) can be applied to the outer
containment to collapse bubbles that may have formed within the
fluid gap region during a measurement. This could also be utilized
to reduce volatilization of fluids that have moderately high vapor
pressures.

It is well known that the emissivity of surfaces is dependent
on material, temperature, and the surface roughness. To limit the
emissivity, polishing or plating with low-emissivity metals can be
performed. In the system used in this work, the bottom surface
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of the outer containment was mechanically polished to 1.6 rms,
whereas the heating plate’s bottom surface was further polished
with diamond polishing paste down to 0.3 rms. The roughness de-
pendent emissivity of stainless steel was estimated using the ex-
pression determined by Taylor et al. with hemispherical directional
reflectance [99], and averaged for the two different roughness val-
ues used. The emissivity of polished stainless-steel was adjusted
for temperature using the classical expression from Davisson and
Weeks [100]. Generally, the emissivity ranged from 0.1 to 0.2 for
the experimental conditions herein.

3.2. Measurement instrumentation

Two temperature measurements, located near the top (hot) and
bottom (cold) sides of the specimen, are required to measure the
temperature difference, AT, through the gap. In this design, three
calibrated N-type thermocouples are positioned inside the heat-
ing module. One measures the temperature in the center of the
heater, and two measure the temperature on the sides to ensure an
isothermal plate temperature. The external containment also fea-
tures more thermocouples: one near the bottom of the specimen
is used for the AT measurement through the gap and another lo-
cated below that, at the cooling channels. All thermocouples were
calibrated at the NVLAP-accredited metrology lab at ORNL and
had a maximum uncertainty of 0.1 °C. Thermocouples are logged
with an Isotech MilliK high-precision thermometer and channel ex-
pander, MilliSkanner. The mineral-insulated resistive heater wire is
coiled into a disk and sandwiched between two steel plates with a
quartz insulating disk above it. A Sorenson XPD120-4.5 DC power
supply is used to adjust and record the current and voltage, which
is used to calculate the power applied to the top of the speci-
men. The uncertainties of voltage and current measurements are
0.1 V and 0.001 A, respectively. Cooling by ~0.6 MPa compressed
air is monitored using pressure gauges and is adjusted with a nee-
dle valve. Lastly, pressure gauges and a gas manifold are attached
to the internal and external containment to monitor containment
pressure. The gap is measured off the top flange of the internal
containment via calibrated digital variance indicator with an accu-
racy of 0.0025 mm.

3.3. Measurement procedure

After specimens are loaded, the setpoint on the surrounding
furnace is set to the desired temperature. Once thermal equilib-
rium is reached, power is supplied to the resistance heater located
above the specimen. The radial temperature profile is monitored
during the application of power to the heater to maintain <1 °C
difference between the center and sides of the heating cell. This
ensures that minimal heat flux is lost/added radially and that the
heat flux through the specimen can be accurately calculated. Once
a heater power is set, the heater is lowered to touch the bottom
surface, the variance indicator is zeroed, and the heater is returned
to a height between 0.2-0.3 mm until an equilibrium tempera-
ture is reached. After equilibrium is reached, the heater is lowered
by 0.02-0.04 mm, and the gap size is recorded. The lowering of
the gap results in a change in the AT between the top and bot-
tom of the specimen. After the temperature equilibrates, the sys-
tem is held at steady state for 15 min. Then, the heater is lowered
by 0.02-0.04 mm, and the process is repeated until the gap size
reaches ~0.05 mm. This full measurement procedure is repeated
multiple times for a range of surrounding furnace temperatures.

3.4. Data collection and analysis

An automated analysis procedure is desirable because it re-
duces the likelihood of user errors that might arise by manual ac-
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tions, thereby improving repeatability. The time-dependent probe
temperature data are collected and processed post-testing to cal-
culate the thermal conductivity automatically using an analysis
script written in Python. The time-dependent thermocouple data
for the center thermocouple above and below the specimen are
used to calculate the temperature difference. A rolling window
mean (RWM) is applied for noise reduction. Because gap changes
result in sharp changes to the temperature difference through the
specimen, gap changes are automatically detected by comparing
the RWM’s standard deviation to the difference between the suc-
cessive smoothed temperature data points. If the difference be-
tween two successive datapoints is more than one standard devia-
tion, a gap change is indicated. The time between two gap changes
is then used to selectively calculate the time-averaged tempera-
ture difference though the specimen while the system is at ther-
mal equilibrium. The thermal resistance at each gap is calculated
using the steady state temperaure differences, recorded gap sizes,
the power supply’s current and voltage, and the heating mod-
ule’s cross sectional area. Then, Eq. (12)—with the appropriate ra-
diation contribution—is fit to the resistance-gap size data using a
least-squares trust region reflective algorithm. For Eqgs. (13-14) or
(16), the integrals are evaluated numerically at each gap size using
Simpson'’s rule.

3.5. Testing materials

Helium gas was purchased from Airgas, Inc., and a commer-
cially available nitrate molten salt heat transfer fluid (MS-1) was
purchased from Dynalene, Inc. Helium gas has a well characterized
thermal conductivity, and the salt is a relevant high-temperature
heat transfer fluid that has relatively low thermal conductivity un-
certainties. The MS-1 molten salt is a mixture of NaNO3 and KNO3
with a documented melting point of 225 °C, though the exact com-
position is not provided by the supplier. This melting point is 3 °C
higher than the minimum melting point of 222 °C suggested by
Bauer et al. [101], which corresponds to a 50-50 mol% mixture.
This suggests that the mixture could be +5 mol% off the eutectic
point using the phase diagram calculated by the FTSalt FactSage
database [102]. However, the thermal conductivity is not expected
to vary significantly in this relatively small range [103]. About 40 g
of the molten salt was dried under vacuum at 200 °C for ~12 h
before loading into the device. The system was filled with helium
gas by evacuating the chamber and backfilling it with helium three
times at room temperature to ensure that the fill gas did not have
any impurities.

3.5.1. Radiative heat transfer in materials

Helium gas is not expected to emit or absorb thermal radia-
tion at the temperatures considered here; therefore, Eq. (11) was
used for analysis. For molten salts, the analysis, Eq. (13), re-
quires optical properties that are generally not available in infrared
wavelengths. However, Tetreault-Friend et al. studied the absorp-
tion coefficient of a similar nitrate mixture of KNO3—-NaNO3 (40—
60 mol%) over 400-2500 nm wavelengths and calculated the re-
emission weighted absorption coefficient to be 3706.9 m~! [92].
Even for lengths of 0.1-0.3 mm, the salt should be considered a
participating medium Eqs. (12) and (13). There was a weak de-
pendence in temperature reported by Tetreault-Friend et al. [92];
therefore, a discrete value was used for the absorption coefficient.

A mean refractive index value was used for radiative heat
transfer adjustments. The mean refractive index was calculated
based on application of the Lorentz-Lorenz equation to experi-
mental measurements of refractive index for molten KNO3; and
NaNOs in Jindal and Harrington [104]. Averaged over the tem-
perature range considered in this study, the mean refractive in-
dex of KNO3-NaNO;3 (50-50 mol%) is 1.41. Although the exact
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Fig. 5. The measured temperature difference (denoted dT) between the probes for KNO3—-NaNO3; with RWM calculated mean temperature. Shaded regions depict the calcu-

lated equilibrium regions.

composition of the MS-1 fluid is unknown, the refractive in-
dex of KNO3-NaNOs changes negligibly over the range of 45-55
mol% and 55-45 mol% (0.07%). Note that the refractive index only
changes by ~2% over this temperature range, justifying the use of
a temperature average. Also note that the refractive index mea-
surements Jindal and Harrington [104] were taken at 0.589 pm,
but the peak wavelength range of blackbody radiation is 3.74-
5.05 pm for the temperatures considered in this study. Unfortu-
nately, short- to mid-wavelength infrared refractive index measure-
ments of molten KNO3 and NaNOs (or any molten salt for that
matter) have not been taken. With knowledge of a collection of
measurements of short- to mid-wavelength infrared refractive in-
dex for salts at room temperature [105,106], it is likely that as-
sumed mean refractive index of KNO3-NaNO3 (50-50 mol%) in this
study is an over-approximation because refractive index tends to
decrease as a function of wavelength per Cauchy’s transmission
equation. However, it is unlikely that the error associated with this
over-approximation is greater than 10% for this extended wave-
length range.

4. Results and discussion

The same system was tested from 300 to 500 °C on helium
and the KNO3-NaNOs salt. The time-dependent temperature differ-
ences though the gap, which were analyzed using the techniques
discussed in Section 3.4, during downward gap changes are shown
in Fig. 5 for a KNO3-NaNO3 at 400 °C. A series of gap reduc-
tions results in a descending step-change response because the re-
duction in specimen thickness lowers the thermal resistance be-
tween the top and bottom probes. Two to three sets of measure-
ments were taken at each equilibrium temperature to record mul-
tiple measurements of the thermal conductivity at a given temper-
ature. Sinusoidal patterns can also be observed in the temperature
signal. These patterns corresponded to the surrounding furnace
cycling.

The calculated thermal resistance with the curve fits for helium
and KNO3-NaNOs at 400 and 500 °C are shown in Fig. 6. The ther-
mal resistance for helium is nearly linear with respect to gap size
at 400 °C, which is expected since k; is independent of gap size.
The measurement uncertainties for the helium thermal resistance

data were between 6.4 and 7.5%. For helium, the near-linear ther-
mal resistance curves also suggest that convection, which is ex-
pected to cause a decreasing slope with respect to increasing gap
size, was effectively eliminated. Apparent curvature is observed in
the KNO3-NaNO3 thermal resistance data shown here, especially
at 500 °C. However, this trend was not consistent between subse-
quent runs at any temperature and is statistically significant given
that the measurement uncertainty was between 6.8 and 7.9% for
the KNO3-NaNO3; measurements.

The most notable observation is that the relative errors be-
tween measured and expected thermal conductivity for both he-
lium and KNO3-NaNO; have relatively sharp increases for the re-
sults at 500 °C, relative to the lower temperatures. This indicates
that systematic errors have biased the measurements, since the
thermal conductivity of either materials is expected to have a lin-
ear dependence with temperature. The sources of these errors are
considered for each material in the following sections.

4.1. Helium results

The average relative error between the known thermal conduc-
tivity of helium and the measured values at 300, 400, and 500 °C
are 10.5, 13.3, and 17.1%, respectively. The relative error has an in-
creasing trend with temperature. The commonly considered causes
of errors in steady-state thermal conductivity measurements in-
clude (1) convection, (2) radiative losses, or (3) heat losses, which
are all considered to be more likely at higher temperatures. Con-
sidering convection first, with a top-heated, parallel plate geom-
etry, there is no correction (empirical or analytical) for quantify-
ing the convection contribution to the effective thermal conduc-
tivity. Therefore, the Ra number was calculated using the experi-
mental conditions discussed in Section 2. The material properties
of helium were taken from the NIST Chemistry WebBook [107].
For these tests, helium had very low Ra numbers (<1), so con-
vection had an insignificant role in heat transfer. Considering ra-
diative errors, an under-estimation of the surface emissivity would
result in a higher measured conductivity. However, even with a
conservatively high emissivity of 0.8, the measured emissivity re-
sults in a 5% reduction in the computed thermal conductivity at
500 °C. Therefore, radiative heat transfer alone will not be signifi-
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Fig. 6. Examples of the measured thermal resistance for KNO3-NaNOs (left) and He (right) at 400 °C (top) and 500 °C(bottom) (e) with Eq. (12) fit of thermal resistance (-).

cant enough to cause the relative errors for helium. The last possi-
bility could be heat loss errors.

Nearly all parallel plate thermal conductivity systems employ
guard heating to mitigate errant heat losses [82,83,86]. It is rea-
sonable to propose that heat loss axially, either from convection or
conduction from the top of the heating source to the top of the in-
ternal containment, could result in the errors observed in the test
described herein. The experiment containment used in this work
is inserted into a tube furnace, but the top flanges are exposed to
room temperature air during operation. As such, convection cur-
rents within the internal containment (above the gap region) and
heat conduction through the structure would be a reasonable ex-
pectation. Conduction losses are discussed further in the following
section. These loses would be larger at higher temperature because
of the increasing temperature difference between the inside of the
furnace and the ambient environment. Lower thermal conductivity
fluids also result in comparatively higher thermal resistance, which
may explain why larger relative errors were observed for the he-
lium tests compared to the KNO3—NaNOs.

4.2. KNO3-NaNO3 results

The experimental results from Tufeu et al. [71] and Omotani
et al. [108] are shown in Fig. 7. Those authors measured the
thermal conductivity of 50-50 mol% KNO3-NaNO3 using coaxial
cylinder and THW, respectively. From 300 to 400 °C, the mea-
sured results with the variable gap system show reasonable agree-
ment with the previous measurements from Tufeu et al. [71] and
Omotani et al. [108]. The thermal conductivity at 500 °C shows
a relatively sharp increase (jump) with temperature. However, ex-
trapolation of the previous thermal conductivity measurement re-
sults suggest a slight negative trend [71,108], which also agrees
with the theory that molten salts are simple liquids and will there-
fore have negative temperature dependence [35,38,39]. Further-
more, review of the pure component thermal conductivity [34] rec-
ommended data from these techniques, coaxial cylinder [71], and
THW [108,109] as primary data. Like the helium tests, these re-
sults also show the largest relative errors at 500 °C, which could
be caused by convection, radiation, or heat losses.
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Table 1

Thermophysical Properties of 50-50 mol% KNO3;-NaNOs.
Property Equation (T[ °C]) Reference
o lg/em3]  2.32—(7.25x107H)T [110]
Cp [J/KgK] 1574 [111-114]
k [W/mK]  0.472 — (5.65 % 107°)T [71,108]
n [mPas]  0.074755 «exp(17,878.53111/RT) @ [115]

R is the gas constant

The convection was also considered using analysis of the
Ra number under the experimental condition. The properties
used to calculate the Ra number for a 50-50 mol% mixture of
KNO3-NaNO3; were taken from the literature. The density was cal-
culated using the rule of volumetric additivity using the pure com-
ponent densities recommended in Bauer et al. [110]. The heat ca-
pacity was calculated using the basic additivity rule with averaged
data from literature [111-114]. The viscosity was calculated using
the correlation suggested by Murgulescu et al. [115]. The thermal
conductivity was calculated using a linear fit to the data from
Omotani et al. [108] and Tufeu et al. [71], extrapolated to higher
temperatures. The temperature-dependent equations for the prop-
erties of the 50-50 mol% nitrate mixture are shown in Table 1. A
contour plot of the calculated Ra number with respect to temper-
ature and gap thickness for a specimen with an 8 °C difference
through the specimen (the maximum value observed for all cases)
is shown in Fig. 8.
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Fig. 8. The calculated Ra number for 50-50 mol% KNO3;-NaNO3 with respect to gap
size and temperature for 8 °C temperature difference.

The maximum gap size over all tests was 0.3 mm, resulting in
Ra = 1933 at 500 °C. The Ra criterion of 1701 considers a bottom
heated arrangement and is therefore a conservative estimate be-
cause the top heating arrangement applied in this work will re-
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sist buoyancy-driven flows. However, it was considered necessary
to rule out any potential bias from convection. Data points that re-
sulted in an Ra number greater than 1700 were omitted. Note that
the omission of these few points did not noticeably impact the
measured thermal conductivity. The effects of convection would
also manifest in the thermal resistance data (Fig. 6) with a non-
linear function with respect to gap size. If convection were occur-
ring, an increasing gap size would result in higher convective heat
flux. As a result, the thermal resistance results would show a de-
creasing slope of thermal resistance with respect to increasing gap
size, which was not observed in any set of data. Therefore, convec-
tion is not expected to be a significant source of error or contribute
to the measured increase in conductivity with temperature.

Another source of error could be radiative heat transfer, but it
is not expected to be significant enough to result in the magni-
tude of errors observed at 500 °C. The optical properties are not
well understood for nitrate salts at high temperatures in the in-
frared wavelength range. However, participating behavior, which is
expected for this salt, results in the largest contribution of radia-
tive heat transfer. Considering optically thick behavior, no correc-
tion for radiative heat transfer is used, which would result in a
higher measure of thermal conductivity. From Eq. (11), transpar-
ent corrections result in lower calculated conductivities relative to
the optically thick case. However, these corrections still result in
higher calculated conductivity when compared to the participating
case. Therefore, the participating case was further analyzed to in-
vestigate whether errors in the estimated n or k could result in the
apparent error at 500 °C.

Fig. 9 shows the calculated thermal conductivity for one of the
tests at 500 °C with 10% error on the refractive index and 50% un-
certainty on the absorption coefficient. The results show that an
overestimation of the absorption coefficient and/or underestima-
tion of the refractive index would result in a higher calculated
thermal conductivity. These results show that it is feasible that
radiative heat transfer could cause the errors at higher tempera-
ture if the estimated optical properties were significantly different.
Even with 10% and 50% error on the refractive index and absorp-
tion coefficient, respectively, the results would still be above val-
ues extrapolated from previous experimental works. It should be
also noted that the estimated refractive index is likely an over-
approximation (Section 3.5). Given the agreement of results at
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lower temperatures, this would also imply that either the optical
properties change significantly with temperature, which is not ex-
pected, or that the lower temperature results are lower than what
was previously reported in literature. It is also noted that the ra-
diative conductivity is proportional the gap. Like convection, signif-
icant radiative contributions would result in a non-linear function
of thermal resistance with respect to gap size, which was not ob-
served. Therefore, radiative heat transfer could contribute to the
rise in measured thermal conductivity with temperature, but it is
likely not significant enough to be the primary cause. Nonethe-
less, this work highlights the importance of optical properties, es-
pecially when studying participating fluids such as molten salts.
These properties will be even more important when examining
higher temperature systems such as fluoride and chloride molten
salts.

The final cause for a large increase in relative error at 500 °C
could be axial heat losses. This is suggested as the most likely
cause of error after considering several observations: 1) The errors
increased with increasing temperatures, 2) the errors were higher
for the more insulating material (helium relative to KNO3-NaNO3),
3) guard heating was not implemented, 4) linearity in thermal re-
sistance with respect to gap size was observed for all measure-
ments, and 5) the temperature at the resistive heater was higher
than the furnace temperature by around 15 °C.

As discussed in Section 4.1, higher furnace and heater tempera-
tures would result in larger temperature differences from the heat-
ing module to the top of the experiment and surrounding envi-
ronment. Therefore, the magnitude of heat losses by conduction
through the structure could be expected to increase with increas-
ing operating temperature. This trend was observed in both the
helium and molten salt results. Since helium is a more insulating
material than the molten salt, downward heat flow through the
specimen has a larger thermal resistance. This could explain the
larger relative errors for the helium at 300 and 400 °C compared
to the molten salt.

Guard heating is a technique where the heat flux from the pri-
mary resistive heater is forced to flow downwards, through the
specimen. This is done by adding an additional resistive heater
(guard heater) above the primary heater. Matching the tempera-
ture at the guard heater to the temperature at the primary heater,
heat flux in the upward direction is mitigated. This method is also
widely applied in similar instruments [86]. Given the lack of guard
heating, the current design would be unable to mitigate errant
heat losses at temperatures above 400 °C. Therefore, guard heat-
ing should be considered for future versions of this technique.

Similarly, the heat flux could “leak” around the specimen, i.e.
radially from the heating module to the external containment and
downward through the structure of the external containment. This
behavior could be considered by adding another thermal resistor
in parallel to the specimen’s thermal resistance. With this arrange-
ment, a non-linear response of thermal resistance with respect to
gap size would be observed in the measurements, which was not
the case for any set of data. On the other hand, axial heat loss up-
ward through the structure, would be treated as a thermal resistor
in series with the specimen with heat flux directed away from the
heating module. In this case, the linearity of resistance would not
be able to indicate significant axial heat losses.

The instrumentation in the design presented herein was not
sufficient to quantify potential axial heat losses. Though, heat
losses could be estimated considering the heat flow from the heat-
ing module, upwards to the rest of the internal containment. For
the helium and KNO3-NaNOs tests near 500 °C, the average tem-
perature of the heating module and the furnace internal temper-
ature were ~515 °C ~500 °C, respectively. If it is assumed that
the center flange on the internal containment (between the heat-
ing module and the bellows) has a temperature which is close to
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the furnace temperature, the heat loss via conduction, upwards
through the internal containment would be greater than 40% of the
total heat applied to the heating module. This results in a lower
heat flux applied to the top of the specimen than what is antici-
pated, which could account for the magnitude of errors observed
in the present measurements. Furthermore, these losses would be
expected to increase with increasing system operating tempera-
ture. While these noted observations are not conclusive evidence
that heat losses influenced the results, suggest that conductive
heat loss is a plausible source of the measurement errors.

5. Conclusions

The variable gap system described herein is a versatile tool for
characterization of steady-state heat transfer in high-temperature
fluids that are desirable for next-generation energy systems. A sys-
tem was designed and built that can accommodate a variety of
corrosive fluids in a controlled environment up to 500 °C. Mea-
surement in the steady-state regime with the variable gap tech-
nique allows for a direct measurement of thermal conductivity
and circumvents the need to correct for thermal resistance aris-
ing from contact and barrier materials. The working equations and
data analysis account for multiple types of thermal radiative inter-
actions, which will be essential for measurement at more extreme
temperatures. The testing results with He and KNO3-NaNO3; were
presented with corrections for radiative heat transfer at tempera-
tures from 300 to 500 °C. These results showed agreement with
literature values at 300 and 400 °C but had relatively large er-
rors at 500 °C. Consideration of the results suggested that axial
heat loss could be a major source of error, yet the values are still
reasonably close, considering the uncertainties of previous fluid
thermal measurements [34]. The addition of guard heating will
be necessary before accurate measurements at higher tempera-
tures can be taken. This work highlights the capability of the vari-
able gap technique for analyzing the thermal conductivity of high-
temperature fluids which will be essential for providing data sup-
porting the development of many advanced energy systems.
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