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According to the Second Law of Thermodynamics, the Carnot engine gives the highest
possible efficiency of a power cycle, which is defined as the ratio between the temperature

difference between the hot reservoir and the cold reservoir and the hot reservoir temperature.
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Operating a power cycle at high temperatures is the key to increasing the overall efficiency of a
power plant. Concentrating solar power (CSP) is one of the emerging solar-thermal technologies
that utilizes the collected concentrated sunlight for generating electricity with zero carbon
emission. In the 3™ generation (Gen 3) CSP plants, the target operating temperature is at least
700 °C to achieve higher thermal efficiency and lower levelized cost of electricity (LCOE). In
light of this, it is necessary to elucidate our fundamental understanding of the high-temperature
materials being used in next-generation CSP plants, including HTFs, thermal energy storage
(TES) materials, thermochemical materials, and thermal barrier materials. Chapter 1 is a review
of CSP technology and the current research opportunities and challenges at measurement and
materials levels. Chapter 2 presents the thermal conductivity measurement of molten salts,
including molten nitrate and chloride salts, using novel optical-based thermal characterization,
namely, modulated photothermal radiometry (MPR). Chapter 3 presents the first in-situ thermal
conductivity measurement for flowing molten salt using MPR. The relative thermal conductivity
enhancement due to the forced convection and the heat transfer coefficient (HTC) of flowing
molten salts are measured for the first time using MPR. Chapter 4 presents the first in-situ
monitoring of thermochemical reactions of hydroxides and perovskites using MPR. The thermal
characterization results are correlated to the kinetics of the thermochemical reactions. Chapter 5
presents the surface modification of quartz sand using black spinel oxide nanoparticles for low-
cost solar-absorbing and TES applications. Chapter 6 presents the realization of ultra-low
thermal conductivity and diffusivity using high-entropy spinel oxide nanoparticles (HESO NPs)
at high temperatures. Chapter 7 is the conclusion and outlook of the dissertation, providing

future research directions related to thermal evaluations of energy devices using non-contact
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characterization techniques and the design of high-entropy ceramics (HECs) for catalytic, carbon

capture, and thermal barrier applications.
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Chapter 1. High temperature materials for CSP technology: opportunities and

challenges

1.1. Overview of CSP technology

Human activities that involve fossil fuel consumption have generated extra greenhouse
gases (GHGs), particularly carbon dioxide (CO2). They accumulated in the atmosphere, leading
to a gradual increase in the global surface temperature, namely global warming. According to the
Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment Report (ARG6), the global
average temperature has reached a record high temperature, 1.1 °C higher than preindustrial
levels (1). To limit global warming to 1.5 °C, by 2030, the global CO2 emission needs to be

reduced by 48% based on the recorded emission levels in 2019.

To mitigate global warming, the deployment of different forms of zero-emission
renewable energy is significantly important. Among different forms of renewable energy sources,
solar energy is one of the promising options. First, solar energy is the most abundant resource on
Earth. The Earth’s surface receives around 360 x 10 W per year, a number that is much larger
than global annual power consumption (2, 3). It implies that by capturing all available solar
energy, in principle, the worldwide energy demand can be satisfied. Second, it is convenient to
convert solar energy to other forms of energy for electricity generation. For instance, with the aid
of photovoltaic materials, solar energy is converted to electricity by electro-hole pair creations;

solar energy can also be stored in the form of thermal energy for later use.

Concentrating solar power (CSP) is one of the emerging solar-thermal technologies that
can provide reliable and dispatchable electricity with zero carbon emission. In a CSP power,

sunlight is collected and concentrated by an array of mirrors, namely, heliostats, for heating the



heat transfer fluids (HTFs) circulating in the power plants. The HTFs store the energy in the form
of heat and then release the collected energy in a heat exchanger. The energy released is then
transferred to other working circulating fluids for powering the turbine and generating electricity
(Figure 1.1). CSP has shown technological success and has been commercialized for the
realization of decarbonized energy production. The 1% generation CSP plants typically use oil or
stream as the HTFs. They operate at 240- 440 °C with a power cycle efficiency of around 28- 38
% (4); the 2" generation CSP plants were pushed to higher operating temperatures of up to 550
°C with the alternative of using molten salts as HTFs. A higher efficiency, thus, can be achieved
(38- 44%) (4). It is worth mentioning that most of the 1%t and 2" CSP plants have no or limited
thermal energy capability. It affects the reliability of CSP technology in providing a stable
electricity supply when sunlight is not available (5, 6).
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Figure 1.1 Illustration of a molten salt-based CSP plant (7)

According to the second law of thermodynamics, the efficiency of a power cycle can be

increased by operating at higher temperatures. To further lower the levelized cost of electricity



(LCOE) ($ 0.05 per kwh or lower) by increasing the efficiency of the power cycle (> 50 %),
the3™ generation (Gen 3) CSP plants aim to operate at least 700 °C or higher (8, 9). It is both
exciting and challenging, mainly because of the technological barriers to the stability of materials
at high temperatures and our unclear understanding of the material’s properties at high
temperatures. It is necessary to elucidate our fundamental understanding of the high-temperature
sub-components at the CSP systems, including HTFs, thermal energy storage (TES) materials,
thermochemical materials (TCMs), and thermal insulation materials (10). In the following

section, we briefly discuss the research opportunities and challenges in each aspect.
1.2. High temperature HTFs

HTFs are one of the crucial sub-components in all thermal systems for transferring the
collected energy, from a hot reservoir to a cold reservoir, via a heat exchange unit. The CSP
community has been searching for ideal HTFs that have desirable properties, for example, high

thermal conductivity, high stability, and low viscosity (11).

Air, water/stream, and thermal oils serve as HTFs in commercialized CSP plants. The
advantages of using air as HTF are its abundance in the atmosphere and its wide operating
temperature. Air and water/steam also have well-established thermophysical properties, enabling
a relatively simplified power system design for generating electricity. However, both have their
own disadvantages. Air has poor thermal transport properties, limiting its heat transfer
performance even at high temperatures. Water/stream also has limited operating temperature
below 300 °C (11). Thermal oils, such as XCELTHERM 600 © and Therminol VP-1, are
commercialized thermal oils that provide promising heat transfer performance at elevated

temperatures (300- 400 °C) with high thermal stability (11). Owing to their low thermal



conductivity and instability at high temperatures (> 500 °C), they are not compatible with 3™

CSP plants. There is an urge to look for next-generation HTFs.

Molten salts are identified as one of the next-generation HTFs because of their high
thermal stability and promising thermophysical properties at high temperatures. The most
common molten salt-based HTF is Solar Salt, a mixture of NaNOs-KNOs. It allows a maximum
operating temperature of about 560 °C (12, 13). It enables high thermal efficiency of the CSP
plants by increasing the operating temperature compared to air, water/stream, and oil-based CSP.
In addition, molten salts provide the function of storing thermal energy in the form of latent heat,
making them excellent next-generation HTFs and thermal energy storage materials for CSP
application. While researchers are actively looking for molten salts, for example, molten chloride
salts and fluoride salts, as the next-generation high-temperature HTFs for CSP and other thermal
system applications, accurate thermal transport properties of molten salts, in general, are of little
known. It is because of our incomprehensive understanding of thermal transport theory for
liquids, as well as the lack of reliable molten salt thermal conductivity data (14). Molten salts are
usually difficult and challenging to measure because of their corrosivity to the confinement
materials, and the possible errors at high-temperature fluid measurements, including natural
convection and radiation (15-17). It can be revealed from Figure 1-2, a summary plot of molten
salt thermal conductivity of molten NaNO3-KNOs from ref (15) which shows scattered thermal
conductivity data of Solar Salt. To deepen our understanding of the thermal transport properties
of molten salts and other high-temperature fluids, novel techniques and instruments must be

developed for extracting more reliable thermophysical properties.
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Figure 1.2 Summary of thermal conductivity data of Solar Salt (15)
1.3. Thermochemical materials for thermal energy storage and conversion

The next-generation CSP must be coupled with TES systems to enable a long-term
reliable electricity supply. There are three pathways for TES, including sensible, latent, and
thermochemical energy storage. While sensible heat and latent heat-based TES are more
common because of their technological maturity, thermochemical energy storage has recently
shown more momentum and potential to provide more efficient thermal energy storage capability
(18). As shown in Figure 1-3, thermochemical energy storage through the formation and

breakage of chemical bonding shows the highest energy density among all the other forms of

TES (19).
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Figure 1.3 Summary of energy densities based on different types of TES materials (19)

Consider a reversible thermochemical reaction of AB, and the resultant products are A

and B, the reaction can be expressed in the following formula:

AB + AHypqction = A+ B (1.1)

The reactant AB absorbs the required thermochemical energy AH,.qction IN Charging mode,
allowing the forward reaction from AB — A+ B . The energy is stored in a form of
thermochemical energy until there is a need to release AH,.,.+ion during the discharging mode,
from A+ B — AB. In a perfect closed system, there is no heat loss to the surrounding
environment during the charging and discharging, making it a more efficient thermal system. The
state-of-the-art thermochemical materials (TCMs) for thermal energy storage applications are
redox-active solid metal oxides (20-24), metal carbonates (25, 26), and metal hydroxides (25, 27-
30). However, thermochemical-based TES is still beyond the stage for commercial scale due to

technical immaturity. One of the major issues is the design of the thermal system for high



thermal efficiency (27, 31, 32). The lack of standard measurement techniques and reliable
thermophysical property data of TCMs hinder the development and modeling study of the
technology to a large and commercialized scale (33). Other than hand, by utilizing concentrated
sunlight to provide thermal energy to trigger two-step or multiple-step thermochemical processes,
value-added fuels can be generated. The process is called solar-thermochemical fuel production
(34). The well-known solar-thermochemical fuel production examples are carbon dioxide
dissociation (35, 36), water splitting (35, 37, 38), and ammonia production (39). Similar to the
development of thermochemical-based TES technology, owing to the lack of understanding of
the kinetics of thermochemical processes (i.e., rate limiting steps of thermochemical reactions)
and the thermal transport properties of TCMs. Considering it, reliable high-throughput
instruments are needed to truly capture both the reaction kinetics and the thermophysical

properties of TCMs in their operating conditions.

1.4. Thermal insulation materials

Thermal insulation materials play a vital role in improving the thermal energy storage
capability and the overall thermal efficiency of CSP plants by minimizing the heat loss of the
thermal energy storage tank and other components of CSP plants, such as HTF pipes and solar
receivers (40-42). To enable the functionality of minimizing heat loss without deterioration,
promising thermal insulating materials have to possess ultra-low thermal conductivity at high

temperatures and excellent resistivity to extreme conditions.

Conventionally, dense materials with intrinsic low thermal conductivity, such as
refractory bricks, are the candidates. Although they are cheap and abundant, their thermal

conductivity is still high at very high temperatures (43). Porous materials, such as aerogel,



fiberglass, and foam are other suitable candidates (44). The realization of low-thermal
conductivity heavily relies on the introduction of porous structures to the insulation materials.
However, at high temperatures, the thermal conductivity (or effective thermal conductivity) of
the porous insulation materials inevitably increases because of the radiative thermal conduction
(40, 44). It limits the capability of insulation materials to protect insulated objects from thermal

impacts under very extreme conditions.

Considering this, there is an urge to discover new materials that show transcendent
materials properties to be the next generation of thermal insulation materials. Since 2015, high-
entropy ceramics (HECs) have emerged as a new class of materials that show unique and
excellent mechanical and thermal transport properties in the family of high-entropy materials
(HEMs) (45). It was found that, by varying the key parameters, for example, size disorder of
cations and compositional complexity, one can manipulate the thermal conductivity of HECs for
optimal mechanical performance and thermal insulation ability (46). There is a great potential to
apply HEC:s as the internal insulation for thermal energy storage systems, and infrastructures that

confines high-temperature HTFs.
1.5.  Summary and outlook

Based on the previous discussion, there are two levels of challenges hindering the
development of next-generation CSP technology, and in general, high-temperature science and
technology related to thermal energy storage, conversion, and thermal management. At
measurement and instrumentation levels, there is an urgent need for innovative and reliable

measurement tools for high-temperature materials. At materials levels, more sophisticated



materials design with desirable structure-property relationships is needed for high-temperature

applications.

In the following chapters, | present my research work that can address the challenges of
as mentioned beforehand. Chapter 2 presents the thermal conductivity measurement of molten
salts, including molten nitrate and chloride salts, using novel optical-based thermal
characterization, namely, modulated photothermal radiometry (MPR). The MPR technique
emerges as an innovative method to accurately capture the thermal conductivity of high-
temperature molten salts with minimal measurement errors in all forms. Chapter 3 presents the
first in-situ thermal conductivity measurement for flowing molten salt using MPR. The relative
thermal conductivity enhancement due to the forced convection and the heat transfer coefficient
(HTC) of flowing molten salts are measured for the first time using MPR. It demonstrates the
capability of the MPR technique as a real-time diagnostic tool of high-temperature flowing fluids.
Chapter 4 presents the first in-situ monitoring of thermochemical reactions of hydroxides and
perovskites using MPR. The thermal characterization results are correlated to the kinetics of the
thermochemical reactions. It would be useful for both industrial and research communities to
monitor the kinetics of thermochemical reactions using a non-invasive tool in real-time. Chapter
5 presents the surface modification of quartz sand using black spinel oxide nanoparticles for low-
cost solar-absorbing and TES applications. It provides a cost-effective alternative for TES and
heat transfer media for CSP applications. Chapter 6 presents the realization of ultra-low thermal
conductivity and diffusivity using high-entropy spinel oxide nanoparticles (HESO NPs) at high
temperatures. It combines the novelty of high-entropy materials and the unique heat transfer in
nano-constriction to realize ultra-low thermal conductivity and diffusivity at high temperatures

under ambient environments. Chapter 7 is the conclusion and outlook of the dissertation,



providing future research directions related to thermal evaluations of energy devices using non-
contact characterization techniques and the design of HECs for catalytic, carbon capture, and

thermal barrier applications.
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Chapter 2. Thermal conductivity measurement of nitrate and chloride molten

salts using modulated photothermal radiometry

2.1. Introduction

Molten salts are an important class of heat transfer fluids (HTFs) in high-temperature
thermal energy systems including concentrating solar power (CSP), nuclear power plants, and
thermal energy storage (TES). Solar salt (NaNOs—KNO3 mixture with wt.% 60-40) is being
used in the state-of-the-art CSP plants with TES capability at temperatures up to 550 °C (47, 48).
Eutectic chloride salts with stability above 800 °C are being evaluated for next-generation CSP
plants operating at high temperatures for higher energy conversion efficiency (4, 49, 50). In
these cases, molten salts are used as both the HTFs collecting the concentrated solar heat and as
high-temperature TES media. Molten fluoride salts have gained great attention in the
development of generation-1V nuclear power plants as nuclear reactor coolants (51, 52). These
salts, such as LiF-BeF2and LiF—NaF-KF, have high thermal stability, satisfactory specific heat
and thermal conductivity at temperatures higher than 700 °C (53, 54), thus making them well

suited for molten salt reactors (MSRS).

Thermal conductivity of molten salts is important for the performance and cost of these
systems. For instance, the thermal conductivity of molten salts dictates the size and thus the cost
of molten salt-steam heat exchangers in a CSP power plant. However, reliable thermal
conductivity data of molten salts are difficult to obtain. Even common nitrate salts have shown
large discrepancies as reported in the literature. For example, there is around ~ 40 % difference
among the reported thermal conductivity values for the solar salt (55), despite its widespread use

in commercial CSP plants. Reliable data on the emerging high temperature chloride salts are
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even more scarce. Molten salts are difficult to measure using conventional contact methods
because of their corrosive and conductive nature (15, 17). In the commonly used transient hot-
wire (THW) method, an electrically insulated and corrosion-resistant coating is needed for
metallic hot wires (56, 57), which complicates the sample preparation process. The corrosion-
resistant coating can only slow down and minimize the corrosion effect. However, the hot wires
and sensors would eventually be damaged, leading to measurement errors. In steady state
methods, natural convection could introduce substantial errors when there is a large molten salt
volume contained in test sections (15, 17, 58-60). The transient thermal signals in both the steady
state and THW methods could also be highly influenced by the ambient temperature fluctuations.
Radiative heat loss could affect the thermal conductivity measurements in the steady state
techniques as well (61). Recently, laser flash analysis (LFA) is becoming increasingly popular for
molten salts measurements due to its non-contact nature and ease of operation. However, LFA
data on molten salts have also witnessed large scattering, due to many factors including the salt
creeping effect (62, 63). When the creeping occurs, salts tend to form precipitates on the wall of
crucibles used to hold the molten salts, leading to uneven thickness of the molten salt layer in the
crucible and large uncertainty in the LFA data. The time domain nature of the LFA also makes it
susceptible to convection and radiation heat loss from the crucible at high temperature, especially
if the time window used for data fitting is not properly chosen (64-67). Zhao et al. (15) recently
developed a frequency-domain hot-wire technique for measuring molten nitrate salts. The
thermal penetration depth of the modulated heating power on the hot wires is confined to about
100 mm within the molten salt volume to minimize the convection and other heat loss effects.
Their thermal conductivity results of molten nitrate salts are ~11 to 15 % higher than the existing

reference values obtained from conventional steady state and time domain measurements,
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including the THW and LFA methods. Their results show more reasonable temperature
dependence of thermal conductivity compared to previously reported values and are consistent
with their predictions by a phonon gas model for dense and strongly interacting liquids (68). This
study demonstrates the value of frequency-domain technique for obtaining accurate results.
Nevertheless, the use of a hot wire makes it less convenient, especially for corrosive high-

temperature chloride salts.

Recently, we have developed a non-contact modulated photothermal radiometry (MPR)
technique to measure bulk solids and coatings at high temperatures (69, 70). It is a front side
sensing photothermal radiometry in which the oscillating thermal emission induced by an
intensity-modulated heating laser is utilized for thermometry. The technique was further applied
to the measurements of stationary and flowing HTFs such as water and thermal oil up to ~170 °C
(70). In this work, it is applied for molten salt measurements for the first time. A special molten
salt holder with a vertical configuration is designed for the MPR setup to address several issues
in the LFA, in particular, the salt creeping effect. Measurement errors due to the natural
convection effect can be minimized in the MPR method by carefully controlling thermal
penetration depth into the molten salt layers. With this new technique, the thermal conductivity
of molten nitrate and chloride salts up to 700 °C, with less than 10 % uncertainty is obtained. The
selected molten salts for measurements include pure nitrate salts (NaNO3z and KNOs3), solar salt
(NaNO3s—KNOs mixture) and ternary chloride salt (NaCl-KCI-MgClz). The measured data are
also compared with the values from the LFA, and other techniques reported in the literature. Our
results demonstrate the reliability of the MPR method for measuring thermal conductivity of
molten salts. Therefore, the MPR technique can serve as a useful and convenient tool to obtain

accurate thermophysical properties of molten salts.
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2.2.  Experimental procedure
2.2.1. MPR Setup

Figure 2.1 shows the principle of the MPR measurement and the schematic of the molten
salt holder in the MPR setup. The photographs of the setup are shown in Figure 2.2. A
continuous-wave laser with its intensity modulated at an angular frequency w (q(t) = g.e’®?) is
heating the front surface of the sample holder. The temperature response of the same surface is
measured using a high-speed infrared (IR) detector. The MPR setup is the same as in our earlier
work (69, 70). The laser profile is converted from Gaussian to a top-hat (uniform) using a
homogenizer. The diameter of the uniform intensity portion of the laser beam is about 15 mm. In
this work, we used either a liquid-nitrogen-cooled Hg-Cd-Te (MCT) detector (Kolmar
Technologies, Inc., KMPV11-0.25-J1/DC70, 62 ns response time) or an uncooled PbSe detector
(Thorlabs, PDA20H-EC, 34 ms response time). The IR detection area is about 0.5 mm and 2 mm
respectively for these two detectors. The voltage reading from either detector is converted to
temperature through a calibration using a pyrometer (Lumasense Technologies IGA 320/23- LO).
We confirmed that both detectors yielded equivalent results when using their respective
calibration curves. The heat flux g, in the measurements is calibrated by using a known reference
sample. Borosilicate glass is chosen as the reference sample because it has well-known and
stable thermophysical properties (71, 72). The ¢, of molten salts is additionally verified by us
using differential scanning calorimetry (DSC). For each temperature point, the measurement
takes about 20 minutes, as a sufficiently long data collection time was used to reduce the noise at

each frequency point within the frequency range (e.g., 0.1 to 10 Hz).
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Figure 2.1 Schematics of the MPR molten salt measurement. (a) In the MPR measurement, the
molten salt holder is vertically positioned. The thermal response from the front side of the molten
salt holder is detected. The small cavity on the backside of the holder allows the overflow of the
molten salt; (b) the three-layer structure formed by the molten salt, Inconel 625 cover and the
Pyromark coating used for the heat transfer model in MPR.
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Figure 2.2 Photographs showing the MPR experimental setup and the salt loading process

A special MPR holder is custom-made for molten salt measurements at high temperatures
(up to ~700 °C). The design is beneficial for front side sensing and vertical configuration. The
vertical configuration can eliminate the salt creeping effect which is one of the challenging issues
commonly observed in molten salt thermophysical property measurement. A detailed discussion
of the benefits of the molten salt holder design and the comparison of the MPR method to the
other measurement techniques will be discussed in section 2.4. The holder contains three main
components: an Inconel 625 backplate with a small cavity on the front side and a larger cavity on
the backside, a thin (100 um thick) Inconel 625 sheet covering the salt, and an Inconel front plate
with a middle opening that secures the Inconel 625 cover to the Inconel backplate with screws.

The front cavity within the backplate has a depth of ~ 3 mm and a diameter of 50 mm and it is

16



used for holding the salt during the measurements. Inconel was selected as the holder material
because it is a corrosion-resistant containment material. The back cavity in the backplate is
connected to Argon (Ar) gas flow and a vacuum pump. There is a small hole around the top edge
connecting the two cavities, which allows the gas to flow to the front cavity and overflow of
molten salt to the back cavity. Purging Ar gas throughout the measurement enables the salt
samples to be free of oxygen and moisture contamination. The backplate contains inserted
cartridge heaters to reach the measurement temperature. The front plate has an opening of ~ 40
mme-diameter in the middle for optical access to the Inconel 625 cover. The front surface of the
Inconel 625 cover is coated with a thin (~ 10-15 um) layer of a high-temperature black coating
made of Pyromark 2500 for laser photothermal absorption and thermal emission (69). The back
side of the Inconel 625 cover (in contact with the molten salt) is coated with a 200 nm thick Pt
layer to avoid possible corrosion by the salts. Graphite gaskets, serving as mechanical seals, are

inserted between the front and back plates.

2.2.2. Heat transfer model and data fitting

In the MPR measurement, the molten salt, Inconel 625 cover, and the Pyromark coating
form a three-layer structure (Figure 2.1b). The intensity-modulated continuous laser serves as
periodic heat flux and is applied on the top surface of the three-layer structure. Since the laser
heating spot size (~ 15 mm) is much larger than the sample thickness (~ 3 mm) or the thermal
penetration depth (< 2 mm) within the modulation frequency used in this study, we can assume
the heat transfer is one-dimensional (1D). The 1D heat transfer model for a multi-layer sample

with a heat flux imposed on the top surface is given by (69, 70),

o] o 2[4 BN
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where 6, and g, are the surface temperature oscillation and the heat flux on the top surface,
respectively. 8, and q,, on the other hand, are the temperature oscillation and the heat flux on the

bottom layer, respectively. The transfer matrix M; is given by:

cosh (D-- /7o _sinh(Dl:\/j_w)
Mi — ( ivJ ) ei\/]_w (2.2)

—el-\/j_a) sinh (Di\/j_w) cosh (Di\/j_w)

l—; I; and a; are the thickness and the thermal diffusivity of the i ™ layer

where D; = N
respectively; e; is the thermal effusivity of the i ™ layer, defined as e; = m , Where p;,
cpiand k; are the density, specific heat capacity and thermal conductivity of the i ™ layer. In the
current three-layer case, the 1%, 2 " and, 3 " layer are the Pyromark coating, Inconel 625 sheet,

and the molten salt layer, respectively. a(iw), b(iw), c(iw), and d(iw) are the matrix elements

of the lumped transfer matrix. With the adiabatic boundary conditions, Eqg. (2.1) is simplified as:

qp = c(iw)b; + d(iw)gqs =0 (2.3)

At a low angular frequency, the thermal penetration depth (5, = /pi—kw) is long enough to probe
P

into the molten salt layer. The thermal response from the sample is mainly determined by the
thermophysical properties of the molten salt layer. When the angular frequency increases, the
thermal penetration depth is shortened. It allows us to probe into the layers that are closer to the
top surface, which corresponds to the Inconel 625 cover and the Pyromark coating. The thermal
response from the sample is then determined by the thermophysical properties of the alloy and

the coating.

The heat loss due to the radiative heat transfer from the laser window is considered in our

model. The surface temperature T; at the laser window is the sum of a D.C. component and an
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A.C. component of the temperature, T; = Tp¢ + 05 , Where T is the mean surface temperature.
The radiation heat loss thus can be decomposed into the D.C. and A.C. components of radiation

heat loss. The D.C. component is defined as
Qi0ss,pc = SO_(Tgc - T(;l-) (2.4)

where ¢ and ¢ are the emissivity of the laser window and the Stefan—Boltzmann constant. T, is

the ambient temperature (20 °C). The A.C. component can be approximated as:
Qioss,ac = 4"90—71D3C95 (2-5)

Considering the heat loss through thermal radiation, Eq. (2.3) is further modified by including

the radiative heat flux:
C(iw)es + d(iw)(CIs - QZoss,AC) =0 (26)

An iterative process is introduced to extract the exact radiation heat loss, as shown in
Figure 2.3a. Initially, temperature oscillation 6, based on Eq. (2.3) with a known g, is applied
to estimate radiation heat loss in Eq. (2.5). Considering the radiation heat loss at top surface, the
net heat flux flowing into the multi-layer structure needs to be modified by subtracting radiation
heat loss from g at top surface, as instructed in Eq. (2.6). Based on Eq. (2.6), 6, , for the next
round iteration can be estimated. Within each iteration step i, the difference in 6,; and 6 ;.4
between two consecutive steps is monitored. Once the difference is less than a tolerance, e, the
radiation heat loss and temperature oscillation, 85,4, in the last step will be considered as an
accurate solution. The surface temperature oscillation amplitude with radiation heat loss can

therefore be estimated by the iteration using Eq. (2.6).

19



20
a b = COMSOL 3D Simulation with radiation heat loss
1D model with no radiation heat loss
—— 1D model with radiation heat loss
15}
Initialize 6, based
on equation (3)
¥ 10 +
Initialize 55 4c,0 =’
from 6,4
Iteration i =i + 1 6r
)
Update the i-th 6,; based 0 ) ‘ ) )
on equation (6) 0.0 0.5 1.0 1.5 2.0 2.5

Update the i-th qipss.ac. A2 Ay-112
1 [ P from ()Hq‘ LAC, ] w (rad 3 )
Compute the error J - C

e= (0.0, - ()]

Molten NaCl-KCI-MgCl,

" Exp.data
4l Fitting (with rad:iatif:n ﬁeat loss)
K penane = 0506 WM™ K'; R =0.990
——— Fitting (without radiation heat loss)
3| Ko = 0613W M K, R =0.9918

No

16,1 (K)

Exit and output 6,

0 1 1 L L 1 L 1
00 01 02 03 04 05 06

m-1l2 (rad 5-1)-1IZ

Figure 2.3 (a) Iterative process of radiation loss in 1D MPR analytical model. (b) COMSOL
simulation of the MPR experimental data compared with the 1-D three-layer model fitting results
with and without radiation heat loss, for a molten salt with its holder shown in Fig. 2.1b. (c)

1
Fitting to the MPR experimental data of |6,| vs. w2 of molten NaCI-KCI-MgClz at 450 °C. The
model-fitted results with and without radiation heat loss are plotted alongside for comparison. If
the radiation heat loss was not considered, the fitting result would considerably overestimate the
molten salt thermal conductivity (0.613 vs. 0.506 W m K1),

Without considering the radiation heat loss, the fitting result using Eq. (2.3) would
overestimate the best-fitted thermal conductivity of molten salts. To illustrate this, MPR
experimental data results were simulated using a 3D finite element model FEM using COMSOL
to compare the 1D model fitting results with and without radiation heat loss with a sample
temperature of 450 °C. Figure 2.3b shows that the 1D analytical model with the radiation heat
loss have excellent agreement with the 3D FEM model, whereas the 1D analytical model without
considering the radiation heat loss predicts a higher surface temperature rise at low frequency (to

the right of the x-axis). This is because the radiation heat loss at this temperature is not negligible

20



relative to the conduction heat transfer into the molten salt (a low thermal conductivity material)
when the thermal penetration depth is long. The model fitting results of molten NaCI-KCI-
MgCl2 at 450 °C with and without considering the radiation heat loss were also compared
(Figure 2.3c). The comparison shows that while both models can fit the data where, the model
without considering the radiation heat loss overestimated the molten salt thermal conductivity by
about 20 % (0.613 vs. 0.506 W m™ K1), Therefore, it can be concluded that radiation heat loss
needs to be included in the model when measuring low thermal conductivity materials at high

temperatures.

In this work, the MPR experimental data were fitted with the analytical model shown in
Eqg. (2.6). Levenberg-Marquardt method was selected as the fitting method. It is a general
approach for solving inverse heat transfer problems (73). The thermal conductivity of molten salt
(k) is the unknown to be estimated in this method and will be solved iteratively by an
optimization algorithm. The thermophysical property of the 1%tand the 2" layers (i.e., Pyromark
coating and Inconel 625), including p, c,, and k are the known input parameters. They can be
found in refs (69, 74). For the 3" layer (i.e., paraffin wax, molten sulfur, and molten salts), p and

c, are the known input parameters from refs (12, 75-77). The thermal conductivity of molten salt

k is set as the fitting parameter. The aim of the method is to minimize the following least squares

equation:
S = Z?’:l(esexp_i - Hssim_i)z (2-7)

where 6 is the measured surface temperature oscillation at a frequency point and 6 IS

Sexp—i Ssim—i

the simulated surface temperature oscillation based on the known parameters and the initial
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guess value of the thermal conductivity. The iterative fitting algorithm is based on the following

equation (2.8-2.9):

P = P (U] + 1) T ™) (Bs g = Os i P™) (2.8)

Q" = diag[(™M)" "] (2.9)
where P is the fitting parameters (k of molten salt here), J is the Jacobin Matrix of fitted
parameters, u is the damping factor, and n indicates the iteration step. The iteration would stop
and output the optimal value when the error S is smaller than the specified error allowance, 1.
More details about the iterative algorithm could be found elsewhere (78).

2.2.3. Sample preparation and loading

Two phase change materials (PCMs), namely, paraffin wax and sulfur, with established
thermophysical properties were measured for calibration purpose. Paraffin wax (melting point of
53-58 °C, CAS no. 8002-74-2) was purchased from Sigma-Aldrich and sulfur (-325 mesh, purity
> 99.5 %, CAS no. 7704-34-9) from Spectrum. Three nitrate salts and one chloride salt were
measured: NaNOs, KNOs, Solar salt (NaNO3—KNO3s mixture with wt.% 60—40), and NaCIl-KCI-
MgCl2. NaNOs (purity > 99 %, CAS reg. no. 7631-99-4) and KNOs (purity > 99 %, CAS reg. no.
7757-79-1) were obtained from Sigma-Aldrich and used as the precursors of the solar salt. The
solar salt was prepared by mixing the two pure nitrate salts based on the specified weight ratio.
The salt mixture was melted and mixed repeatably in a clean glass crucible heated by a hot plate
to ensure the uniformity of the composition. The entire procedure was performed inside a
glovebox with < 0.5 ppm oxygen level. For the chloride salt, NaCI-KCI-MgClzwas prepared by
NREL according to the published protocol (ref (75)). Table 2.1 summarizes the molten salts

measured in this work.
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Table 2.1 Summary of molten salts measured in this work

Sample Salt Composition Reported Measured
No. melting point melting
(°C) (12, 75) point (°C)

1 NaNOs (>99 %) 308 -
2 KNO3 (>99 %) 334 -
3 NaNOs—KNO3 (wt.% 60-40) 220 225
4 NaCl-KCI-MgCl2 401 401

(wt.% 15.11-38.91-45.98)

Right before an MPR measurement, a solid salt was transferred from the glovebox and
loaded to the MPR holder under ambident condition. The salt was then covered by the Pyromark-
coated Inconel sheet, which was further anchored to the bottom plate with the top plate using
screws and the graphite gaskets sealing. The holder was then connected with the vacuum pump
and flowing Ar gas. The salt was purged with flowing Ar gas at a temperature about 50 °C higher
than its melting point for one hour to thoroughly remove the moisture that might have been
introduced during the salt loading process. Afterward, the measurement started from slightly
above the melting points with temperature increment of 25 or 50 °C until the highest
measurement temperature was reached. During the measurements, the salt-filled cavity was also
continuously purged with the Ar gas. A gaseous pressure of 780 Torr, slightly above the

atmospheric pressure, was maintained throughout the measurement.

The systematic errors could come from the uncertainty in the instruments (IR detector,
lock-in amplifier, etc), uncertainty of laser heat flux, the calibration curve converting the IR
detection voltage to temperature. Specific to molten salt or other liquid measurements, there

could be errors introduced by the natural convection effect. For the heat flux, we used a standard

23



reference sample (borosilicate glass) to calibrate the heat flux, which is proportional to the
thermal effusivity of the reference sample. The uncertainties due to the heat flux and the
instruments were determined to be ~ 6 % in our earlier work (69, 70). The natural convection
effect could occur when the thermal penetration depth (6,,) is large enough, leading to a high
Rayleigh number (Ra) and a Nusselt number (Nu) much higher than 1. Rayleigh number is

. 83 . . . : :
defined as Ra = %, where [ is the thermal expansion coefficient of the fluid, « is the

thermal diffusivity of the fluid, v is the kinematic viscosity of the fluid g is the gravitational
constant, AT is the characteristic temperature rise (AC amplitude) during the measurements.

Here, we can modulate the frequency of the laser intensity to control the thermal penetration
depth (6, = \/:if) such that Nu is close to one (i.e., Nu = 1) to have negligible natural

convection effect. Based on the natural convection analysis of fluids in a vertical enclosure (79),

the average Nusselt number of a vertical plate with a gap spacing L is given by:

Nu; = max{Nu,, Nuy, Nus} (2.10)

1
Nu, = 0.0605Ra,3

wWm

0.104Ray°2%3, 4

.. .136
6310
1+(RaL)

Nu,

1+]

Nug = 0.242(5%)027%;

L

where H is the height of the enclosure, and the average Rayleigh number Ra; is given by Ra; =

3
w, where B is the thermal expansion coefficient of the fluid, « is the thermal diffusivity
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of the fluid, v is the kinematic viscosity of the fluid g is the gravitational constant, AT is the
characteristic temperature rise (AC amplitude) during the measurements. Equation (S1) is valid
for 103 < Ra; < 107. When Nu, = 1, the heat conduction from the wall to the fluid is purely
conduction and the natural convection effect is negligible. Table 2.2 shows the cutoff frequency

for each fluid measured in this work.

Table 2.2 Summary of the thermophysical properties of each fluid, the cutoff frequency f for the
measurement and the corresponding estimated thermal penetration depth &,,. The thermophysical
properties are extracted from ref (76, 80-82) for paraffin wax; ref (77, 83-85) for sulfur; ref (12,
86) for NaNOs, KNOs and the solar salt; and ref (63, 75, 87) for NaCI-KCI-MgCl:

Fluid T p Cp B u Estimated 8, and f
(°C) | (kgm?) | (kglK?!) | (107*K™P) (Pas) k when Nu, = 1
(W mtK? 5, f

(mm) | (H2)

Paraffin 100 760 2510 2.04 2.50 x 1073 0.200 0.268 0.46
WaXx

200 1886 1262 3.07 706 0.157 0.647 0.05

Sulfur 375 1925 1034 3.70 2.06 0.187 0.773 0.05

NaNO3 325 1880 1663 4.07 2.66 x 1073 0.562 0.338 0.50

450 1773 1624 430 1.53 x 1073 0.540 0.324 | 0.50

KNO3 350 1852 1389 3.90 2.77 x 1073 0.488 0.347 0.50

450 1777 1389 4,05 1.79 x 1073 0.443 0.324 | 0.50

Solarsalt | 250 1924 1539 3.90 5.04 x 1073 0.510 0.331 | 0.50

425 1810 1552 4.05 1.88 x 1073 0.477 0.317 0.50

NaCl— 450 1707 1076 3—4 3.79 x 1073 0.472 0.361 0.46
KCI-

MgCl, 700 1566 951 3-4 2.50 x 1073 0.407 0.463 | 0.46

Random error could be caused by optical misalignment for each measurement which
could cause small deviation of the heat flux from the calibrated one as well as small deviation of
view factor from the sample surface to the IR detector. To minimize this error, we mounted the
laser, sample holder, and IR detectors to fixed positions on an optical table. The random
uncertainties are determined from the standard deviation of multiple measurements on the same

sample, as shown in Table 2.3. The random error is around 7.40 %. Considering both the
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systematic and random uncertainties, the total uncertainty of the molten salt thermal conductivity

measurement in our work is 9.40 %.

Table 2.3 The thermal conductivity measurement result, the average thermal conductivity, and
the standard deviation of molten NaCl-KCI-MgCl: at 450 °C

No. of measurement Measured k of
NaCl-KCI-MgCl: at 450 °C (W m1 K1)

1 0.440
2 0.413
3 0.423
4 0.464
5 0.506

Average (W mt K?) 0.449

Standard deviation (W m™? K1) 0.033 (7.39%)

2.2.4. DSC measurement

While literature values of c,, of molten salts are used to convert the thermal effusivity to
thermal conductivity in the MPR measurements, the melting point and c, of the molten salt
mixtures are still measured using a differential scanning calorimeter (DSC) (404 F3 Pegasus®,
NETZSCH) to confirm the composition and characteristics of the mixtures. During the
measurement, nitrogen gas (N2) was used as the protective gas. c,, of a sample was determined
by using the ratio method (88). A pure sapphire disc was used as the standard. It was noticed that
the creeping effect of molten salts occurred when Pt crucibles were used in a DSC measurement
(75, 89). When graphite crucibles were used instead, there was no creeping effect observed. The
heating rate of the DSC measurement was 20 K min™. After obtaining the DSC signals of
baseline (no sample loading), standard (sapphire), and the actual molten sample samples, c, of

the molten salt was calculated by using Proteus®, an analysis program provided by Netzsch. The
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average cp values were obtained from three measurements, each of which was based on a new

sample loading.

2.3. Results and discussion

2.3.1. Calibration of MPR using standard molten materials

The reliability of the MPR measurement with the custom-made molten salt holder is

verified by measuring known molten materials, including paraffin wax and sulfur. Figure 2.4a

1
and Figure 2.4b show the typical raw data of |6;| vs. w2z of the MPR measurement of paraffin
wax at 100 °C and sulfur at 250 °C respectively, with the data for sulfur at other temperatures
shown in Figure 2.5. The frequency range for the measurement is carefully selected to ensure the

thermal penetration depth &, is long enough to probe into the molten samples while minimizing

any possible effect from the natural convection in the molten material. The experimental data
was fitted with the three-layer model with the radiative heat loss effect, i.e., Eq. (2.6), with the
thermal conductivity values of the wax and sulfur shown next to their respective curves in
Figure 2.4a and Figure 2.4b. For molten paraffin wax at 100 °C, k is determined to be 0.162 +
0.012 W mt K1, which is consistent with the average literature value of the same type of paraffin
wax (0.160 + 0.07 W m* K™) (80, 81). To demonstrate the effect of the natural convection on the
measurements, paraffin wax was measured by scanning the sample within a low-frequency range
where the natural convection effect is non-negligible. It found that at very-low-frequency (i.e., f
= 0.1 Hz), the natural convection in the molten paraffin wax layer is important, such that it can
lead to a higher apparent thermal conductivity. The experimental results and the model fitting

results for paraffin wax at very-low-frequency are included in Figure 2.6.
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Figure 2.4 Plot of |6| versus w2 plot of MPR measurements of (a) molten paraffin wax at 100
°C, and (b) molten sulfur at 200 °C respectively. The fitted thermal conductivity are listed in the
plots; (c) thermal conductivity of molten sulfur as a function of temperature compared with the
existing literature values (77, 80, 81, 90, 91): Wingert and Zhao et al. (92) (purity: 99.50 %), El-
Sharkawy and Dessouky (77) (purity: 99.99 %), and Kaye and Higgins (91)
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Figure 2.5 Raw data of |6,| vs. w 2z of the MPR measurement of molten sulfur at different
temperatures ranging from 250 °C to 375 °C. The symbols are experimental data and the solid

lines are model fitting
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Figure 2.6 Raw data of |6| vs. w2 of the MPR measurement of molten paraffin wax at 100 °C.
The fitting results in different frequency ranges are listed on the inserted Table.

Figure 2.4c shows the measured k of molten sulfur from 250 to 375 °C. The average k
of molten sulfur increases from 0.146 to 0.181 W m™ K within the temperature range of 250 to
375 °C. This result shows good agreement with the literature values of sulfur (77, 90, 91). Our
result is close to that reported by El-Sharkawy and Dessouky (77) in which the sulfur has a
slightly higher purity (~99.9 %), and is only slightly higher than the results from the frequency-
domain hot-wire method by Wingert and Zhao et al. (92), in which they used sulfur with a purity
of 99.50 %. These calibration results demonstrate the reliability of the MPR technique for

measuring molten materials.
2.3.2. Specific heat capacity measurements of molten salts

Figure 2.7 show the cpvs. T curves for the solar salt mixture, NaNO3-KNOs3 (wt.% 60—
40), NaCI-KCI-MgCl2 (wt.% 15.11-38.91-45.98. The same DSC measurements also yield the
melting points of the salts, which are listed in Table 2.1 and are confirmed to be consistent with

the literature values. The measured c, of NaNOs-KNOs decreases from ~1.57 to 1.49 J gt Kt
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when the temperature increases from 250 to 425 °C. The results are consistent with the literature
values (12) with a maximum difference of ~5 %. The measured c, of NaCI-KCI-MgCl: first
decreases from ~1.12 to~1.02 J g* K™ from 450 to 500 °C and then keeps constant from 500 to
650 °C. It is consistent with the values reported by NREL (75) as well as the theoretical
prediction obtained using the software Factsage (75, 93). In summary, our DSC measurements on
the melting points and c,, confirm that the composition and quality of our salt samples are similar
to those used in the earlier studies on the same salts. The literature c, values of the selected

molten salts are thus suitable to be used for the thermal conductivity calculation in the MPR

measurements.
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Figure 2.7 Measured specific heat capacity of (a) molten solar salt; and (b) molten NaCI-KCI-
MgCl2.The literature values are included in the plot for comparison. The reference data are from:
D’Aguanno et al., Wang et al. (75), NREL (75), and Factage (93)

2.3.3. Thermal conductivity of NaNOzand KNOs3

Figure 2.8 shows the measured temperature-dependent thermal conductivity of molten

1
NaNOs and KNOs. The low-frequency linear regions of the |65| vs. w™z plots are shown in

30



Figure 2.9. Our MPR results show that the thermal conductivity of molten NaNOs slightly
decreases from 0.562 to 0.540 W m™* K-t when the temperature increases from 350 to 450 °C. For
molten KNOs, the measured thermal conductivity also shows a graduate decrease from 0.488 to
0.443 W m K from 350 to 450 °C. Similar to the measurement of sulfur, our measured results
of molten NaNOs and KNOs are close to that of Zhao et al. (15). Both our MPR and Zhao et al.’s
results are higher than most of the literature-reported values by 10-15 %, including those
obtained from the LFA method. It is also noted that there is a large discrepancy among the
literature-reported values. The data obtained by the steady state method might be problematic
due to convection errors, the presence of radiation loss, and inaccurate heat flux calibration (17,
59, 94); on the other hand, time-domain measurement data can be highly influenced by the time
window selected for data processing. The time window has to be selected in order to eliminate
errors from natural convection and the thermophysical properties of the sensor or confinement
materials. Since the MPR and Zhao et al.’s methods are both based on frequency-domain
techniques, which are expected to eliminate the convection effect and are less sensitive to the salt
creeping effect, these results are likely better representatives of the true thermal conductivity of
the two nitrate salts measured here. A detailed discussion on the differences between the MPR

technique and the LFA method is included in Section 2.4.
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Figure 2.8 Measured temperature-dependent thermal conductivity of (a) molten NaNOs and (b)
molten KNOgs, along with selected literature values. The reference data are from: Zhao et al. (15)
(frequency-domain hot-wire method), Xiong et al. (95) (LFA), Kitade et al. (96) (THW),
Asahina et al. (97) (pulse heated flat plate technique), Tufeu et al. (94) (steady state method),
Odawara et al. (98) (wave-front-shearing interferometry), Harada and Shioi (17) (LFA), and
Chliatzou et al.’s correlation (17).
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Figure 2.9 |6,| vs. w2 plot of (a) molten NaNOs from 320 to 450 °C; and (b) molten KNOs
from 350 to 450 °C. The symbols are experimental data and the solid lines are model fitting.

2.3.4. Thermal conductivity of solar salt (NaNO3z -KNO3z mixture)
Figure 2.10 shows the measured thermal conductivity of the molten solar salt. The

1
experimental data of |65| vs. w2 of this salt are shown in Figure 2.11. The measured thermal

32



conductivity of the molten solar salt slightly decreases from 0.510 to 0.477 W m Kt when the
temperature increases from 300 to 425 °C. Because thermal conductivity of the molten nitrate
salt is mainly contributed by diffusons (68), or vibrational modes with approximately inter-
molecular diffusion length, the thermal conductivity of the molten mixture is expected to lie in

between those of its constituents, which is the case for our measured k values.

Furthermore, the measured result is compared to the estimated one based on the rule of

mixing, i.e.:

knano3-kNO3 = @kNanos + (1 — a)kknos (2.11)

where knanos and kxnos are the thermal conductivity of pure NaNOs and KNOs respectively
from our MPR measurements (shown in Figure 2.8), and a = 0.64 is the molar percentage of
NaNOs salt. As shown in Figure 2.10, the measured k value is about 10 % lower than that of the
estimated one at 300 °C but the two values are getting closer at higher temperatures. This result
may be attributed to additional phonon scattering by different cations in the mixture, which
suggests that the propagating phonons could still contribute to a small but non-negligible portion
of thermal conductivity in the pure nitrate salts at around 300 °C but this contribution is
gradually diminished at higher temperature. Nevertheless, the mechanistic understanding of heat
conduction in these salts would warrant further studies, perhaps using atomistic simulations (99-

101).
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Figure 2.10 Thermal conductivity of molten solar salt along with selected literature results of
NaNOs—KNO3; mixtures and the calculated thermal conductivity according to the rule of
mixtures. The reference data are from: Zhao et al. (15) (frequency-domain hot-wire method),
Xiong et al. (95) (LFA) , Wu et al. (102) (LFA), Wei et al. (103) (LFA), Grosu et al. (62) (LFA),
Tufeu et al. (94) (NaNOs—KNO3s mol.% 50-50, steady state method), Omotani et al. (56) (NaNO-
3~KNO3s mol.% 50-50, THW), McDonald and Davis (59) (NaNOs—KNOs mol.% 50-50, steady
state method), and R. Serrano-Lopez et al.’s correlation (104)

16| (K)

6
| Molten salt NaNO_-KNO_ (wt.% 60-40)
5| = 7=300 °c
= 7=350°C
| = 7=400°C
4r T=450°C
| ——Fitting
| —Fitting
3 —Fitting
[ Fitting
2L
1 L
op
1 n 1 1 1 n 1 n 1 2
0.0 0.1 0.2 0.3 0.4 0.5
-1/2 -1,-1/2
o (rads’)

0.6

1
Figure 2.11 |6| vs. w2 plot of molten solar salt from 250 to 425 °C. The symbols are
experimental data and the solid lines are model fitting
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Figure 2.10 also compares the MPR results with the literature ones and the suggested
correlations. Our measurement values are again in excellent agreement with those of Zhao et al.
(15), as well as those by Gruso et al.(62) (using LFA with a Zn crucible) and Xiong et al. (95)
(LFA). Our and Zhao et al.’s results are slightly higher than the correlation suggested by R.
Serrano-Lopez et al. (0.480 + 0.098 W m K1) (104). On the other hand, the LFA results from
Wau et al. (102) and Wei et al. (103) show significantly lower values, even lower than that of pure
KNOs, which cannot be explained with the existing theories. On a similar nitrate salt mixture
with 50 mol. % of KNOs, the results from McDonald and Davis (steady state method) (59),
Tufeu et al. (steady state method) (105), and Omotani et al. (THW) (56) also show discrepancies
in both the absolute values and temperature trends. As mentioned in Section 3.3, the molten salt
thermal conductivity obtained using the steady state method and time-domain measurement
techniques can be susceptible to errors from convection, radiation loss, and biased time window
for data processing. It reveals the fact that reliable molten salt thermal conductivity data are
difficult to obtain using the steady state, THW, or LFA methods. A more detailed discussion of

LFA measurements of molten salts is presented in Section 2.4.
2.3.5. Thermal conductivity of ternary chloride salts

Figure 2.12 shows the measured thermal conductivity of molten NaCI-KCI-MgCl: as a
function of temperature. The available literature values are included for comparison. The p and

c, of each salt for the k determination are extracted from ref (75) . The experimental data of ||

1
versus w2z are included in Figure 2.13. The measured thermal conductivity of molten NaCl-
KCI-MgCl: slightly decreases from 0.506 to 0.400 W m™ Kt when the temperature increases

from 450 to 650 °C. The experimental result is generally consistent with the results reported by
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Wang et al. (75) using LFA on the same salt, although their measured thermal conductivity of

this molten salt shows a stronger decreasing trend with temperature.
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—u— MPR result
—o—Wang et al.
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Figure 2.12 Measured temperature-dependent thermal conductivity of molten NaCl-KCI-MgCl..
The reference data are from: Wang et al. (75) (LFA)
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Figure 2.13 |6;]| vs. w2 plot of molten NaCI-KCI-MgCl2 from 450 to 650 °C. The symbols are
experimental data and the solid lines are model fitting.
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2.4. Comparison with other measurements

DiGuilio and Teja (106) have reviewed major thermal conductivity models for molten
salts. They concluded that the thermal conductivity of molten salts should show a decreasing
trend with increasing temperature. Recently, Zhao et al. (68) developed a phonon gas model for
dense, strongly interacting liquids to predict the thermal conductivity of molten NaNOs and
KNOs. Their modeling results show that pure molten NaNOs and KNOs exhibit slightly
decreasing trends in thermal conductivity as temperature increases. The modeling results match
well with their previous reported experimental values using the frequency-domain hot-wire
method (15). According to our MPR experimental results, the measured thermal conductivity of
molten salts in general shows a slightly decreasing or nearly constant temperature dependence. It
IS consistent with Zhao et al.’s model (68) and experimental data (15). On the other hand, many
of the thermal conductivity data of molten nitrate salts reported earlier show an increasing trend
with temperature (107) (Figures 2.4 & 2.5). This could be attributed to the measurement errors
originated from the stronger convection effect of molten salt and thermal radiation at higher
temperature in conventional measurement techniques. Therefore, it is believed that the
experimental results from the MPR technique and the frequency-domain hot-wire method are
more reliable on molten nitrate salts, whereas other techniques such as LFA and the steady state
method are more susceptible to larger errors as evidenced by the relatively large scattering of the
data. Our MPR data are also in line with the recent LFA results on the two ternary chloride salts,
suggesting that MPR is reliable on both nitrate and chloride salts while there could be special
precautions needed for LFA on different types of molten salts, which warrants further

investigation.
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Figure 2.14 Detailed schematic of our LFA measurement: (a) schematic of LFA (LFA 467 HT
HyperFlash, NETZSCH), including Pt crucible (black dashed line section view), SiC holder and
the infrared (IR) detector for collecting the radiative thermal response form the graphite-coated
top surface of Pt crucible; the overflow region aims to ensure the full immersion of the Pt
crucible lid into the molten salt; and (b) raw data of the normalized front side temperature
response as a function of time in an LFA measurement of molten NaNOz at 350 °C.

Here we specifically comment on several factors compounding the LFA because it has
been a widely used technique in recent years. LFA is a time-domain method based on front side
pulsed photothermal heating and back-side infrared thermometry (Figure 2.14). According to
discussion found in the literature and our own experience with the LFA, it was found that LFA
measurement could be sensitive to various experimental conditions, such as the exact salt loading
in the crucibles (62, 63, 108), type of crucibles used and their wettability with the molten salts (a
non-wettable surface such as graphite could create a gap with the salt (62, 108, 109), whereas a
wettable surface such as Pt could lead to significant salt creeping effect (62, 63)), the thickness
of the salt layer in the crucibles (thicker layer could have significant natural convection effect (67,
108)), the overall measurement time (longer measurement duration could exacerbate the salt
creeping effect (63)), exact temperature rise window used for data fitting (64-66), etc. The lack

of a standard procedure of LFA for molten salts to control these factors could have contributed to
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the large scattering of the LFA data reported so far. Nevertheless, when properly done, the LFA
method does yield reasonable results on the two chloride salts measured here. Consistent data on
the NaCl-KCI-MgCl: salt was also obtained using our own LFA (Figure 2.12). Our experience
as well as that of the authors of ref (75) shows that it is critical to minimize the salt creeping
effect, e.g., by loading a suitable amount of salt and limiting the measurement time to about two

temperature points for each salt loading.

The MPR method shows several advantages of addressing the issues in LFA (Figure 2.1).
First, the MPR technique is a front side sensing method, which eliminates the influences of the
convection effect or gaps between the salt and the backside of crucibles in LFA. Second, the
MPR molten salt holder is vertically oriented whereas the LFA sample crucible is typically
horizontally positioned. The vertical orientation of the holder avoids the issues due to the salt
creeping effect because the salt will always be in contact with the front and back metallic sides of
the holder due to their high wettability with the molten salts. The salt creeping in LFA could lead
to non-uniform distribution of the horizontal molten salt layer inside the crucible. Lastly, MPR is
a frequency-domain technique, so the thermal penetration depth can be controlled to be a few
hundred micrometers within the molten salt volume, which minimizes the possible natural
convection effect in the salt and heat losses from the crucible to the environment that could be
present in a time-domain method. In LFA, typically only data within a certain time window are
used for fitting to reduce the errors caused by the convection and heat loss effects (64-66).
However, there is no standard or quantitative guideline for the selection of the time window,

which could appreciably impact the extracted thermal diffusivity.
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2.5. Conclusion

The current paper presents the development of a non-contact, frequency-domain MPR
technique as a convenient and reliable method of thermal conductivity measurement for molten
salts. The MPR technique is calibrated using standard phase change materials, including paraffin
wax and sulfur, demonstrating the suitability of the MPR technique in determining the thermal
conductivity of molten materials. Nitrate and chloride salts for high-temperature CSP systems are
measured using the MPR technique. Our results on NaNOs, KNOs, and solar salt show excellent
agreement with those obtained by Zhao et al. (15) using another frequency-domain technique
based on a hot-wire method. The MPR technique also yields reasonable results on chloride salts.
The MPR technique avoids the complicated setup preparation procedures that are otherwise
required in contact-based techniques. The frequency-domain feature of the MPR enables the
precise control of the thermal penetration depth in the measurement, thus eliminating the
possible convection heat transfer effect commonly encountered in the LFA and other
conventional time-domain measurements. The use of the front side sensing and the vertical
holder orientation also minimize the impact of the salt creeping effect, which is often an issue in
LFA. The work demonstrated that the MPR technique developed here will be especially useful
for measuring high temperature thermal conductivity of emerging molten salts and other
challenging fluids (such as molten metals) for future thermal energy conversion and storage

systems.
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Chapter 3. In-situ thermophysical measurement of flowing molten chloride

salt using modulated photothermal radiometry

3.1. Introduction

Concentrated solar power (CSP) plants with thermal energy storage (TES) systems are
one of the most promising emerging renewable energy systems with the capability of delivering
dispatchable electricity by utilizing abundant solar energy (50, 110). To deliver the heat collected
from the concentrated sunlight to a heat exchanger and thermal storage tank, a heat transfer fluid
(HTF) is needed for a CSP system. An ideal HTF requires a high thermal conductivity for
efficient thermal energy transfer, a high heat capacity for large quantities of sensible thermal
energy storage, and a low viscosity that renders minimal power consumption for circulating the

fluid (11, 111).

In state-of-the-art CSP technologies, there are two common HTFs: oil-based HTFs and
molten salt-based HTFs. Synthetic oil, such as Therminol VP-1 (Biphenyl and Diphenyl oxide),
is a commonly used HTFs in the 1% and 2" generation of CSP power plants (11, 111, 112). It can
reach a maximum operating temperature of 400 °C. However, oil-based CSP plants usually have
limited thermal energy storage capability (112, 113), which makes molten salts being competitive
as the HTFs for CSP applications from the energy storage capability point of view. Nitrate salt
mixtures, NaNOs-KNOs, is used for heliostat CSP tower with a maximum operating temperature
of 560 °C (114). CSP plants using molten NaNOs-KNOs can provide around 8-10 hours of
thermal energy storage (113). The next generation CSP integrated with TES facilities aims at a
higher operating temperature (> 700 °C) to achieve both a high power cycling efficiency (> 50

% ) and a lower levelized cost of electricity (LCOE) of $0.05 per kWh (112). Eutectic molten
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chloride salts, such as MgClz2-KCI, or NaCl-KCI-MgClz, that can work at high temperatures of
up to 800 °C, are considered as good HTF candidates for next-generation CSP due to their
favorable thermal and transport properties, high boiling point, acceptable low freezing point, and

low price to meet the large quantity of demand for thermal storage (115-117).

Limited to insufficiency of reliable molten salt thermal conductivity data, it is usually
difficult to evaluate molten salt heat transfer performance in the entire operating temperatures.
For example, there is a difference of up to 40% among the reported thermal conductivity values
for solar salt (55), despite its widespread use in commercial CSP plants. Reliable data on
emerging high-temperature chloride salts are even more insufficient. The scattered thermal
conductivity data in the molten salt is mainly due to measurement errors, caused by convection,
radiation, and corrosion during the measurement process. These errors can be further magnified
in the convectional measurement techniques (i.e., steady state method, transient hot-wire (THW)
method, and laser flash analyzer (LFA) at high temperatures. Other than the importance of
obtaining accurate molten salt thermal conductivity when it is static, monitoring the thermal
transport properties of molten salts in their flowing state in real-world applications is even more
important. The effective thermal conductivity k¢ of flowing molten salts is a crucial indicator
to evaluate their thermal transport property under various flow and temperature operational
conditions. Several measurement techniques have been developed and modified to remove the
barriers in measuring molten salts, molten metal, and other high-temperature fluids. Zhao et al.
(15) have developed a frequency-domain THW method to measure molten nitrate salts. Their
reported results are believed to be a more appropriate representative of molten nitrate salt
thermal conductivity because their frequency-domain method can limit the thermal penetration

of the measurements within less than 100 um, thus enabling a negligible natural convection error
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in the measurements. However, their measurements were still limited to the operating
temperatures of molten nitrate salts of less than 500 °C. At even higher temperatures, the
alumina-coated Pt wire in their measurement device could be damaged due to thermal stress and

corrosion issues.

In-situ measurement of flowing fluids is also important to the evaluation of the thermal
transport properties of flowing fluids in real time. However, there is a lack of measurement
techniques for flowing fluid. Langstaff et al. (118) have developed an in-situ thermophysical
measurement technique for high-temperature liquids using aerodynamic levitation (ADL). They
demonstrated the technique by measuring the thermophysical property of Al2Os droplets in-situ
over the entire liquid and super-cooled regimes. However, this technique might not be accessible
to flowing liquids. Hong and Kim (119) measured flowing D.I. water in a circular tube using a
3m method. It demonstrates that the intrinsic thermal conductivity of the fluids can be measured
when the flow condition and heating frequency are carefully adjusted. However, the technique
may not be suitable for high-temperature measurements where the 3w heater and sensor can be
damaged. Mehrvand and Putnam (120) reported the use of time-domain thermoreflectance
(TDTR) to characterize the local heat transfer coefficient of flowing water and refrigerant in a
microchannel. The difficulty of the method may have arisen from the preparation complexity and
the stability of the metal coating on the surface of the measurement window. In addition, further
work is needed to demonstrate the capability of the technique to perform measurements for wider
channels and at high temperatures (> 500 °C) for more practical applications in industry and

power plants where HTFs are usually operating at high temperatures.

Recently, we have reported the thermal conductivity measurement of molten salts,

including molten nitrate and chloride salts, using the modulated photothermal radiometry (MPR)
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technique. It is a laser-based, non-contact, frequency-domain measurement technique that can
eliminate the errors from corrosion and convection effects in molten salts, thus being capable of
extracting accurate molten salt thermal conductivity. The MPR technique was also applied for
measuring flowing fluids in-situ at room temperature and intermediate temperatures (70). In the
MPR flowing fluid property measurement, the intrinsic thermal conductivity k, of D.l. water and
thermal oil were extracted when the flows satisfy the criteria of Re'/2Pr'/3 < 100 in the given
experimental conditions. In this work, we performed the in-situ thermal conductivity of flowing
molten salt inside a molten salt flow loop. We selected NaCl-KCI-MgCl2 (wt% 15.11-38.91—
45.98) to study the relative changes in k. of the molten salt under different flow conditions and
temperatures. Based on the measured intrinsic thermal conductivity, the convective heat transfer

coefficient h of flowing NaCl-KCI-MgCl2 was also estimated using Gnielinski’s correlation.

To our best knowledge, this is the first in-situ thermal conductivity measurement of
flowing molten salt. It opens the possibility to apply the MPR technique to accurately extract and
monitor possible changes in the thermal transport properties of molten salts and other high-
temperature liquids (i.e., molten metal) under various operating conditions, which will be

valuable to the further optimization of the overall heat transfer performance of the HTFs.

3.2. Experimental procedures

3.2.1. Salt properties and salt preparation

The molten salt loop equipped with the molten salt reservoir was built at the University
of Arizona (UA). The selected chloride salt in this work is NaCI-KCI-MgCl2 (wt% 15.11-38.91—

45.98) (75, 116). The overview of the molten salt loop integrated with the MPR setup is shown in
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Figure 3.1. The physical properties of the molten salt studied by the team at the UA and National

Renewable Energy Laboratory (NREL) (75) are listed in Table 3.1.

> | ;‘
xPar 7.
—

Figure 3.1 (a) Overview of the molten salt loop; and (b) close-up of the MPR setup that is
integrated to the molten salt flow loop

Table 3.1 The properties of the eutectic chloride salt NaCI-KCI-MgClz2 (wt % 15.11-38.91-
45.98). It is from reference (75)

Properties Correlations as a function of T (°C)
Density p, (kg m3) 1958.8438—0.56355 x T
Specific heat capacity c,, (J g* K™) 1.30138—0.005 x T
Dynamic viscosity u (Pa-s) 7.0645%10* exp (%)
Thermal conductivity k, (W m1K?) 0.5822—2.6x10%*x T

The ternary molten salts were prepared according to the protocol reported by Zhang et al
(121). Briefly, the constituent components of the eutectic salt, including anhydrous salt powders
of MgClz (Thermo Fisher Scientific Chemical Inc., purity: 99.0 %), KCI (Thermo Fisher
Scientific Chemical Inc., purity: 99.0-100.5 %), and NaCl (Thermo Fisher Scientific Chemical
Inc., purity: 99.5 %) were mixed according to the required weighted percentage of the

composition (45.98% MgClz, 38.91% KCI, 15.11% NaCl). Less than 0.1 wt % of elemental Mg
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was added as suggested by Zhao and Vidal (116) to reduce the presence of corrosive impurities,
mainly water. The salts were then grounded into fine powders. The eutectic mixtures were then
loaded into a Hastelloy C-276-made reservoir (inner diameter 508 mm, height 533.4 mm) for
melting. The schematic of the reservoir is shown in Figure 3.2. The reservoir was sat in a
furnace (Model KM714, Skutt Ceramic Products, Inc.) that can heat the molten salt from room
temperature to 750°C. Before the salt melting process, the reservoir was evacuated to remove air,
moisture, and other impurities. The salt was first heated to 150 °C and stayed at that temperature
for more than an hour to remove the water content in the salt. After salt melting, it was degassed
with a dry nitrogen gas to minimize any residual water and trapped air. Humidity and oxygen
sensors were installed at the opening of the vent of the reservoir for air and moisture monitoring.

The volume of the molten salt prepared in this work was about 102.68 L.

Ventilation g i calt inlet
vacuuming

N, sparging N, sparging

Furnace for Drainage to
melting salt molten salt loop

Figure 3.2 Salt melting and purification in salt reservoir
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3.2.2. High-temperature molten salt loop and operation procedures

Figure 3.3a shows the schematic of the molten salt loop and the in-situ MPR
measurements. The molten salt loop was mainly comprised of a molten salt reservoir, a high-
temperature molten salt pump (Nagle Pumps, Inc.) with a maximum molten salt pumping rate of
0.63 L s, and a designated MPR test section. The pipes of the loop were made of Hastelloy C-
276 (outer diameter: 25.4 mm, wall thickness: 1.2446 mm; total length: 6.4 m). The flow loop in
total could contain a molten salt volume of 3.24 L. The MPR test section was a modified Inconel
625 tube with a tube outer diameter of 25.4 mm and 1 mm in wall thickness. In the middle of the
tube, which is the MPR measurement window, a 100 um thick Inconel 625 sheet was wielded on
the tube. Such a thin layer is required to maintain the high sensitivity of the measurement to the
flowing molten salt regime. The thin Inconel 625 sheet was coated with a thin layer of Pyromark
2500 (10-15 um) for laser heating absorption. The back side of the Inconel 625 sheet was also
coated with a 200 nm thick Pt layer to avoid severe corrosion of the measurement window. The
photograph of the MPR test section is given in Figure 3.4. The pipes of the flowing loops were
tilted by 5 °relative to the ground so that the molten salt could flow back to the reservoir in case
the molten salt flow loop stopped operating. The molten salt was then pumped out and flowed
into the in-situ MPR thermal conductivity measurement. The instruments used to control the

flow and temperature of the molten salt loop were described in an earlier paper (121).
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Figure 3.3 (a) Schematic of molten chloride salt loop and the MPR in-stiu measurement on the
test section; and (b) Schematics of momentum boundary, thermal boundary and thermal
penetration depth in the MPR measurement

Figure 3.4 Photograph of the MPR test section

3.3. MPR in-situ measurement principle

3.3.1. MPR model for flowing fluid measurement

The instrumentation details of the MPR system was described in our earlier work (69)
and the procedure of applying it for in-situ thermal conductivity measurement of flowing fluids
inside a tube was reported in (70). Here we will only briefly introduce the setup. In an MPR
measurement, a continuous laser with modulating angular frequency w (q(t) = gse/“?) heats the
front surface of the Inconel window of the test section. The temperature oscillation of the fluid
flowing inside the test section (6,(t) = 8,e/“t) is measured using both a high-speed MCT

(mercury-cadmium-telluride) infrared (IR) detector and a pyrometer. A tube containing molten
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salt can be modeled as three layers: a thin (< 20 um) black coating at outer surface (for laser
absorption and IR emission), the tube wall (100 pm thick Inconel sheet), and the molten salt
layer. The heat transfer problem on the cylindrical tube geometry can be approximated as a
planar one with < 7 % error. When the modulation frequency w is low enough, the thermal

penetration depth (L,) is well into the molten salt layer and the surface temperature oscillation

(68) induced by the intensity-modulated laser can be expressed as (70):

= g (= (“’)+Rcs) (3.1)

where e, is the thermal effusivity of the molten salt; R ; is the lumped thermal resistance from

the thin Inconel sheet and the Pyromark coating (70):

le

es\ Ig 1 e
Rcs = (1 —g)k—s‘l' G2 (3:2)

where e, k and [ are thermal effusivity, thermal conductivity, and thickness. The subscripts s and

c stand for the thin Inconel sheet and the coating layer. According to Eq. (3.1), the thermal

1
effusivity of the molten salt layer e, can then be derived from the slope m, of the |6| vs. w2
plot in the low-frequency region given that g, is known. To eliminate the uncertainty in the g,

measurement, a reference sample (borosilicate glass) is introduced for calibrating g,. Using a

1
differential method, e, can be obtained by comparing m, and m,.., the slope of the |6,| vs. w2
plot of the reference with a standard thermal effusivity (e,..r): e, can be obtained as given in Eq.

(3.3), by comparing with the reference:

e, = —<L eref (3.3)
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Borosilicate glass was chosen as the reference sample because it has a well-established

thermophysical property (71). e, of the molten salt layer is then converted to k,,

2

k, =

PoCp,0

(3.4)

The thermal conductivity calculation based on Egs. (3.3- 3.4) takes advantage of the simplicity
of mathematical operation without involving complicated model fitting and data processing. It

provides a simple and convenient method to dictate the sample’s thermal conductivity by

1
comparing the slope of |6,| vs. w2 plot in the appropriate frequency range. It is beneficial for
the in-situ measurements that require a timely response to the change in thermal conductivity of

the layer that is of interest. The limitations of this method will be discussed in Section 3.4.2.
3.3.2. Criteria of measuring intrinsic thermal conductivity of flowing fluids

Figure 3.3b shows the 2D schematic of the flow inside the test section during the MPR
measurement. The thermal boundary layer, momentum boundary layer, and the thermal
penetration depth at both high-and-low frequency cases are illustrated. For convenience in the

flow analysis, we assume a laminar flow. The hydrodynamic entrance length L., and the thermal

entrance length L., are given in the following (122):

Les = 0.05RepD (3.5)
and

Len, = 0.05RepPrD (3.6)
where Rej, is the Reynold number, Pr is the Prandtl number, and D is the cylindrical tube

diameter. Based on the thermophysical property of molten NaCl-KCI-MgCl. and the
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experimental conditions given in Table 1, Re, and Pr of the molten salt ranges from around
3805 — 15000 and 7, respectively. Using Eq. (3.5), the estimated L., and L., ranges from 500 —
1900 cm, and 3400 — 13000 cm, respectively. Since the laser spot of ~ 10 mm targets at the
middle of the MPR test section where the Inconel measurement window locates, the flow is still
in both hydrodynamic and thermal entrance regions. The above analysis shows that the thermal
boundary layer 6 of the flow is always thinner than its momentum boundary layer A in our
measurements. According to our previous MPR flowing fluid measurement (70), when the
thermal penetration depth in the measurement is less than both the thermal boundary layer and
momentum boundary layer, the intrinsic thermal conductivity of a flowing fluid can be measured
(Figure 3.3b upper schematic). In other words, the following criteria has to be satisfied: L, <
min [ 4, &]. Otherwise, when L, > A or §, the temperature response from the test section would

be affected by the momentum boundary layer, a more prominent convective effect would then be

1
observed. Under the laminar flow assumption, § = Pr 3A, and A=5 /Z—x , Where v is the
b

kinematic viscosity of the fluid, and x is the characteristic entrance length of the measurement
section as shown in Figure 3.3b (x ~ 15 cm in our experiment), and u,, is the flow velocity. To
satisfy the criteria, we require L,, < 0.28. The criterion can then be expressed with the flowing

relation (70):

1 1
Rep2Pr7s < |PRlaser™) (3.7)

To

Given that D = 25.4 mm and D,,s.,- = 10 mm in our experimental work, and using «, of the
1 1
molten salt (75), when f is within 0.5 to 2 Hz, Rep2Pr ™3 < 100, the forced convection effect is

1 1
neglected. When Rep2Pr3 >»> 100, the forced convection effect is no longer negligible. k¢
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that is higher than the k, of the flow fluid is thus obtained in the measurement. For convenience,

we define 1 = % as the normalized thermal conductivity of the flowing fluids. It is an indicator

o

that describes the relative change in the thermal transport property of the flowing fluids due to

the convection effect.

3.4.Results and discussions

3.4.1. MPR measurement results

Table 3.2 summarizes the experimental conditions of the MPR flowing molten salt
measurements. The measurement temperatures T = 520 and 580 °C were selected. They are
within the proposed operating temperatures (between 520 to 720 °C) of the chloride-salt-based
CSP plants. (7), albeit at the lower end of this temperature window. In addition, these
temperatures ensure the safety and good operational condition of the molten salt flow loop, based
on the considerations of the maximum operating temperatures of several components of the loop,
such as the valve, and flow meter, which are all limited to 650 °C (121), and the corrosion and
mechanical stress issues (123). Nevertheless, the operational conditions including the
temperature selected in this study are for demonstrating the feasibility of in-situ MPR
measurements on flowing molten salts. The MPR technique itself is non-contact and has been
well-calibrated with radiation heat loss and other factors associated with high-temperature
operations. Therefore, it can be extended to higher temperatures such as 750-800 °C, provided
that the thin Inconel window can be replaced by thicker and/or more robust materials, which we
shall discuss in detail in Section 3.4.2. Typically, the practical molten salt flow velocity ranges
from 0.5 to 4.0 m s (Martinek et al., 2021; Robb, 2022; Zeng et al., 2022). Our selected flow
velocity from 0.3 to 1.0 m s is a wide enough flow velocity to observe the thermal transport

property changes from the laminar flow-to-turbulent flow regime using our technique. The
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velocity of 1.0 m s was set as the upper boundary of the flow velocity to maintain the safe

operation of the flow loop integrated with the designated MPR test section.

Table 3.2 Summary of the experimental conditions for MPR flowing molten NaCl-KCI-MgCl2
measurements

Temperature T Average flow velocity u,

(°C) (mm s?)

520 375 + 42

658 + 33

1000 + 33

580 266 + 28

448 + 35

628 + 38

971 + 16

1040 + 34
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To illustrate the expected experimental results, we built a COMSOL model using a laminar flow
module coupled with heat transfer to study the thermal response of flowing molten salt inside the
MPR test section. The test section and material properties NaCIl-KCI-MgClzat T = 520 °C are
from reference (74, 75). Figure 3.5a shows the COMSOL simulation result of the MPR flowing

molten salts NaCI-KCI-MgCl2 measurement at T = 520 °C in the entire frequency range with u,

1
changes from 100 to 1000 mm s. From the COMSOL simulated results of |6| vs. w ™z, three
regions are observed: the flowing molten salt region in the low-frequency range, the Inconel

alloy region in the intermediate-frequency range, and the Pyromark coating region in the high-

1
frequency region. The slopes of the |6;| vs. w2 plots in the low-frequency region decrease
gradually with the increasing u,. When u;, > 500 mm s, the slope starts to plateau. It is a result

of the forced convection effect, equivalently higher k., at high flow velocity, leading to a less

1
prominent |6|. Figure 3.5b shows experimental |6;| vs. w2 plot of molten NaCl-MgCl2-KClI at
T = 520 °C with different us of 0.375, 0.658, and 1.000 m s™*. Despite the discrepancy between
our experimental results and the COMSOL simulation results, we could observe the change in

the slope in the low-frequency region. It is consistent with the COMSOL simulation results. The
1
|6s| vs. w2z curves show the transition from the molten salt region to the Pyromark-coated

1
Inconel sheet region when the modulation frequency increases. The slopes of the |6,] vs. w2
plots in the low-frequency region decrease along with increasing u,. At u, = 1.0 m s}, the slope

nearly plateaus. It indicates the significant convection effect at high flow velocities, as the model

1
predicts. Using Egs. (3-4), k.sf of the flowing molten salts was obtained. The [6,| vs. w2 data
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of the flowing molten salt in the low-frequency range (0.5 — 1.5 Hz) at T = 520 °C and T = 580

°C with different up ranging from ~ 0.27 to 1.04 m s are included in the Figure 3.6..

10 |- Molten NaCI-KCI-MgCl,
[ —=—T=520°C .

L &
| —=— 7=580°C / 6

~
1 C = L .l " 1 n Il L 1
200 400 600 800 1000
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Figure 3.7 Plot of the normalized thermal conductivity A = k;i of flowing salt as a function of

fluid flow velocity u,,.

Figure 3.7 shows the normalized thermal conductivity A as a function of u, . 4
approaches unity when the flowing molten salts exhibit k, (75); otherwise, it increases as a
function of T and u,;,. From the experimental results, A of flowing molten salt is a strong function
of u;,. When u,, is small (u;, < 0.4 m s), we obtained A close to 1. At T = 520 °C, the measured
kess of molten NaCl-MgClz-KCI with u,= 0.375 m s is 0.477 W m™* K; at T = 580 °C, the
measured k., of the molten salt u,= 0.266 m s™ is 0.424 W m™ K''. Upon u,, increases, 1
increases substantially. At T = 520 °C with u,, = 1.0 m s}, k increases to 6.40; at T = 580 °C with
u, = 1.05 m s}, 1 increases to 7.44. The enhancement in the k.ss is due to the forced convection

effect in the flowing molten salt. The k., enhancement of flowing molten salt NaCl-MgCl2-KClI
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behaviors similarly at both T = 520 °C and 580 °C. However, the k. r enhancement at T = 580

°C begins at a slightly lower w,,. It implies that the forced convection effect is more significant at

higher temperatures, due to a lower viscosity of the molten salt.

The experimental results are further analyzed by plotting A as a function of Rej, and

1 1
Rep2Pr 3 respectively, as shown in Figure 3.8a and Figure 3.8b. On the A vs. Rej, plot shown

in Figure 3.8a, 4 increases monotonically as a function of Rej,. For flowing fluid in a smooth
tube, the flow transits to turbulent when Rep,~ 4000 and the turbulence is fully developed when
Rep > 10,000 (79). It explains the enhancement of A at large Repvalues and it is consistent with

the results shown in Figure 3.7. Figure 3.8b shows that when the flowing molten salt has

1 1 1 1
relatively small RepzPr ™3 values, the measured A converges to unity; when Rep2Pr™ 3 increases

and much beyond 100, the measured A increases significantly. It is consistent with our analysis of
the criteria of intrinsic thermal conductivity measurement of flowing fluids. Our previous

flowing D.I. water and thermal oil results are also plotted in Figure 3.8b for comparison.
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Figure 3.8 Analysis of the forced convection effect in flowing molten salt. (a) normalized
thermal conductivityA as a function of Re, number for molten salt; and (b) normalized thermal
1 1

conductivity A of flowing molten salt as a function of RepzPr ™ at different temperatures. Our
previous flowing D.I. water and Xceltherm 600 measurement data using the MPR method are
included for comparison (70).

It is rarely peculiar that our experimental results shown in the |6,]| vs. w_% plots (Figure
3.6b) exhibit different trends, especially in the intermediate-to-high frequency range, compared
to COMSOL model prediction. The reason is still not clear. The scale of the molten salt loop that
we used in this work is much larger than the setup shown in other similar studies (121, 124-126),
thus, complicating the measurements and the stability of the molten salt flow. On the other hand,
corrosion of the measurement window could also cause the discrepancy. As we mentioned in
Section 3.3.1, a thin layer of Pt was coated on the back side of the 100 pum Inconel 625
measurement MPR window on the test section to prevent corrosion. However, the corrosion of
the thin Inconel sheet was still inevitable. According to the studies of the corrosion of Inconel
alloy under molten chloride salts (127), corrosion would make the alloy thinner due to the
depletion of individual metal components. On the interface of the corroded alloy, there is a

formation of a metal oxide layer, which could show different thermophysical properties
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compared to the original alloy. The corrosion issue could be attributed to the discrepancies in the
intermediate-to-high-frequency range where the thermal response of the test section is more
dominant by the thermophysical properties of the alloy and the coating. Nevertheless, according
to Egs. (3.1-3.2), the low-frequency thermal response is still more determined by the
thermophysical property of molten salt. This explains that our molten salt thermal conductivity

calculation is less affected by the effects of molten salt corrosion of the measurement window.

3.4.2. Discussion on the k. calculation using the differential method

Based on Egs. (3.1-3.4), the thermal conductivity of fluids can be obtained using a
differential method. The simplicity of the method allows us to measure k, without exactly
knowing the required physical quantities (e.g., heat flux, and laser spot size). However, one has
to be cautious about applying this method in three-layer measurements. The simplification
shown in Eq. (3.1) is only valid if the intermediate layer exhibits a negligible thermal resistance
(i.e., negligible thickness). The intermediate layer contributes a heat spreading effect, thus,
affecting the heat transfer from the top layer (Pyromark coating) to the bottom layer (molten salt

layer). The calculation of k, would lead to a certain deviation if the differential method is

1
applied. To illustrate this, we compare the simulation |6,| vs. w2 curves of a three-layer
structure (Pyromark coating, 100 um Inconel alloy, and molten salt layer) and that of a two-layer

structure (Pyromark coating, and molten salt layer). It is included in Figure 3.9. The slopes in

1
the low-frequency region of the |6,] vs. w2z show a deviation of around 7 %. The deviation can

be minimized if the thickness of the Inconel sheet is further reduced.
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Figure 3.9 |6,| vs. w 2 plots of a three-layer structure (Pyromark coating, 100 um Inconel alloy,
and molten salt layer) and a two-layer structure (Pyromark coating, and molten salt layer)
simulated by the MPR model. The input parameters are the thermophysical properties of
Pyromark coating, Inconel alloy and molten salts at T = 500 °C (69, 74, 75). The slopes of the
curves in the low-frequency region show a deviation of around 7%.

In our case, the intermediate layer in our study is a 100 um Inconel sheet. The choice of
the Inconel sheet thickness is a compromise between the mechanical strength of the Inconel sheet
to contain the flowing molten salt inside the test section and the sensitivity of the amplitude

signal (|6s]) in the low-frequency region. Nevertheless, in the differential method, we can

indicate the relative change of k.. of flowing molten salt by dictating the change in the low-

frequency slopes in the |6;] vs. a)_% plots. A detailed sensitivity analysis of the thermal response
is included in Figure 3.10. The increases in the alloy layer thickness could reduce the sensitivity
of the thermal measurements. Therefore, to maintain the high sensitivity of the thermal
conductivity measurement to the molten salt in the MPR technique while using the Inconel 625

as a compatible structural material for the current setup, a small thickness of 100 um is needed
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for Inconel 625. The small thickness, however, would limit the total exposure time and

temperature of this window to the molten chloride salt, due to the possibility of corrosion.
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Figure 3.10 Sensitivity of |6,| to molten salt thermal conductivity k,, for Inconel window layers
with thickness varying from 100 um to 500 um.
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Figure 3.11 Sensitivity of |6,| to molten salt thermal conductivity k,, for (a) SiC and (b)
Graphite window layers with thickness varying from 100 um to 500 um.
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The materials and their thickness limitation can potentially be resolved by using high
thermal conductivity materials such as Silicon Carbide (SiC), graphite, and their composites in
the MPR window, as these materials are known to be as stable structural materials for molten-
salt-based CSP and TES facilities (Ding and Bauer, 2021; Ding et al., 2019; Ibrahim et al., 2021;
Wang et al., 2022). They showed desirable corrosion resistance and excellent mechanical
properties at high temperatures. Based on the thermophysical properties of SiC and graphite
which have around 6 and 3 times higher thermal conductivity at high temperatures, respectively,
compared to that of Inconel 625 (Pavlov et al., 2017; Sparavigna, 2002; Wei et al., 2013), we did
the sensitivity analysis of the thermal response in our MPR experiments when these materials are
used as the window layer (the second layer in the measurement). The results are shown in Figure
3.11a and Figure 3.11b. From this analysis, the sensitivity of the measurement maintains around
40 % in the low-frequency region for 200 um thick SiC and graphite. As the SiC and graphite
have better intrinsic molten salt corrosion resistance and can be made thicker as the MPR
window for sensitive measurements, we believe they could be suitable candidate materials for

long-term in-situ experiments.
3.5. Heat transfer coefficient prediction using Gnielinski’s correlation

It is of interest to study the convective heat transfer coefficient h of flowing NaCl-KCl-
MgClIz inside the smooth pipes. Zhang et al. (121) recommend that Gnielinski’s Correlation is a

better correlation for current molten chloride salt systems. Gnielinski’s correlation is given by

(79):

&) (Re-1000)Pr

Nu =
1+12.7(£)0'5<Pr§—1>

(3.8)
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where Nu = Z—D is the Nusselt number; f is the Darcy friction factor (79):

o

f = (0.79 Ln(Rep) — 1.64)72 (3.9)
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Figure 3.12 The predicted (a) Nusselt number (Nu) and (b) Heat transfer coefficient (h) of
molten NaCl-KCI-MgClz using Gnielinski’s correlation. The results from Zhang et al. (121) of
flowing molten NaCl-KCI-ZnCl: are plotted on the same graphs for comparison.

Gnielinski’s correlation is valid when 0.5 < Pr < 2000 and 3000 < Rep, < 5 X 10°. Using Egs.
(8-9), we calculate Nu and h values the flowing molten salt. The measured intrinsic thermal
conductivity of the flowing molten salt (k, = 0.477 W m™* K** when T = 520 °C and u;,= 375 mm
st k,=0.424 W m?* K*when T =580 °C and u,= 266 mm s1), the flow velocity in our study,
and the known thermophysical properties of the molten salt from reference (75) are the input
parameters. Figure 3.12a and Figure 3.12b show the Nu vs. Rep,, and h vs. u,, plots at T = 520
and 580 °C, respectively. The measured values of Nu and h of molten NaCl-KCI-ZnClz, another
eutectic chloride salt with similar compositions, are also plotted alongside for comparison (121).
The predicted h of molten NaCl-KCI-MgClz increases linearly with u,,. It is the result of the
turbulence of the flow at high flow velocities. The predicted h of molten NaCl-KCI-MgCl2 shows

around 20 % higher than the measured h of molten NaCI-KCI-ZnClz in the entire flow velocity
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range. The discrepancy can be attributed to the limited prediction ability of the correction and the
difference in the intrinsic thermophysical properties of these two molten eutectic chloride salts
(75, 117). Yet, the predicted h of molten NaCl-KCI-MgClz using Gnielinski’s correlation can
provide a very valuable reference and evaluation of the heat transfer performance of molten

chloride salt for CSP applications.

3.6. Conclusion

This paper reports the first in-situ thermal conductivity measurement of flowing molten
salt (NaCI-KCI-MgCl2) from 520 and 580 °C using the MPR method with flow velocities

ranging from around 0.3 to 1.0 m s The intrinsic thermal conductivity of the molten salt flow

1 1
can be obtained when the flow velocity is low and when the criterion Rep2Pr 3 < fDDl“a—S""f is

satisfied in the measurement. In our experimental setting, the criterion is given by ReD%Pr_§ <
100. It is consistent with our previous MPR flowing fluid measurements of D.l. water and
thermal oil. We were able to detect the relative change of k.. as the turbulence of the molten
salt flow developed. We could not only measure the intrinsic thermal conductivity of flowing
molten salt and the relative change in the effective thermal conductivity under controlled flow
conditions but also the heat transfer coefficient of the molten salt using the MPR method. The
heat transfer coefficient of molten NaCl-KCI-MgClz was obtained using Gnielinski’s correlation
together with the measured intrinsic thermal conductivity. The heat transfer coefficient of molten
NaCl-KCI-MgCl2 obtained in our measurement shows good agreement with the experimentally
determined h of another eutectic chloride salt with similar compositions. Our heat transfer
coefficient calculation of molten NaCI-KCI-MgClz provides a useful reference and evaluation of

molten chloride salt heat transfer performance for CSP applications. The work demonstrates that
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the MPR can serve as an in-situ diagnostic tool to monitor the thermal transport property of
molten salts flowing in the loop. It also opens the potential to apply the MPR technigue to on-site

facilities for in-situ measurement of other high-temperature HTFs.
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Chapter 4. In-situ thermal conductivity measurement revealing Kinetics of

thermochemical reactions

4.1. Introduction

Thermochemical materials (TCMs) are being extensively studied for developing
sustainable and carbon-free renewable energy technologies. TCMs can find applications in
thermal energy storage (TES) (110, 128) and fuel production with thermal energy from
concentrated solar and other sources (35, 129-136) . TES is one of the crucial technologies to
provide long-duration energy storage by utilizing TES materials (27, 33, 137). With the
integration of TES systems into renewable power plants, for example, concentrating solar power
(CSP) plants, the resilience of electrical generation can be secured. TES using TCMs is
competitive because thermochemical storage materials have higher energy/power densities and
smaller heat losses compared to sensible and latent heat storage (19). Promising TCMs include
redox-active metal oxides (for example, C0o304-CoO, CuO-Cu20, Mn203-Mn304) (138-140) and
hydroxides (Ca(OH)z (25, 141)). Other than TES application, taking advantage of the use of
thermal energy from the abundant concentrated sunlight, TCMs play an important role in various
solar-driven chemical processes, including air separation (129, 130), carbon dioxide (35, 131,
136), and water splitting (35, 132, 133, 135, 136), providing an alternative route to more

sustainable fuel production.

The thermal transport properties of TCMs are important parameters to evaluate the
kinetics and the overall efficiency of TES systems and chemical reactors. Researchers have
employed different techniques to obtain the thermal conductivity of TCMs (33). Steady-state

method, transients hot-wire (THW), and hot disk transient plane source (TPS) method (142) are
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conventional contact methods for measure thermal conductivities of TCMs (143-145). However,
each method has its limitations. The steady-state method requires a long measurement time and
tedious setup preparations that depend on the size and the geometry of the test sections. The hot
wire in the THW method can be easily damaged by corrosive and highly reactive samples.
Although coating a thin protective layer (i.e., Al2O3) on the wires (16) can prevent damage, it
complicates the setup preparation and the evaluation of thermal conductivity. The measurements
of low-thermal-conductivity materials using the TPS method may be challenging because of the
lateral heat spread and heat loss in the insulation layer of the sensor (146, 147). In addition, the
measurement techniques mentioned above (steady-state, THW, and TPS methods) are all contact-
based methods. The temperature sensors may be damaged at high temperatures, leading to
degradation and measurement errors. Constant replacement of the sensors and other components
of the setup is required at the expense of costly and regular maintenance. Laser flash analysis
(LFA) is a non-invasive method to measure the thermal diffusivity of TCMs based on the
transient thermal response of the sample upon pulse laser heating (148). Despite its success in
popularity and commercialization, LFA is not suitable for in-situ measurements due to factors
such as the constraint on the sample thickness imposed by the backside thermometry. The LFA
method is also not capable of monitoring the thermal transport properties of TCMs in real-time.
Considering this, new techniques for continuously evaluating TCM thermal transport properties

are needed.

Recently, a novel non-contact measurement technique, namely, modulated photothermal
radiometry (MPR), has been developed by some of the authors. It is a frequency-domain
technique where the oscillating thermal response of the sample subjected to a periodic laser heat

flux is utilized for thermal characterization. It is a highly versatile technique that accurately
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measures the thermal conductivity of samples in various forms, including bulk solid, thin
coatings, granular media, and static and flowing molten salts (69, 70, 149, 150). Here, we report
the in-situ monitoring of thermochemical reactions using modulated photothermal radiometry
(MPR). Two thermochemical materials, namely, calcium hydroxide (Ca(OH)2), and
Bao.1sSrossFeOs-s (BSF1585) were selected for examination. Ca(OH)2 /CaO thermochemical
couple is widely applied for high-temperature TES (141, 151). Throughout the in-situ monitoring
of Ca(OH)2 pellet at the temperature of 200-380 °C, the thermal conductivity evolution of
Ca(OH)2 was captured and correlated to the kinetics of the dehydration reactions of Ca(OH)a.
BSF1585 is an emerging thermochemical material for air separation (129, 130, 152). Upon
heating, the change in thermal conductivity of BSF1585 was measured using the MPR technique.
The correlation of the thermal conductivity and the oxygen non-stoichiometry of BSF1585 was
evaluated. The work shows two significant impacts to the research communities. Firstly, it
provides a non-invasive, potentially high-throughput diagnostic tool for monitoring the thermal
transport properties of TCMs. It would be valuable to the scientific community and industrial
sectors that require precise thermal conductivity data of TCMs for thermal systems and reactor
design optimization. Secondly, for TCMs that show observable changes in thermal transport
properties, a correlation between thermal conductivity and the conversion fraction of the reaction
can be established for monitoring the reaction kinetics based on thermal characterization. The
thermal transport property changes in TCMs (i.e., perovskites) captured by the MPR thermal
characterization method can potentially shed new light on the kinetics study of the chemical

reactions.
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4.2. Experiments

4.2.1. MPR setup and its principle

Figure 4.1 shows the schematic of the MPR setup and the workflow of in-situ monitoring
of TCMs. The details of the MPR setup are reported in refs (69). A continuous laser (Naku
Technology Co., Ltd, CivilLaser, LSR445CP-12W-FC) was modulated by a waveform generator
(Bell Electronics NW, Inc., Agilent 33120A) to provide an oscillating heat flux (g;(w) = qse/“t)
at an angular frequency w. The laser was converted from a Gaussian beam profile into a top-hat
beam (uniform) profile using a beam shaper (EKSMA Optics, GTH-3.6-1.75FA) to ensure a
uniform heat flux. The samples were then mounted on a designated high-temperature sample
holder, as described in ref (69). The holder was installed with insertion heaters for controlling the
sample temperature. The thermal response of the sample was recorded using an ultra-fast PbSe
detector (Thorlabs, PDA20H-EC, 34 ms response time) for thermal characterization. The actual
surface temperature (65) was monitored by a high-temperature pyrometer (Lumasense
Technologies IGA 320/23-L0O). The oscillating voltage readings (V;) from the PbSe detector were
extracted using the lock-in amplifier (Bell Electronics NW, Inc., Stanford Research System
SR830). Based on the calibration curve of |6,| vs. I, the temperature oscillation of a sample can

be obtained based on the |6,| — V; conversion. Taking advantage of the frequency-domain nature

of the MPR technique, the thermal penetration depth L, = \[% , Where «a is the thermal

diffusivity, was controlled by varying the modulation frequency f. In this work, f is typically

swept from 0.6-20 Hz, which is equivalent to L,, ~ 100-500 um. The samples were measured

from a starting temperature, where no reaction occurred, to a targeted reaction temperature T},

for study the temperature-dependent thermal conductivity. The samples were also held at T;.,.,, for
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a longer period up to 5 h, while they were being measured at specific time intervals to observe

the dynamic change of the thermal conductivity at T,.,,,.
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Figure 4.1 Schematic showing the in-situ monitoring of TCMs using the MPR technique. The
thermal response of the sample is collected and processed digitally. The measured thermal
conductivity as functions of temperature and time is then obtained after data analysis

The heat transfer problem in the MPR measurement can be described using the one-
dimensional (1D) semi-infinite heat transfer model of a two-layer sample with an oscillating
uniform heat flux imposed on the front side. In the low-frequency limit where the thermal

penetration depth (L,) is much longer than the coating thickness, 6; is given by (69, 70):

—%j
65 = 45+ Ry) (4.1)

where e is the thermal effusivity of the substrate, R, is the thermal resistance of the coating. By

1
obtaining the slope (m) of the |6,| vs. w2 plot, the thermal effusivity e, of the sample (substrate)
is determined. A reference sample (borosilicate glass) is introduced for heat flux calibration.
Borosilicate glass was chosen as the reference sample because it has well-established

thermophysical properties (71). Using a differential method, e, can be obtained by comparing the

1
slopes of the |6,| vs. w™z plot of the reference with a standard thermal effusivity (e,.r). es can

be obtained as given in Eq. (4.2), by comparing with the reference:
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Mye
eo = mof eref (42)

The measured e, is then converted to k using the following relationship:

€o

PsCp

k =

(4.3)

Since the modulation frequency is from 0.6-20 Hz, it takes less than 2 s to acquire the thermal
response from the sample for data analysis. At each temperature point, the measurement takes
about 15-20 min (149). It allows one to apply the MPR technique as an in-situ diagnostics to

measure the thermal conductivity of TCMs as a function of temperature and reaction time.

4.2.2. Sample preparation and materials characterization

Calcium hydroxide (Ca(OH)2) powders (Fisher Scientific, CAS:1305-62-0, certified
grade) were commercially available. Ca(OH)2 powders were pelletized using a cold-pressed
method. Appropriate amounts of Ca(OH)2 were pressed using a hydraulic press to form a pellet
of 10 mm diameter and ~ 1 mm thickness, with a porosity of 53.0 %. BSF1585 perovskite was
synthesized using a modified Pechini method (130, 152). The as-synthesized BSF1585 powders
were pressed to form a pellet of 13 mm diameter and 1 mm thickness with a porosity of 23.0 %.
The detailed procedures of BSF1585 sample preparation are documented in refs (130, 152). Prior
to the MPR measurement, the white Ca(OH)2 pellet was coated with a thin layer of graphite (10-
15 um) for laser absorption and infrared emission in the measurement. On the other hand,
BSF1585 pellets were measured under two conditions: with and without laser absorptive
Pyromark coatings. Pyromark coating is a silicone-based black paint that can withstand high-
temperatures of up to 1000 °C (153). It was found that BSF1585 reacted with Pyromark coatings

to form secondary phases at elevated temperatures, which was detectable in the MPR
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measurement. It will be discussed in detail in Section 3.2. The intrinsic thermochemical reactions
at high temperatures without contamination were obtained in the BSF1585 pellet without the
Pyromark coating. BSF1585 has a dark gray color, so it has high absorptance and infrared
emittance. Scanning Electron Microscopy (SEM) (FEI Quanta 250 scanning electron microscope)
was used to examine the surface morphology of Ca(OH)2 and BSF1585. The X-ray diffraction
(XRD) pattern of each sample was obtained using the Rigaku Smartlab X-ray diffractometer (Cu

Ko, A =0.15418 nm) as the radiation source.
4.2.3. The study of the effect of the Pyromark coatings on BSF1585 perovskite using TGA

Thermogravimetric analysis (TGA) (Netzsch STA 449 F3 Jupiter) was used to study the
effect of the Pyromark coatings on BSF1585 at elevated temperatures The detail TGA
measurement procedure was documented in ref (152). The BSF1585 pellets with and without
Pyromark solution attached were placed on a platinum foil-covered alumina crucible for
measurement. During the measurements, the samples were heated to 650 °C and then cooled
back to room temperature with heating/cooling rates of 20 K min? under a 20% O2/N2 gas

environment. The mass change (Am) of the sample was recorded as a function of time.

4.3. Results and Discussion

4.3.1. Ca(OH),

1
The obtained |6,| vs. w2 raw data of Ca(OH)2 measurements are included in Figure 4.2a.
Using Egs. (4.2-4.3), the measured k of Ca(OH)2 was extracted. The apparent density of the
pellet was measured based on the mass and the volume of the pellet. The specific heat capacity

was extracted from ref (154). Figure 4.2b shows the measured k vs. T of the pelletized Ca(OH)2,
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from T = 250 to 380 °C. Typically, Ca(OH)2 undergoes dehydration reactions at T,.,,, of 450 to

500 °C (30, 155):
Ca(OH),(s) = CaO(s) + H,0(g) (4.4)

In our measurement, T,.,,, was fixed as 380 °C to allow for slower dehydration kinetics for

monitoring k of the sample using the MPR technique (156).
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Figure 4.2 MPR measurement results of Ca(OH)2: (a) in-situ monitoring |6s| vs. w 2 raw data
for Ca(OH)2; (b) k vs. T plot. The numbers (1-6) alongside the data point represent the sequence
of the measurements. The asterisk (*) marks the measured data point after cooling down
overnight; (c) k vs. t plot at T,.,,, = 380 °C. The mole fraction of Ca(OH). atT = 350 °C as a
function of time from ref (156) is plotted alongside to show the correlation between the
measured k and the conversion fraction (mole).

The measured k of Ca(OH)2 initially decreases slightly initially from 0.58 W m?* K at
250 °C to 0.54 W m? K at 300 °C. It then increases to 0.62 W mt K!whenT =T,,,.
Depending on the thermal treatment duration at T = T,.,,,, the measured k increases fromt =1 to
5 h. Figure 4.2b shows the measured time-dependent k at T,.,,, = 380 °C. The measured k
slightly decreases from 250 to 300 °C, which can be explained by the intrinsic thermal transport
property of the packed Ca(OH)2 pellet (25). The abrupt change and time-dependent k trend at
T, = 380 °C (Figures 4.2b and 4.2c) is evidently associated with the dehydration of Ca(OH)a.
The bulk thermal conductivity of CaO is higher than that of Ca(OH)2 (20.0 W m™* Kt vs. 16.2 W

m™* K at room temperature) (157, 158). It is consistent with our observation that the ongoing
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dehydration leads to a higher kvalue. The conversion fraction of Ca(OH)2to CaO at T = 350 °C
as a function of time is plotted alongside in Figure 4.2c (156). It is notable that the increase in k
is consistent with the experimental kinetics of Ca(OH)2, suggesting that the change in thermal
transport property directly correlates with the reaction Kinetics. Surface morphologies of
Ca(OH)2 before and after the MPR measurements were examined using SEM. As shown in
Figure 4.3a, the microstructure of Ca(OH)2 shows insignificant change. The possibility of the
change in k (Figure 4.2b and Figure 4.2c) due to the morphological change of Ca(OH)2 pellet
can be ruled out. Furthermore, after holding at 380 °C for 5 h, the Ca(OH)2 pellet was cooled
down to room temperature and sat overnight for moisture absorption. The sample was re-
measured at the initial temperature T = 250 °C. The measured result is indicated by an asterisk
in Figure 4.2b. The measured k of the identical Ca(OH)2 sample was consistent with the original
measured k with no reaction. In other words, our MPR results revealed the reversibility of
Ca(OH)2/Ca0 thermochemical reaction. This result further confirms that the measured k increase
during the heating process was due to the reaction. In short, from the MPR measurement results
of Ca(OH)2, the change in thermal conductivity can be correlated with the reaction Kinetics,
making it possible to monitor the reactions in real-time. For example, it would be useful for
examining the moisture content of hydroxides and conversion of the Ca(OH)2/CaO

thermochemical reaction couple during cycling.
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Figure 4.3 The surface morphology and crystal structure characterizations of Ca(OH)2: (a) SEM

images before and after the MPR measurements. The inset photo shows the Ca(OH)2 pellet for

the measurements; and (b) XRD patterns of Ca(OH)2 before and after the MPR measurement
respectively.

Figure 4.3b depicts the XRD pattern of the Ca(OH). sample before and after the MPR
measurement. The peaks of the XRD patterns were matched using MDI JADE 6.0 software. The
untreated Ca(OH)2 exhibits a typical hexagonal crystal structure as shown in the figure. On the
other hand, the XRD patterns of the thermally treated Ca(OH)2 are contributed by both Ca(OH):
and CaO, with the Ca(OH)2 peak intensities significantly reduced. It is evident that the original
Ca(OH)2 sample was partially converted into CaO under the given MPR measurement conditions.
There is a small peak attributed to the presence of CaCOs. The formation of CaCOs after the

measurement may be due to the direct CO2 capture of Ca(OH): after the thermal treatment.

76



4.3.2. BSF1585

BSF1585 is an emerging redox-active perovskite oxide used for air separation based on a

two-step solar thermochemical cycle (130, 152). The reversible redox reaction is given by:
2Fefl, + 0 5 2Fep, +V;' +50,(9) (4.6)

where Fef, and OF are neutral Fe and oxygen ions; Fey, is the negatively charged ion; and V)’
IS an oxygen vacancy. Upon heating by concentrated solar irradiation, the Fe ion in the
perovskite is thermally reduced (e.g., Fe** to Fe3*) accompanied by the formation of V) and
the release of O2 gas. Reversibly, Fe3* is oxidized to Fe** when the BSF1585 is cooled,
resulting the loss oxygen vacancies due to O2. The net result is that high-purity N2 therefore can

be separated from air during cycling.
4.3.2.1. Pure BSF1585

The in-situ thermal conductivities of two BSF1585 pellets were measured, one with
Pyromark coating as in the Ca(OH)2 sample and the other without any coating, in order to
investigate the impact of potential reaction between the Pyromark coating and BSF1585. For

ease of the comparison of the relative change in k induced by a change in oxygen

nonstoichiometry (&), we define a normalized thermal conductivity of A = ki where k is the

real-time measured thermal conductivity and k,is reference thermal conductivity at the initial
temperature point before thermochemical reactions. k of the BSF1585 pellets were measured for
two consecutive cycles. After the first cycle, the sample was cooled to room temperature and left

overnight under the ambient environment before starting the second cycle. The experimental

1
procedures of both cycles were identical. The obtained |6¢| vs. w 2 raw data of uncoated
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BSF1585 is shown in Figure 4.4a. Using Eqgs. (4.2-4.3), the measured k of BSF1585 as a
function of T was extracted. The bulk density of the pellet was measured based on the mass and
the volume of the pellet. The Neumann-Kopp rule was used to estimate the specific heat capacity
(159, 160). k, of uncoated BSF1585 was measured as 2.11 W m™* K at 300 °C. Figure 4.4b
shows A vs. T plot of uncoated BSF1585, from T = 300 to 650 °C. In the first cycle, A gradually
decreased, from 1.0 to 0.60, along with the increase of temperature from 300 to 650 °C. The
compound energy formalism (CEF) (130) was used to predict 6 for BSF1585 at chemical
equilibrium under 1 atm air, equivalently a partial oxygen pressure Po2 of 0.2 bar. § changes
from 0.104 to 0.233 when T increases from 350 to 650 °C (Figure 4.6), indicating an increase in
oxygen vacancy concentration. The change in § is evidently responsible for the decrease in
BSF1585 thermal conductivity. In the second cycle, the initial measured A of pure BSF1585 is
0.87 at 300 °C. It may indicate that after the sample was cooled overnight under an ambient
environment, it was not fully re-oxidized Eq. (4.5). Therefore, a different A value was obtained.
In the second cycle, A displayed a similar decreasing trend from 300 to 650 °C in the second
cycle, from 0.87 to 0.60. The A values at the reaction temperature (650 °C) remained the same as
the first cycle, indicating similar & values when the sample reached this temperature. The
decrease in BSF1585 thermal conductivity is also associated with the change in §. However, the
decreasing trend in the second cycle may be affected by a different initial oxygen vacancy

concentration of the sample.
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Figure 4.4 MPR measurement results of uncoated BSF1585: (a) in-situ monitoring || vs. w2
raw data in the first cycle measurement; (b) A vs. T plot. The numbers (1-7) alongside the data
point represent the sequence of the measurements; and (c) A vs. t plot at T,.,,, = 650 °C

Figure 4.4c shows the A of the uncoated BSF1585 as a function of time when the sample
was held at T,.,.,, = 650 °C. 1 of BSF1585 remains nearly constant from 0 to 5 h. This implies that
6 was stable once the temperature reached T,.,,,, Showing rapid reaction kinetics. It is consistent
with previous experimental results (152) that observed pure BSF1585 quickly reaches chemical

equilibrium upon heating.
4.3.2.2. Pyromark-coated BSF1585

The thermal conductivity of Pyromark-coated BSF1585 displays entirely different

temperature and time dependence. The obtained |6g| vs. w"% raw data of Pyromark-coated
BSF1585 is presented in Figure 5a. The measured k, of Pyromark-coated BSF was 1.20 W m™*
K. Figure 5b shows 2 vs. T of Pyromark-coated BSF1585, from T = 300 to 650 °C. In the first
cycle, the measured A decreased slightly from 1.0 to 0.96, along with the increase of temperature
from 300 to 650 °C. In the second cycle, the initial measured A of pyromark-coated BSF1585 is
0.99 at T = 300 °C. It indicates that after the sample was oxidized and cooled overnight under an
ambient environment, it was not fully oxidized, similar to the uncoated sample. In the second

cycle, A showed a steeper decreasing trend from 300 to 650 °C in the second cycle, from 0.99 to
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0.82. The decrease in BSF1585 thermal conductivity is also associated with the change in
6. Compared to the results of the uncoated BSF1585, it is obvious that the change in A is less
significant. It implies that the thermochemical reaction in Eq. (4.5) is hindered by the presence of

the Pyromark coating.
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Figure 4.5 MPR measurement results of Pyromark-coated BSF1585: (a) in-situ monitoring |6|

1

vS. w2z raw data in the first cycle measurement; (b) A vs. T plot. The numbers (1-7) alongside
the data point represent the sequence of the measurements; and (c) A vs. t plot at T,..,, = 650 °C

One can make use of the thermal conductivity of pure BSF1585 to reveal the oxygen
vacancy concentrations in the specimen. By correlating the thermal conductivities obtained from
pure BSF1585 (first cycle data) with the predicted §, a A — & correlation can be established to
predict the oxygen non-stoichiometry of the specimen. It is particularly useful for evaluating in
real time the capacity of perovskite oxides, or oxygen carriers in general to absorb/ desorb

oxygen.
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Figure 4.6 Correlation of thermal conductivity change to the oxygen non-stoichiometry of pure
BSF1585 as a function of temperature based on the first cycle MPR measurement results

Figure 4.5¢ shows A vs. t plot of Pyromark-coated BSF1585 when it was held
isothermally at T.,,, = 650 °C for 5 h. The measured A1 of BSF1585 further decreases at Ty, =
650 "C. A first substantially decreased from 0.96 down to 0.79 in the first 3 h and then eventually
plateaued. The overall percentage change in the measured A is about 17.5 %. A time-dependent A
of Pyromark-coated BSF1585 in the second cycle is also observed. The overall percentage
change in A decreases down to 2.67 %, from 0.82 to 0.79. According to a previous Kinetics study
of the thermochemical reactions in SrFeOss-based perovskite oxides and our data on the
uncoated BSF1585 sample, the reaction rates of both reduction and oxidation in BSF1585 are
very rapid (152), meaning that the sample rapidly reaches chemical equilibrium with a definite
thermal transport property. It is thus unexpected to observe a time-dependent thermal
conductivity behavior under isothermal conditions, unless the reaction was affected by the

Pyromark coating. The coating may hinder the kinetics of the thermochemical reaction,
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manifested by the slower and less significant change in thermal conductivity as the temperature
ramped up. The materials characterization results of both pure BSF1585 and Pyromark-coated

BSF1585 further explain the statement.

Before SEM imaging, the Pyromark-coated BSF1585 pellet was polished to remove any
coating and residues after the MPR measurement. As shown in Figure 4.7a, the surface
morphologies of uncoated BSF1585 samples before the measurement and Pyromark-coated
BSF1585 after the MPR measurements were examined using SEM. The surface morphology

observed here is consistent with the observation of the previous study on BSF1585 (130, 152).
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Figure 4.7 The surface morphology and crystal structure characterizations of BSF1585: (a) SEM
images of uncoated BSF1585 before the measurement and Pyromark-coated BSF1585 after the
measurements. The inset photo shows the uncoated BSF1585 pellet for the measurements; (b)
XRD patterns of pure BSF1585 and Pyromark-coated BSF1585 followed by the same heating
procedure in the MPR measurements, respectively.

Figure 4.7b shows the XRD patterns of the uncoated and Pyromark-coated BSF1585

samples, followed by the same heating procedure in the MPR measurements. The XRD pattern
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of uncoated BSF1585 was cubic perovskite phase, indicating it was still pure and single phase.
However, the coated BSF1585 sample after the high-temperature MPR measurement exhibited
additional peaks from secondary phases that contributed to reduced SrFeOs phase and organic
contaminants, Octacarbon. Briefly, Pyromark coating is a silicone-based high-temperature paint
consisting of solar absorptive spinel oxides (e.g., MnCr20s) and blend methyl phenyl
polysiloxane resin binders in diluted organic solvents (153, 161, 162). The emergence of these
secondary phases is likely due to the reaction between the Pyromark coating and BSF1585
perovskite, and/or the silicone-based residues of the Pyromark coating after high-temperature

measurements.
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Figure 4.8 TGA results of BSF1585 samples with a heating and cooling rate of 20 K min™ in
20% O2/N2 gas environment up to 650 °C. The normalized mass changes of BSF1585 with and
without the presence of Pyromark are plotted as a function of time

To investigate the effect of the contamination from Pyromark coating on BSF1585, the
sample was studied using TGA. The TGA results of single-phase BSF1585 with and without the

Pyromark coating were shown in Figure 4.8, which compares the normalized mass change of the
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samples at different heating and cooling stages. Here, normalized mass change is defined as

Am

, where Am,,,,, IS the maximum mass change recorded in the TGA measurement. Single-

AMmax
phase BSF1585 reached chemical equilibrium quickly at 650 °C and showed a stable mass at this
temperature, similar to earlier work with the same material (130, 152). The single-phase
BSF1585 also quickly regains mass upon cooling, revealing the progress of the reversible
reaction. On the other hand, BSF1585 with the Pyromark coating shows a delay in reaching
chemical equilibrium at 650 ‘C, requiring ~ 5 h. It is consistent with the time-dependent thermal
conductivity results observed in the Pyromark-coated sample (Figure 4.5c), which showed that
the decreasing thermal conductivity of Pyromark-coated BSF1585 also required ~ 5 h to plateau
when held at 650 °C. Furthermore, the TGA data also reveals very different mass changes of the
Pyromark-coated sample during the heating and cooling steps. Upon cooling from 650 °C,
Pyromark-coated BSF1585 does not regain mass within the measurement time. It further
illustrates that the presence of Pyromark coating hinders the reaction kinetics and reversibility of
the reaction. It also explains the different thermal conductivity trends of pure BSF1585 and
Pyromark-coated BSF1585 (Figure 4.4b & 4.4c vs. Figure 4.5b & 4.5c).Through the control
experiment of BSF1585 with and without contamination, we demonstrate that not only does the
in-situ monitoring using MPR can establish A — & correlation to evaluate oxygen carrier
capacities in real-time, but it is also capable of detecting any physical and/or chemical changes of

TCMs based on thermal characterization results.

The experimental results of both Ca(OH)2 and BSF1585 clearly show observable changes
in thermal conductivity during thermochemical changes. It brings motivation to further develop
the MPR technique as a potential high-throughput diagnostic tool for monitoring both the

kinetics and thermal transport properties of TCMs. The precise thermal conductivity data of
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TCMs are useful for thermal systems and reactor design optimization. Based on the established
correlations between the thermal conductivity and the conversion fraction of the reactions, one
can apply the MPR technique for monitoring the reaction based on a thermal characterization
technique. The thermal transport property changes in TCMs (i.e., perovskite oxides) captured by
the MPR thermal characterization method can shed new light on the kinetics study of reactions.
It can be particularly useful for studying perovskite oxides where chemical changes are,

otherwise, challenging to capture simply using conventional characterization techniques.

4.4. Conclusion

In this work, we reported the use of the MPR technique for in-situ monitoring of
thermochemical reactions of two selected TCMs, calcium oxide (Ca(OH)2) and Bao.15Sro.ssFeOs-5
(BSF1585) with different reaction temperatures. Their changes in thermal conductivity upon
thermochemical reactions were captured in real time when the reactions were taking place. For
Ca(OH), the thermal conductivity change is consistent with the conversion fraction of Ca(OH):
to CaO in the dehydration process at 380 °C. For BSF1585, specimens with and without
Pyromark coating were studied. In both cases, the thermal conductivity decreases upon heating.
The decrease is correlated to the change in oxygen nonstoichiometry that is associated with
oxygen vacancy creation. Reversibly, upon cooling, the BSF1585 regained their thermal
conductivity to slightly lower values due to re-oxidation. In uncoated BSF1585, the measured
thermal conductivity using MPR reveals the rapid kinetics of the thermochemical reactions. It is
also consistent with our Kkinetic study of uncoated BSF1585 using TGA and earlier
thermochemical reaction studies. On the other hand, the Pyromark-coated BSF1585 displayed a
sluggish decrease and time-dependent trend in thermal conductivity. It is associated with
hindered reaction kinetics due to the emergence of secondary phases resulting from the
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interaction between Pyromark coating and BSF1585. Based on the study of two selected TCMs,
we demonstrate the capability of performing in-situ monitoring using MPR to reveal
thermochemical reaction kinetics. On an instrumentation level, the technique can potentially be
leveraged for high-throughput diagnostic applications at lab- and/or large-scale thermochemical

reactors and systems.
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Chapter 5. Black coating of quartz sand towards low-cost solar-absorbing and

thermal energy storage material for concentrating solar power

5.1. Introduction

As renewables such as photovoltaic and wind energy are gaining increasing penetration
in the electrical grid, their intermittency and the associated stability issue are becoming a grand
challenge. Concentrating solar power (CSP) coupled with thermal energy storage (TES) is being
considered as an appealing solution to deliver stable, dispatchable, and inexpensive electricity
generation from renewable solar energy (49, 163-165). CSP technology utilizes the thermal
energy collected from concentrated sunlight for generating electricity. The heat can be stored in a
TES system, which is significantly less expensive and more scalable than electrochemical
storage of electricity, enabling electricity generation for up to 8-10 hours when the sunlight is
unavailable (111, 166, 167). The next-generation CSP plants aim to increase the overall
efficiency by elevating the operating temperatures to above 700 °C (4, 49, 50). There are three
main pathways under consideration to capture and store high-temperature thermal energy from
concentrated sunlight, gas (supercritical CO2), liquid (e.g., molten salts), and solids. Among
these, solid particles are considered a promising heat transfer medium (HTM) and TES material
because they can reliably operate at elevated temperatures with minimal stability and safety
concerns (7, 164, 165, 168), e.g., no corrosion issue as in molten salt or high pressure as in
supercritical CO2. As such, the solid particle pathway is being explored as the focus of the
Generation-3 (Gen3) CSP technology where the target operating temperature is close to 800 °C

(169, 170).
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The selection of solid particles for CSP systems is based on various factors, including
optical properties, thermophysical properties, stability (chemical, mechanical, and thermal), and
production cost (164). Ideal particles would possess high solar absorptance, high thermal
conductivity and specific heat, good mechanical and thermal stability, and low cost. Various
solid particles, for example, alumina (50, 51, 171-173), black silicon carbide (SiC) (165, 173-
176), quartz sand (172, 173, 176, 177) and ceramic particles (165, 173, 176, 178-181) have been
evaluated as HTM and TES materials for CSP plants. Yet, to date, there is no solid particle that
would simultaneously satisfy all the performance and cost metrics. Alumina particles possess
desirable stability as an HTM in the falling particle CSP systems. However, they have low solar
absorptance (white color) and are more expensive than other types of particles. Black SiC
possesses excellent thermal conductivity, high solar absorptance, and good mechanical strength.
However, its production cost is high (50) and can be oxidized at high temperatures in the air.
Silica sand is abundant, inexpensive ($30-50/ton) and has promising thermophysical properties
such as thermal stability and reasonably good thermal conductivity (172, 173, 176, 177, 182).
The main drawback of quartz sand is its low solar absorptivity, about 0.4 (7, 176, 178, 183).
Currently, ceramic particles such as Carbo HSP, manufactured by CARBO Ceramics Inc. and
primarily used as proppants in the petroleum industry, are promising HTM and TES materials
under consideration for particle-based Gen-3 CSP. The main constituents of the Carbo particles
are sintered bauxite consisting of Al2O3 and SiOz2, with a small amount (a few percent) of Fe203
and TiO2 which gives the dark appearance (184, 185). They are mechanically durable and have
good solar absorptance (ranging from 0.89 to 0.93) (179, 181, 186, 187). However, their
relatively high production cost is still one of the roadblocks to further lowering the levelized cost

of electricity (LCOE) of CSP systems (180). The cost of the CARBO particles is about
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$1,000/ton (185). At this cost and with its solar absorptance of ~0.90, technoeconomic analysis
done by Albrecht et al. (188) shows that the LCOE of the CSP with TES will be around 0.058
$/kWhr. If the cost of the particles is reduced to below $100/ton, the LCOE can be as low as
0.053 $/kWhr, which will bring it closer to the DOE’s 2030 solar cost target of 0.050 $/kWhr
(189). In addition, it has been shown that Carbo particles can degrade and become less black
above 700 °C in the air due to oxidation, thus lowering their solar absorptance (184, 185). In
light of this, it would be useful to develop a new type of solid particles that can meet all the
requirements for future CSP & TES systems, including excellent solar absorptance, suitable

thermophysical properties, good mechanical and thermal stability, and being cost effective.

It has been suggested that black coating can be a promising approach to increase the solar
absorptance of low-cost silica sand as well as improve the absorptance and stability of Carbo
bauxite proppants. Gimeno-Furio et al. (187) used carbon black and thermally degraded glucose
to coat silica sand to improve its solar absorptance from around 40% to 75-80%. However, the
coating materials are not chemically stable at high temperatures. The maximum operating
temperature of carbon back coated silica is limited to 645 °C while that for glucose-coated silica
is only up to 441 °C. Recently, Gobereit et al. (190) modified the solar absorptivity of bauxite-
derived proppants using various methods, including dip-coating of iron-manganese-oxide and
high-temperature diffusion of transition metal ion from surface black paint coating into the bulk
of bauxite proppants. However, it was found that the surface coating attained by dip-coating was
not resistant to abrasion, presumably because the adhesion between the black coating and bauxite
particles was weak. The coloring ions diffusion method could lead to stable and black bauxite
proppants but the method was considered complicated and expensive (190), e.g., involving high-

temperature (1200-1350 °C) annealing process for the ion diffusion. Alkan et al. (191) developed
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a coating process by high-energy, high-speed dry mixing of bauxite proppants with fine black
pigment followed by high-temperature annealing (1200 °C). The coating increased the solar-
weighted absorptance of bauxite particles from 0.89 to 0.93 and was shown to be stable against
thermal annealing and mechanical abrasion. The is a promising process to improve the
performance and stability of bauxite particles, but the mixing and annealing processes are

energy-intensive and could lead to high costs.

In this work, we aim to develop an inexpensive, facile, and scalable black coating on
solid particles, including low-cost quartz sand, with high solar absorptance and thermal stability.
We develop a coating solution containing black spinel oxide nanoparticles dispersed in a
silicone-based resin. Upon curing at only ~ 50 °C, the resin turns into silica, providing good
adhesion between the black oxide nanoparticles and the silica sand particles. This process is
energy-efficient as it does not involve high-temperature thermal treatment process and is
generally applicable to all types of solid particles. In the work, we demonstrate the process on
quartz sand, effectively making these abundant and inexpensive solid particles suitable for direct
solar absorption applications in CSP & TES. The black nanoparticles used for coating in this
work are based on CuosCri1.1Mn1.404 and CuCr20a4 spinel oxides, made from two representative
processes (solid-state reaction and hydrothermal, respectively) and with two average
nanoparticle sizes (~ 500 nm vs. ~ 35 nm, respectively). The idea is also compatible with any
black oxide nanoparticles, especially spinel oxides, many of which have been shown to possess
high solar absorptance and excellent thermal stability at high temperatures in the air (e.g., 2000
hours at 800 °C (192)). We found that a thin layer of black coating significantly increases the
solar absorptance of the quartz sands, from ~0.40 to ~0.90. Importantly, the morphologies and

solar absorptance of the black-coated quartz sands remained unchanged after 100-hr isothermal

90



annealing at 800 °C in air. The preliminary abrasion resistance test shows that the coating on the
quartz sand still maintains excellent uniformity after 24-hr ball mixing with Yttria Stabilized
Zirconia (YSZ) grinding balls and the optical properties remained the same. We also measured
the effective thermal conductivity (k.sf) of the particle beds of black-coated quartz sand. We
found that k., of the coated quartz sand is comparable to that of uncoated sand as well as
Carbo ceramic proppant particles of similar size. This work suggests that our coating process is
an effective approach to increasing the solar absorptance of solid particles. In particular, the
spinel oxide-coated quartz sands can serve as an excellent low-cost alternative, with comparable
optical and thermal properties and better thermal stability, to the state-of-the-art Carbo ceramic

proppants, as a solar absorbing heat transfer and TES medium for future CSP systems.

5.2. Materials and methods

5.2.1. Sample preparation

(a)

Diluted = =
resin
solution \ 4
(1) Prepare diluted resin (2) Add as-prepared spinel oxide (3) Add quartz sand to the
(methyl phenyl polysiloxane, xylene, nanoparticles to the resin solution nanoparticle solution and mix for 24 hours
isobutanol)
(b) Thermal stability test (€)  Mechanical stability test

Figure 5.1 Schematic showing (a) the workflow of the coating process of quartz sand; (b) the
thermal stability test of coated quartz sand; and (c) the ball mixing mechanical stability test with
YSZ grinding balls
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The quartz sands are Northern White silica sand 430 from Covia Corporation (sourced in
St. Peter’s Sandstone in Illinois). The median diameter of the sand is 407 um. The main
composition is SiO2 (> 99 %), with a trace amount of oxides of Al, Fe, Ti, Ca, etc (182). The
spinel oxide nanoparticles for coating are CuosCri1.1Mn1.404 and CuCr204. The former is made
from a traditional solid-state reaction method by mixing and sintering binary oxides followed by
ball milling. These nanoparticles, with an average diameter of ~500 nm, are commercially
available in large quantities (Foshan Huayi Ceramic Colours Co., LTD, Foshan, China). CuCr204
nanoparticles with an average diameter of 35 nm were synthesized using a hydrothermal process.
The details of the hydrothermal process and the characterization of both types of nanoparticles
were reported in our earlier work (161). To prepare the nanoparticle solution for coating, the
nanoparticles were mixed with a 1:4 wt. ratio (nanoparticle: resin) in a solution containing a resin
made of methyl phenyl polysiloxane (SILIKOPHEN P80/X, Evonik) diluted with iso-butanol
and xylene. The quartz sand was then added to the nanoparticle solution with a 1:1 volume ratio.
The resultant mixture was then mixed for 24 hours. Figure 5.1a shows the schematic of the
coating process. The mixing process allowed the nanoparticles to uniformly distribute on the
surfaces of the sand particles. After mixing, the coated quartz sand was extracted from the
solution for drying in an oven at around 50 °C for 24 hr. To test the thermal stability of the coated
quartz sand, the coated quartz sand was isothermally annealed at 800 °C for 100 hours in the air
(Figure 5.1b). To further test the abrasion resistance of the coated quartz sand after the thermal
treatment, the annealed coated sand was mixed with YSZ grinding balls of 3 mm in diameter
(Inframat® Advanced Materials™) with a 1:3 wt. ratio, then undergoing an intensive ball mixing

process for 24 hours in a ball milling machine (SHIMPO PTA-02, Nidec Corporation) with a
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maximum shaft rotational speed of 247 rpm, in which the particles were expected to be

constantly colliding with other particles and the YSZ balls (Figure 5.1c).
5.2.2. Material characterization and measurements
5.2.2.1. Scanning electron microscopy (SEM) and X-ray diffraction (XRD)

Scanning Electron Microscopy (SEM) equipped with Energy Dispersive X-Ray
Spectroscopy (EDS) (FEI Quanta 250 scanning electron microscope) was used to image the
surface morphology of the pristine and coated sand particles as well as the compositional
homogeneity of the spinel oxide coating. The X-ray diffraction (XRD) pattern of each sample
was characterized by Rigaku Smartlab X-ray diffractometer with Cu Ka (A = 0.15418 nm) as the

radiation source.
5.2.2.2. Differential scanning calorimetry

To confirm the thermal stability and thermal responses of the quartz sand samples, a
differential scanning calorimeter (DSC) (404 F3 Pegasus®, NETZSCH) was used to measure the
pristine and coated quartz sand samples. Each quartz sand sample was put into the alumina
crucible and was heated from room temperature to 800 °C, with a heating rate of 10 K min™,
During the measurements, nitrogen gas (N2) was used as the protective gas. The DSC signals

were recorded and then analyzed by using Proteus®, an analysis program provided by Netzsch.

5.2.2.3.UV-Vis-NIR spectrometry

The diffuse reflectance measurement of the quartz sands was performed using a UV-VIS-
NIR spectrometer (PerkinElmer Lambda-1050 UV/Vis/NIR spectrophotometer) equipped with a
150 mm InGaAs integrating sphere in the wavelength range from 280 to 2500 nm. During the

measurements, the quartz sand samples were confined in a quartz cuvette. The solar absorptance
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a, of the samples is defined as the spectral solar absorptivity weighted by the solar spectrum

(ASTM G173), divided by the solar insolation,

I ais()da

ST [T I(aa G.1)

where a(4) is the spectral solar absorptivity of the sample and I;(A) is the spectral intensities of
solar insolation. The spectral intensities of solar insolation for the weighted spectral solar

absorptivity is based on ASTM G173 (193).
5.2.2.4. Effective thermal conductivity measurement

The effective thermal conductivity (k.rr) of the quartz sands was determined using a
custom-made transient hot-wire (THW) apparatus. The quartz sand particles were filled into a
mica THW holder (11.6 x 1.5 x 0.97 cm®). The THW test section was placed in a tube furnace
(GSL-1100X, MTI Corporation) equipped with N2 gas supply and a pressure control system. The
quartz sand samples were measured from room temperature to temperature (T) around 700 °C
under N2 gas environment at 760 Torr. In the THW measurements, ks of the samples was
obtained from the transient temperature rise after applying a constant heat flux at time t = 0 with

the assumption of a line heat source within an infinite medium:

_ q'/an
kerr = d(4T)/d(Int) (5.2)

where AT is the temperature rise of the Pt wire induced by the application of an electrical current
I to it for a duration of time (t), ¢’ is the heat rate per unit length of the Pt wire: ¢’ = I?R/L,
where L is the length of the Pt wire, and R is the resistance of the Pt wire at the measurement
temperature T. More details of the THW apparatus and the data analysis can be found in our

previous work (181, 194).
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5.3. Results and Discussion

5.3.1. Phase stability and surface morphology

Cu, :Cr, ,Mn, ,0,-coated
Cu, Cr,.Mn, ,0,- 0.5%r.41VINy 4O,
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Figure 5.2 Photographs of (a-d) CuosCri.1Mn1.404-coated quartz sand; and (e-h) CuCr20s-
coated quartz sand before coating, after coating, after isothermal annealing, and after isothermal
annealing & ball mixing with YSZ grinding balls.
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Figure 5.3 XRD patterns of (a) CuosCri1.1Mn1.404-coated quartz sand; and (b) CuCr204-coated
quartz sand
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Figure 5.4 SEM images of (a) CuosCr1.1Mn1.404-coated quartz sand; and (b) CuCr204-coated
quartz sand; EDS mapping results of (c) CuosCri1.1Mn1.404-coated quartz sand and (d) CuCr204-
coated quartz sand

Figure 5.2 shows the photographs of quartz sand before coating, after coating, after
thermal annealing, and after thermal annealing plus ball mixing with YSZ grinding balls. The
uncoated quartz sand has a general white appearance. After coating with CuosCr1.1Mn1.404 or
CuCr204 spinel oxide nanoparticles, the quartz sand turned black. The coated quartz sand still
maintained its black color after 100-hr 800 °C thermal annealing in air and subsequent ball
mixing with YSZ grinding balls for 24 hours. Figures 5.3a and 5.3b show the XRD patterns of
the quartz sand coated by CuosCr1.1Mn1.404 and CuCr204 respectively. The peaks of the XRD
patterns are contributed by quartz sand and the spinel oxides, as labeled in Figure 5.3. The

phases of the coated quartz sand remain unchanged after 800 °C isothermal annealing for 100

hours. It indicates the phase stability of the quartz sand as well as the spinel oxide coating. It is
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also consistent with our previous results about the stability of the spinel oxide coating after 2000-
hr annealing at 800 °C in the air (161). Figures 5.4a and 5.4b show the SEM images of
Cuo5Cr1.1Mn1.40s-coated quartz sand and CuCr20s-coated quartz sand respectively. From the
SEM images of each coated quartz sand, both CuosCr1.1Mn1.404 and CuCr204 nanoparticles were
well-adhered to the surface of the quartz sand particles. As mentioned earlier, the adhesion was
provided by the silicone resin that turned into silica upon curing. From the SEM images that
display the local surface areas of the quartz sand, the nanoparticles of CuosCri.1Mn1.404 and
CuCr204 distributed uniformly on the particle surface. This can also be demonstrated from the
EDS mapping results shown in Figures 5.4c and 5.4d. The individual elements of the spinel
oxide nanoparticles were homogeneously distributed on the quartz sand surface. The surface
morphology and the nanoparticle coatings of coated quartz sand after thermal treatment and ball
mixing were also examined. They were included in Figures 5.5 and 5.6). According to the SEM
and EDS analysis, CuosCr1.1Mn1.404 and CuCr204 show little changes in particle sizes after 800
°C isothermal annealing for 100 hours. This again is consistent with our previous observations
regarding the thermal stability of these spinel oxide nanoparticles (Rubin et al. (161)). Like the
surface morphology of the coated quartz sand before any thermal treatments, the nanoparticles
were well-adhered to and uniformly distributed on the quartz sand particle surfaces. The
experimental results support the idea that CuosCri1.1Mni1404 and CuCr204 spinel oxide are
thermally stable coating materials for sand particles at high temperatures. In addition, after the
YSZ ball mixing test for 24 hours, the nanoparticle coatings remained largely the same, with
only small amounts of nanoparticles transferred to the surface of the YSZ grinding balls. It
demonstrates that the coated quartz sand can potentially withstand a certain extent of mechanical

abrasion and attrition with other particles or particle containment surfaces in actual operational
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conditions. Nevertheless, a more thorough and longer-term evaluation regarding the mechanical

stability of the particles is needed in the future.

Cu, sCr, 4Mn, ,0,coa
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Figure 5.5 SEM images of coated sand samples after 800 °C thermal annealing for 100 hours in
the air. (a) CuosCri.1Mn140s-coated quartz sand; and (b) CuCr20s-coated quartz sand; EDS
mapping results of (¢) CuosCr1.1Mn1.404-coated quartz sand and (d) CuCr204-coated quartz sand.
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Figure 5.6 SEM images of coated sand samples after 800 °C thermal annealing for 100 hours in
the air followed by ball milling for 24 hours. (a) CuosCr1.1Mn1.404-coated quartz sand; and (b)
CuCr204-coated quartz sand; EDS mapping results of (¢) CuosCri.1Mn1.404-coated quartz sand
and (d) CuCr204-coated quartz sand.
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5.3.2. Thermal stability
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Figure 5.7 DSC curves of uncoated quartz sand and quartz sand coated with CuosCr1.1Mn1.404

and CuCr20a4

Figure 5.7 shows the DSC curves of quartz sand with and without the spinel oxide
coatings. The quartz sand samples were heated from room temperature to 800 °C with a heating
rate of 10 K min™. As shown in the figure, the DSC curves of each sample are similar. The only
endothermic peak that emerges from each sample is at 573 °C, which corresponds to the phase
transition of quartz from a- quartz to 8- quartz (195). This phase transition of quartz is reversible
in that upon cooling, the quartz sand sample transforms back to a- quartz. Other than the
endothermic caused by the reversible phase transformation of quartz, there was no additional
peak. It demonstrates that the spinel oxide coatings, CuosCr1iMn1404 and CuCr20s, are

thermally stable in the temperature range we investigated (room temperature to 800 °C).

Pure quartz sand
Cu,Cr, Mn O

1474
CuCr,MnO,- coated quartz sand

coated quartz

sand

T~573°C

Temperature (°C)

101

0 700 800



5.3.3. Enhancement of solar absorptance

Figure 5.8a shows the spectral absorptance of uncoated quartz sand, quartz sand coated
with CuosCr1.1Mn1.404 or CuCr204in the wavelength range from 280 to 2500 nm. The spectral
absorptance of the uncoated quartz sand is around 40% in most of the wavelength range from
280 to 2500 nm. After coating with CuosCri1.1Mn1.404 or CuCr20s, the spectral absorptance
significantly increases. The absorptance of the coated quartz sand is mostly higher than 85% in
the entire spectral range and is around 90% in the UV-Vis spectra (up to 750 nm). It indicates
that spinel oxide coatings can significantly enhance the solar absorptance of solid particles. In
general, the spectral absorptance curves of the coated quartz sand show little changes in the

entire spectral range after the isothermal annealing and ball mixing tests. It is consistent with our

microstructural observations in Figure 5.2 as well as our SEM analysis of the coated quartz sand,

which shows that the coatings are thermally and mechanically stable.

The solar-weighted absorptance («,) of pristine and coated quartz sand (before annealing,

after 800 °C isothermal annealing, and after ball milling) was shown in Figure 5.6b. Before
coating, the pristine sand has a of 0.426, similar to the results of Diaz-Heras et al.(176) and
Palacios et al. (183). The solar-weighted absorptance of the Cuo.sCr1.1Mn1.404 and CuCr20s-
coated quartz sand was increased to 0.893 and 0.888, respectively. After 100 hours of isothermal
annealing at 800 °C, the solar-weighted absorptance of the coated sands remained nearly the
same (0.890 and 0.881 for the CuosCri1.1Mn1.40s- and CuCr20s- coated sands respectively) after
100 hr isothermal annealing at 800 °C in air. More importantly, after the thermal annealing and
ball milling, the solar-weighted absorptance also remained virtually the same (0.893 and 0.885

for the CuosCr1.1Mn1.404 and CuCr204- coated sands respectively). The experimental results
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exhibit the excellent and stable solar absorptance of the coated sand particles after long-term

thermal annealing and mechanical abrasion (tested with ball milling).

5.3.4. Effective thermal conductivity
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Figure 5.8 (a) Spectral absorptance (%) of uncoated quartz sand, quartz sand coated with
Cuo05Cr1.1Mn1.404 and CuCr204 in the wavelength from 280 to 2500 nm; and (b) the solar
weighted absorptance of the quartz sand samples before and after isothermal annealing at 800 °C
for 100 hours and ball mixing test with YSZ balls for 24 hours

We also aim to evaluate if the nanoparticle coating could impact, especially adversely,
the thermal transport behavior of the particle beds. The effective thermal conductivity of each
quartz sand sample was measured using the THW apparatus under N2 gas environment at 760
Torr. Figure 5.9 shows the effective thermal conductivity of uncoated, Cuo.sCr1.1Mn1.404-coated,
and CuCr20s-coated sand beds as a function of temperature up to ~ 700 °C. k., of pristine

quartz sand increases with temperature from 0.31 W m™* K at room temperature to 0.56 W m*

K* at ~ 700 °C. The increase in kesr with temperature originates from increasing gaseous

thermal conductivity of air and radiative contribution, similarly observed in Carbo particles of

HSP 40/70 and CP 40/100 we measured earlier (181). The coated quartz sand shows similar or
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slightly lower k. at low-and-intermediate temperatures (T < 400 °C) but slightly higher k. at

high temperatures (T > 400 °C). From 25 to 400 °C, Cuos5Cr1.1Mn1.40s-coated quartz sand has

very similar k., to the pristine sand whereas the CuCr20s-coated one has about ~10% lower
kesr. Above 400 °C, both coated sand samples have higher k., than that of the uncoated sand.
At 700 °C, k¢ of the CuosCri.1Mn1.404-coated and CuCr204-coated samples is about 0.65 and

0.61 W m* K respectively, or about 16% and 10% higher than that of the uncoated sand. The

measured k¢ values of both the coated sand samples are comparable to that of ceramic solid

particles of similar sizes at low temperature but higher at high temperatures, such as Carbo HSP

40/70 (average diameter = 404 um, k,;r = 0.24 W m™ K'at 25 °C and 0.51 W m™* K™ at 700 °C)
and Carbo CP 40/100 (average diameter = 275 um, k¢ = 0.26 W m* K'at25 °C and 0.47 W

m?® K at 700 °C) (181). This result reveals that a thin black coating on the quartz does not
significantly affect k. of the particle bed, and at high temperature, might moderately increase

its kesp.
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Figure 5.9 Effective thermal conductivity of uncoated quartz sand, CuosCr1.1Mn1.404-coated
quartz sand and CuCr204-coated quartz sand as a function of temperature

The comparable or slight decrease in k.f¢ at low-and-intermediate temperatures and
increased k¢ at high temperatures can be understood from the respective roles of different heat
transfer pathways in particle beds, as we have studied in Carbo particles (181). At low
temperature, k¢ is mainly contributed by gaseous conductions and to a much smaller extent by
solid-solid contacts between particles. Both pathways depend on the exact contact geometries
between the particles (e.g., contact area, and the thickness of the air layer near the contact points).
The nanoparticle coatings on the large sand particles could have slightly changed the contact
geometry, especially the ones with the small-diameter nanoparticles (~35 nm CuCr204
nanoparticles) which effectively increases the surface roughness of the sand particles thus
reducing the solid-solid contact areas. On the other hand, at high temperatures, the radiative

contribution to k., becomes more pronounced. From our solar absorptance measurements, the
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solar absorptance of both coated sand samples (a = 0.89) is about twice of the pristine sand (a,
= 0.43). While we have not measured the thermal emissivity of the coated sand at 700 °C, it is
reasonable to assume that it is quite high, probably around 0.9 based on our earlier measurement
of planar coating of black spinel oxide (161). This is much higher than that of silica (~ 0.40 at
700 °C (196, 197)) because SiOz is transparent to photons of thermal wavelengths at 700 °C (2-5
pm). The higher emissivity can lead to higher radiative thermal conductivity in coated quartz
sand and thus a higher overall k.r (198, 199). It is worth investigating the modification and
possibly enhancement of the optical and thermal transport properties of particle beds by utilizing

coatings (200).

5.4. Conclusion

In conclusion, we report a convenient and cost-effective method to enhance the solar
absorptance of low-cost quartz sand by coating it with black spinel oxide nanoparticles. The
method is facile, energy-efficient, and cost-effective. It only involves gentle mixing and ~50 °C
curing, without high-temperature thermal treatment or complicated chemical processing, making
it a desirable method to enhance the solar absorptance of solid particles, especially low-cost
silica sand. The solar absorptance of the coated quartz sand is improved to around 0.89, which is
more than double of the original sand and comparable to that of Carbo proppants. The quartz
sand coated with CuosCri1.1Mn1404 and CuCr204 nanoparticles shows excellent thermal and
mechanical stability. The coating is shown to be chemically stable and the solar absorptance
remains high after 100-hr annealing at 800 °C in the air as well as abrasion test via 24-hr ball
mixing with YSZ grinding balls. The effective thermal conductivity of the coated quartz sand is
comparable to that of uncoated sands and Carbo ceramic proppant particles with similar from 25

to 400 °C. At higher temperatures (400-700 °C), the black-coated particles show moderately
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higher thermal conductivity due to the higher thermal emissivity. Overall, the coated quartz
sands shown here have similar or better optical and thermal properties and good stability
compared to the Carbo ceramic particles, but with about one order of magnitude lower cost (30-
50%/ton vs. ~1000 $/ton). The coating materials and processing are also low cost, low-energy,
and scalable. Therefore, the black-coated quartz sand developed here could become a promising
cost-effective HTM and TES material for CSP. It also opens the possibility of optimizing the
optical and thermal properties of solid particles by coating them with suitable materials. Further
work could focus on the application of the process to a large quantity of sand and a more
thorough evaluation of its chemical thermal stability, abrasion resistance, and flowability (e.g., in

a moving particle heat exchanger (199)).
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Chapter 6. Realizing ultra-low thermal conductivity and diffusivity at high

temperatures using packed high-entropy spinel oxide nanoparticles

6.1. Introduction

Thermal insulation at high temperature is essential for performance, durability, and safety
in various applications (201). For example, thermal barrier coatings (TBCs), mainly consisting of
low-thermal conductivity metal oxides, are used as excellent thermal insulation layers to enable
the operation of gas turbine engines for aerospace and electricity generation applications at high
temperatures (i.e., > 1300 °C) (202). Thermal insulation for buildings is also critically important
to reduce the increasing energy consumption for thermal comfort (203, 204). Low thermal
conductivity and fire retardance are desirable for energy efficient and safe building envelops
(205). Solid oxide fuel cells (SOFCs) are emerging electrochemical energy storage devices that
generate electricity with zero-emission. Their principle relies on the catalytic redox reactions and
ionic conduction across the electrolytes at high operating temperatures of 800-1000 °C (206).
Excellent, insulation layers with high thermal and chemical stability are required to maintain the
cells above their minimal operating temperatures. Thermal runaway in lithium-ion batteries (207)
could lead to temperature as high as 1000 °C (208). One of the promising mitigation strategies is
installing a thin thermal runway barrier material in the batteries to delay thermal propagation
(209, 210). Other important applications include firefighting protective clothing (211), space re-

entry vehicles (212), spacecrafts (e.g., Parker Solar Probe (213)).

A desirable thermal insulation material should exhibit as low as possible thermal
conductivity and a promising mechanical behavior that can satisfy the technological

requirements. In the last few decades, solid-like thermal insulation materials have been
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fabricated to meet different thermal insulation requirements. They can be divided into dense and
porous solids. Dense thermal insulation materials are usually metal oxides. Yttria-Stabilized
Zirconia, with 7-8 mole % (7YSZ or 8YSZ) is a state-of-the-art dense thermal insulation material.
It has a bulk thermal conductivity of around 3.0 W m™* K at room temperature and gradually
decreases down to around 2.5 W m™* K at 1000 °C (44, 214, 215). The underlying thermal
transport mechanism for achieving low thermal conductivity is phonon scattering. The phonon
scattering in the materials can be increased by different means, for example, the introduction of
complex compositions, doping of metal cations, and increasing the size and mass deviation of
constitutional cations (44, 46). Porous solids are another type of promising thermal insulation
material. They are two-phase effective media that consist of both solid and stagnant gas. The

effective thermal conductivity of porous structures (k) can be expressed in the general form (44):
K = Ksolia T Kgas T Krad (6.1)

where k4 is the heat conduction through solid, kg4 is the heat conduction through gas, and

K,qqq 1S the heat conduction through thermal radiation, respectively. Aerogels (216-228),
scaffolds (229, 230), fibers (231), porous refractory bricks (43), and foams (232-234) are
representatives of porous thermal insulation materials. Introducing a high porosity to the
materials, x,;;4 can be greatly reduced by limiting the solid matrix contact areas and enhancing
boundary scattering. On the other hand, heat conduction through gas becomes significantly more
dominant. Those porous thermal insulation materials thus attain a more gas-like thermal
conductivity, for instance, air thermal conductivity at room temperature (e.g., K air = 0.026 W m™*
K™). The gas conduction in the porous materials can be further reduced when the pore size is
comparable to the mean free path (MFP) of the stagnant gas, namely the Knudsen effect (234-

237). It implies that thermal conductivity in porous structures can be further suppressed by
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limiting the gas molecule propagation length. While both dense and porous thermal insulation
materials can achieve low thermal conductivity by altering the thermal transport mechanisms
through solid and gas pathways, however, there are scarce strategies to suppress the heat transfer
through thermal radiation at high temperatures in the thermal insulation materials. The thermal
conductivity of those insulation materials is anticipated to show a substantial increase in thermal
conductivity at high temperatures due to thermal radiation, limiting their thermal insulation

capabilities at high temperatures where heat transfer through thermal radiation is significant.

In 2006, Prasher (238) reported a theoretical prediction of low thermal conductivity using
packed nanoparticles. The theoretical results show that by choosing nanoparticles with suitable
physical properties, including particle sizes, bulk thermal conductivity, surface energy, etc., the
packed nanoparticles can achieve thermal conductivity lower than that of air. In the following
year, Hu, Prasher, and Lofgreen (239) experimentally showed a low thermal conductivity of
packed alumina nanoparticles of 0.035 W m™ K at room temperature. It approaches air thermal
conductivity without evacuation. It provides an alternative to ultra-low-thermal conductivity

thermal insulation materials with low-cost, tunable thermal transport and mechanical properties.
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0O, SEM images and EDX mappings
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Figure 6.1 (a) Schematic of packed HESONPs and the heat transfer mechanisms (solid
conduction, gas conduction, and thermal radiation) in the packed nanoparticle constriction. The
heat transfer pathways, including solid-solid conduction, gas conduction, and thermal radiation,
are suppressed, illustrated by the reduced pathways; (b) SEM Images and EDS mapping of
HESO NPs showing its morphological changes upon thermal treatment at high temperatures
(1000 °C) and its compositional homogeneity.

In this work, we report ultra-low thermal conductivity at high temperatures (0.080 W m*
K1 at 1000 °C) in ambient air using packed high-entropy spinel oxide nanoparticles (HESO NPs)
with a composition of (CoMgMnNizn)(AICoCrFeMn)204. Figure 6.1a shows the concept and
schematic of suppression in heat transfer pathways, including solid conduction, gas conduction,
and thermal radiation, using packed nanoparticle constriction in our work. The thermal
conductivity of packed HESO NPs from 300 to 1000 °C was measured using modulated
photothermal radiometry (MPR). It shows a nearly constant thermal conductivity trend and a
thermal conductivity that approaches air thermal conductivity at 1000 °C (0.080 W m* K1, at
1000 °C), and much lower than aerogel-based thermal insulation materials (0.21 W m* K™, at
1000 °C) (240). More importantly, due to its relatively high packing density, thermal diffusivity
of packed HESO NPs is almost 1000-fold lower than that of air (0.0227 vs. 240.0 mm? st at 1000
°C). HESO NPs in our work show excellent sintering resistance. Its thermal conductivity and

particle size remain nearly unchanged after high-temperature thermal treatment. It further
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demonstrates the HESO NPs as an excellent thermal insulation material with the capability of
operating under extreme conditions. The work sheds new lights on the design of the next-
generation thermal insulation materials. It, on the other hand, would be useful for various
technologies such as gas turbine engines, buildings, and energy storage devices, where thermal

insulations are critically important for safety and materials protection.

6.2.Experiment

6.2.1. Materials synthesis

(CoMgMnNiZn)(AICoCrFeMn)204 HESO NPs with 8 different cations was prepared
using hydrothermal synthesis (161). The constitutional water-soluble metal salts were weighted
and dissolved in deionized (DI) water with specific mole concentrations. The as-prepared
solutions were then mixed and stirred for 1 h to enable compositional uniformity. To form
precipitates, 10 M NaOH was added to the resultant solutions until a pH level of 11.5 was
reached. The viscous solution was further mixed. It was then put in Teflon-lined autoclaves for
thermal treatment at 200 °C for 20 h in an oven. After that, the solid sample obtained was
washed with DI water and further purified using a centrifuge. The as-obtained solid sample was
dried overnight in an oven of around 70 °C. They were then heated in a box furnace at 550 °C for
5 hin air to remove any water crystallization. After the thermal treatment, the sample was around
to obtain nanoparticles for thermal and materials characterization. For comparison, another type
of high-entropy spinel oxide with five cations, (CoCrFeMnNi)3O4, and a simple spinel oxide,

CuCr204 were synthesized using the same method (161).
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6.2.2. Thermal conductivity measurement

The thermal conductivity of packed HESO NPs was determined using the MPR method
which is a non-contact frequency-domain thermal characterization technique. The setup and
experimental details of MPR measurements are documented in ref (69) (Figure 6.3a). The
packed HESO NPs were first prepared using a cold-press method. A weighted amount of HESO
NPs was filled into the designated MPR sample holder for high-temperature measurements up to
1000 °C. The nanoparticles were pressed by a hydraulic press with an exerted pressure up to 40
MPa. The packed HESO NPs then formed a solid, robust bulk piece for measurement. Upon the
measurements, the packed nanoparticles were heated by a modulated laser that provided a
periodic heat flux of g = gye'®t, where q, is the amplitude of the heat flux and w is the
modulated angular frequency. The surface temperature oscillation of 8 = 8,e(“t*®) where 6, is
the amplitude surface temperature oscillation and ¢ is the phase lag between the heating and the
thermal response, was monitored by an ultra-fast Infrared (IR) detector and a high-temperature
pyrometer. The voltage (V) reading from the IR detector was converted to the actual thermal

response of the sample based on the established |6,| — V calibration curve. By utilizing the

1
|8,] — w2 data obtained from the measurements, the thermal conductivity of the sample can be

obtained. The detailed heat transfer model for the MPR measurement is provided in ref (69).
Briefly, the physical meaning of the slope of |6,] — w2 plot (m) of a sample represents the
inverse of its thermal effusivity (e), defined as e = /pc,k where p, c,, and « are density,

specific heat capacity, and thermal conductivity , respectively. Using a differential method, the

thermal effusivity of a sample can be obtained by comparing with the reference (69, 70, 150):

e="Le . (6.2)

m
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1
where m,..r and e, are the slope of |6,| — w2 plot for the reference and the thermal effusivity

of reference, respectively. The measured e, is then converted to k using the following relation:

=2 6.3)

pCp

Pyroceram 9606 was used as the reference because of its well-established thermophysical
properties in the entire temperature range (241, 242). The packing density was obtained directly
by dividing the mass of particles loading and the volume of the sample holder filled by the

packed nanoparticles. The Neumann-Kopp rule was used for c, estimation (159, 160). The

thermal insulation capability of materials is also dictated by thermal diffusivity (a) which

measures how fast thermal energy transfers to an object. It is given by:

a=— (6.4)

6.2.3. Thermal insulation test

A home-built thermal insulation setup was used to examine the flame resistance and the
ability of the samples to delay thermal propagation. In the test, the samples were fixed by stands
and clamps. To avoid the burning of the testing materials, a stainless-steel shim was
mechanically attached to the front side of the samples. The front side (covered by the stainless-
steel shim) of as-prepared packed HESO NPs (3 cm x 3 cm x 1 cm) housed in an Inconel sample
holder, and fiberglass (10 cm x 10 cm x 1 cm), a commercially available thermal insulation
materials, were subjected to propane blowtorch heating (~ 950 °C). The thermal insulation ability
of ambient air was also tested using the same method. Two stainless-steel shims (10 cm x 10 cm

x 100 um) were separated by 1 cm which was for creating an air gap of 1 cm. The temperature
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rise of the backside of the samples as a function of time was recorded using a high-temperature

pyrometer (Lumasense Technologies IGA 320/23-L0).
6.2.4. Materials characterization

The surface morphology and compositional homogeneity of HESO NPs were examined
by Scanning Electron Microscopy (SEM) (FEI Quanta 250 SEM) equipped with Energy-
dispersive X-ray spectroscopy (EDS). The crystal structure of HESO NPs was confirmed using
the Rigaku Smartlab X-ray diffractometer (Cu Ka, A = 0.15418 nm) as the radiation source.
Thermogravimetric Analysis (TGA) was performed to determine the thermal stability of HESO
NP samples using a thermogravimetric analyzer (Pyris 1 TGA). The weight (%) of nanoparticles

placed in an Alumina crucible was measured up to 1000 °C at a heating rate of 20 K min™in air.

6.3. Results and Discussion

6.3.1. Materials characterization

The packed HESO NPs were black in appearance before and after the MPR
measurements with temperatures up t01000 °C (Figure 6.2a). The packed nanoparticles show no
changes in appearance, revealing the optical, thermal, and mechanical stability of the packed
HESONPs. They were further quantified by optical property and thermal stability measurements
using diffusive reflectance measurement and TGA respectively. The surface morphology of the
packed HESO NPs was examined under SEM. As shown in Figures 6.1b & 6.2b, the particle
sizes of HESO NPs were maintained at nano-sizes before and after the MPR measurements. The
pore sizes between the particles are also of nano-size order. The chemical homogeneity of
HESO NPs was confirmed using EDS mapping which shows that the 8 cations are uniformly

distributed across the sample (Figure 6.1b).
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Figure 6.2c shows the TGA results of HESO NPs before and after 1000 °C heat treatment
for 2 h, presented as a plot of weight (%) as a function of temperature. The weight change of the
samples is merely 1-2 % after the heat sweep to 1000 °C, with a heating rate of 20 K min™. It
shows the excellence of HESO NPs to withstand high temperatures without degradation. HESO
NPs also have high phase stability. It exhibits a single spinel structure upon synthesis and high-
temperature treatment at 800 °C and 1000 °C (Figure 6.2d). The absorptance of the packed
HESO NPs before and after 1000 °C thermal treatment for 2 h is shown in Figure 6.2e. The
results show that HESONPs are highly absorptive. The absorptance did not change after the

thermal treatment, revealing the optical stability of HESO NPs.
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Figure 6.2 Materials characterization results: (a) digital photos of packed HESO NPs before and
after the MPR measurements; (b) SEM images of the packed HESO NPs before and after high-
temperature annealing. The particles maintained the nano sizes; (¢) TGA results of HESO NPs
up to 1000 °C showing their high thermal stability; (d) XRD patterns of HESONPs which shows
single spinel-phase upon synthesis and thermal treatment at 800 and 1000 °C for 2 h, respectively;
and (e) absorbance of packed HESO NPs in the wavelength from 350 nm to 2000 nm.

6.3.2. Thermal conductivity and thermal diffusivity results

Figure 6.3b shows the x vs. T plot of packed HESO NPs and the other two types of
packed spinel oxides nanoparticles, namely (CoCrFeMnNi)304 and CuCr204. The raw data of the
MPR measurements of packed HESO NPs is included in Figure 6.4. The reported values of the

state-of-the-art low-thermal conductivity materials or composites were plotted alongside for
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comparison (43, 220, 230). When T increases from 300 to 1000 °C, k of packed HESONPs show
a small increase from 0.070 to 0.080 W m* K1, At the highest measurement temperature, packed
HESO NPs show almost the same thermal conductivity as air (0.080 W m™ K™). It is the first
realization of high-temperature thermal insulation with a record low thermal conductivity that is
comparable to that of air under an ambient environment. Heat-treated packed HESO NPs (at
1000 °C) show a very similar thermal conductivity trend as a function of temperature compared
to the original packed HESO NPs, revealing the excellent thermal stability of the packed HESO
NPs for thermal insulation applications at high temperatures without thermal degradation. It is
consistent with the materials characterization results as shown in Figure 6.2. Packed HESO NPs
have outstanding thermal insulation ability compared to state-of-the-art thermal insulation
materials, for example, porous alumina refractory brick. It has a much lower thermal
conductivity at high temperatures compared to the reported data of porous alumina refractory
brick (0.080 vs. 0.32 W m* Kt at 1000 °C) (43). The substantial increase in thermal conductivity
of the porous alumina refractory brick at high temperatures is attributed to the thermal radiation
contribution. Our packed HESO NPs are the only materials among the others for comparison,
that show ultra-low and air-like thermal conductivity at high temperatures under ambient
pressure. The realization of ultra-low thermal conductivity of HESO NPs is due to three reasons:
(1) small contact between nanoparticles; (2) nanoscale pores formation with dimensions less than
the mean free path of air; and (3) scattering of thermal radiation in packed nanoparticles. For the
first two reasons, it has already been verified by both theoretical models and experimental results
(238, 239). They are responsible for the reduction of solid-solid conduction and gas conduction.
For the third reason, it is especially important for the reduction in thermal radiation. Both the

metallic (absorptive) nature of the spinel oxides and the porous structure constructed by
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nanoparticles provide highly effective absorption and scattering mechanisms for infrared photons,

thus resulting in the elimination of thermal radiation contribution (243, 244).
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Figure 6.3 Thermal conductivity measurement results: (a) schematic of MPR measurement setup;

(b) k vs. T of packed HESONPs, packed (CoCrFeMnNi)3Os and CuCr

204 up to 1000 °C. The

reported literature results of the other thermal insulation materials from refs (43, 220, 230) are

plotted alongside for comparison. The LEFT panel is the x vs. T plot on
RIGHT panel is the enlarged x vs. T plot on a linear scale.
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Figure 6.4 Raw data of MPR measurements of packed HESO NPs plotted as |6]| vs. w2

Both packed (CoCrFeMnNi)3O4 and CuCr204 show slightly higher x compared to packed
HESO NPs.Packed CuCr20a4in general are higher in k in the entire temperature range. Different
from packed HESO NPs, packed (CoCrFeMnNi)3O4 shows flat thermal conductivity values of
around 0.077 W m™ K from 300 to 600 °C. It then increases to 0.10 W m* K at 1000 °C.
Packed CuCr204, on the other hand, shows an almost linear increase in x from 0.12 to 0.22 W m’
1 Kt from 300 to 1000 °C. The abnormal data point at 600 °C may be associated with the
structural phase transition of CuCr20s4 (245). In the repeat measurements, both packed
(CoCrFeMnNi)304 and CuCr204 show slight increases in thermal conductivity which is a sign of
thermal insulation degradation. The difference in thermal conductivity of HESO NPs and the
other two packed spinel oxide nanoparticles can be attributed to two factors, namely particle

sintering upon high-temperature treatment and the difference in mechanical properties. It was
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observed that (CoCrFeMnNi)304 and CuCr204 nanoparticles sintered and agglomerated to micro-
sizes (Figure 6.5). In fact, thermal insulation materials lose their insulation capability upon
sintering. When packed nanoparticles are sintered and agglomerated into large sizes, the particles
have large contact areas for thermal transport. It, thus, increases thermal conductivity. Packed
HESONPs show a unique thermal insulation capability compared to the other two spinel oxide
nanoparticles owing to their sintering resistance. It makes them remain highly insulated even
after high-temperature thermal treatment. The origin of the excellent sintering resistance of
HESONPs is still unclear. Such sintering resistance can be observed in other high-entropy
material systems (246, 247). There is still a lack of a unified theory to account for this
phenomenon. One may suggest that it is associated with the sluggish effect of high-entropy
materials (248, 249). However, it was reported that the number of components in the high-
entropy materials do not affect the kinetic diffusion (250-252). The proposed sluggish effect may
not be a convincing explanation. High-entropy grain boundary (HEGB) was first proposed in
2016 as the grain boundary counterpart to high-entropy materials (253). It explains the
nanocrystalline stability at high temperatures from the point of view of interfacial
thermodynamics. In general, grain growth of high-entropy materials can be inhibited via
thermodynamic stabilization by reducing the grain boundary surface energy, and/ or Kinetic
stabilization by solute drag (253). Both thermodynamic and kinetic stabilizations are likely to
contribute to the suppression of particle growth of HESONPs, enabling a stable surface of

nanoparticles for high-temperature thermal insulations.

121



a As-synthesis (CoCrFeMnNi);0,

(o)l As-synthesis CuCr,0,

Figure 6.5 SEM images of (a) as-synthesis (CoCrFeMnNi)3O4 and packed (CoCrFeMnNi)3O4
after the MPR measurement, respectively; and (b) as-synthesis CuCr20s and packed
CuCr20a4after the MPR measurement, respectively.

According to the result presented in Figure 6.3b, the thermal conductivity of the packed
nanoparticles is given in the following descending order: CuCr20s > (CoCrFeMnNi)3O4 >
(CoMgMnNiZn)(AICoCrFeMn)204. The mechanical property deviation in those spinel oxide
nanoparticles may be the explanation for this. It was predicted by Prasher (238) that the lower
the surface energy of nanoparticles, the lower the thermal conductivity of the packed
nanoparticles. Without a solid experimental foundation of the mechanical properties of the spinel
oxide nanoparticles, we hypothesize that high-entropy ceramics show lower surface energy than
that of simple ceramics and compositionally-less-complex ceramics. It is empirically true in
some high-entropy ceramic systems (254-256). Using it as a rule of thumb, we can then explain
the observed thermal conductivity of spinel oxide nanoparticles where the most compositionally

complex one, (CoMgMnNiZn)(AICoCrFeMn)204, attains the lowest thermal conductivity, while
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packed CuCr204 displays the highest thermal conductivity. Substantial experimental work shall
be made to verify the effect of the mechanical properties of nanoparticles on the thermal

transport properties.
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Figure 6.6 a vs. T of packed HESONPs, packed (CoCrFeMnNi)3O4 and CuCr204 up to 1000 °C.
Thermal diffusivity of air is plotted alongside for comparison. The left panel is the a vs. T plot
on a logarithmic scale; the right panel is the enlarged « vs. T plot on a linear scale.

Figure 6.6 summarizes the measured a of packed HESO NPs, (CoCrFeMnNi)3O4 and
CuCr204 with the reported values of air for comparison. Packed HESO NPs show a constant & in
the entire temperature range from 300 to 1000 °C. It is 1000 times lower than that of air (0.0227
vs. 240.0 mm? st at 1000 °C). It is not surprising since packed HESO NPs have a high packing
density (~ 2700 kg m®) which leads to a much lower a compared to air. The thermal diffusivity
results reveal that a much longer time is needed for thermal energy to diffuse in packed HESO
NPs while it is almost instantaneous for thermal energy to diffuse in an air gap with an
equivalent thickness as packed HESO NPs. It can be further illustrated in the thermal insulation
demonstration in Section 6.3.3. Although packed (CoCrFeMnNi)3O4 and CuCr204 exhibit similar

packing densities compared to that of packed HESO NPs, they still have slightly higher a. It is

consistent with their higher measured « results (Figure 6.3b) attributing to the difference in
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mechanical properties and their thermal insulation degradation upon sintering. To summarize,
packed HESO NPs show ultra-low thermal diffusivity compared to air and other nano-
constriction formed by spinel oxides. It shows a great potential of applying packed HESO NPs as
an excellent thermal barrier material.
6.3.3. Thermal insulation test

The flame resistance and thermal insulation capability of samples were tested using a
home-build setup (Figure 6.7a). Upon heating by a propane blowtorch, the stainless-steel shim
inserted on the front side of samples experienced a temperature rise to ~ 950 °C in 15 secs. After
the SS shim reached thermal equilibrium, the heat was then transferred to the samples, namely
air gap, fiberglass, and packed HESO NPs. Figure 6.7b shows the backside temperature rise of
the samples as a function of time. It is obvious that air and fiberglass quickly heated to their
maximum temperature and plateaued in less than 3 mins. It is consistent with the fact of high
thermal diffusivity of air and fiberglass. On the other hand, packed HESO NPs display a much
slower temperature rise behavior. It took almost 20 mins for packed HESO NPs to reach the back
temperature equilibrium. It aligned with our experimental results of packed HESO NPs that have

a much lower thermal diffusivity.
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Figure 6.7 Thermal insulation demonstration: (a) digital photo of the thermal insulation
demonstration setup with the key components labeled; (b) measured back side temperature as a
function of time for different thermal insulation materials: air, fiberglass, and packed HESO NPs

The demonstration presented here provides strong evidence of the excellent thermal
insulation capability of packed HESO NPs. The applications of packed HESO NPs, or in general
nanoparticles with certain sintering resistance, are imperative for technologies that require
intensive thermal insulation. For instance, thermal barrier materials are urgently needed to
prevent TR propagation. However, the performance of commercial thermal barrier materials is
still far from satisfactory owing to their limited capability to prevent thermal propagation and
material degradation under extreme conditions (208). Our packed HESO NPs may open a new
possibility of excellent thermal insulation for multiple critical areas, such as TR, with such

nanocontrictions exhibiting ultra-low thermal conductivity and diffusivity.

6.4. Conclusion

In summary, here we report ultra-low thermal conductivity (0.080 W m™* K-* at 1000 °C)
and diffusivity (0.0227 mm? s at 1000 °C). realized by using packed high-entropy spinel oxide
nanoparticles (HESO NPs) under an ambient environment. Utilizing the unique features of the
nanocontriction formed by HESO NPs, all three heat transfer mechanisms in porous structures,
namely solid-solid conduction, gas conduction, and thermal radiation, are suppressed. An air-like
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thermal conductivity of packed HESO NPs can, therefore, be achieved without evacuation.
Moreover, owing to the high packing density of packed HESO NPs compared to traditional
thermal insulation material with high porosities, it exhibits 1000 times lower thermal diffusivity.
At a material level, taking advantage of the unusual material properties of high-entropy materials,
HESO NPs show excellent sintering resistance and thermal stability. It makes it competitive to
beat other traditional thermal insulation materials without the issues of degradation. The work
can potentially have a game-changing impact on the design of the next-generation thermal
barrier materials. It will be particularly useful for various technologies such as gas turbine
engines, buildings, and energy storage devices, where thermal insulation is critically important

for safety and materials protection.
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Chapter 7. Conclusion and outlook

7.1.  Summary

The next-generation CSP brings promising perspectives on providing reliable zero-carbon
emission electricity supply by utilizing concentrated sunlight, high-temperature materials
(including HTFs, TES materials, and TCMs), and efficient thermal infrastructure with excellent
internal insulation. Yet, due to technological immaturity and the lack of our understanding of
materials at high temperatures, research and development efforts must be devoted to enabling a
decarbonized future world with the implementation of such solar-thermal technology. The
research work presented in the previous chapters has provided possible solutions and future

directions to the bottlenecks aforementioned.
7.1.1. Instrumentation and measurement

At instrumentation and measurement levels, a novel, non-contact, frequency-domain
thermal characterization technique, MPR, was developed for measuring high-temperature HTFs,
such as molten salts. It has been proven as a reliable tool for capturing the true thermal
conductivity of molten salts, which is challenging to measure due to its corrosivity and
measurement errors from natural convection and radiation. Beyond providing a thermal
conductivity measurement technique, the MPR techniques can also serve as a diagnostic tool for
monitoring dynamic thermal systems in real time. The systems include HTFs in flowing states
and thermochemical reactions. By integrating the MPR setup into an existing lab-scale molten
salt flow loop, we demonstrated the first in-situ thermal conductivity measurement of flowing
chloride molten salts. It is the first realization of real-time monitoring of the heat transfer

performance of flowing molten salts using an optical method. In addition, we exploited the MPR
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techniques to monitor the Kkinetics of thermochemical reactions for TES and solar-
thermochemical fuel production applications based on thermal response. It successfully
correlated the thermal conductivity of TCMs with their reaction Kkinetics, providing the
communities with a convenient and useful tool to study thermochemical reactions in the reactors
during their operating conditions. In short, the instrumentation development and reliable
thermophysical property data obtained in the study are useful and will contribute to the CSP and
related research communities for further sophisticated development and implementation of the

technology.
7.1.2. Materials design and engineering

At materials levels, we modified low-cost quartz sand using black spinel oxide coating.
The proposed, black-coated quartz sand has comparable optical properties, thermal properties,
and stability, but almost 20 times lower cost (30-50 $/ton vs ~1000 $/ton) compared to the state-
of-the-art ceramic particles used for the same purpose. The method in the work is also facile,
energy-efficient, and cost-effective, making it competitive to extend it to a large-scale coating
process. It can potentially be an alternative HTFs and TES materials for the next-generation CSP

that can further lower the LCOE of the technology.

On the other hand, our hydrothermal synthesized HESO NPs, namely,
(CoMgMnNiZn)(AICoCrFeMn)204, show excellent thermal insulation ability at high
temperatures (> 1000 °C). The pressed nano-constriction formed by the as-synthesis HESO NPs
show ultra-low thermal conductivity (0.08 W m™* K* at T = 1000 °C) and thermal diffusivity
(0.023 mm? st at T = 1000 °C). Owing to nano-constriction formed by the nanoparticles,
suppress the heat transfer mechanisms of solid-solid conduction, gas conduction and convection,

and thermal radiation. The realization of ultra-low thermal conductivity and diffusivity can be
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applied to the internal insulation of the thermal infrastructure of CSP plants to improve the

overall efficiency of the systems.

7.2.  Future plans

7.2.1. Novel instrument for monitoring energy devices

Utilizing the features of the MPR technique, namely non-invasive monitoring,
controllable thermal penetration depth, and high-throughput measurement, one can apply it to
monitor energy devices, such as lithium-ion batteries (LIBs) and solid oxide fuel cells (SOFCs),
for real-time evaluation of the energy devices. Despite the success of the commercialization of
batteries, there are still safety concerns induced by abusive usage of the devices. When the
batteries are abusively employed, a series of uncontrollable chain reactions occur and lead to
explosive consequences, namely, thermal runaway (TR). The cause of thermal runaway is
complex and still unclear. To enable the safe operation of the energy devices and provide a
convenient diagnostic tool for studying the devices, including real-time monitoring, degradation
mechanism study, and fundamental structure-property relationship investigation, we propose the
use of the MPR technique to study the energy device. To be specific, the performance of the sub-
components of energy devices can be correlated with their thermophysical properties. One can

then predict and evaluate the performance of the devices.

7.2.2. Materials design for solar-thermochemical applications

Agglomeration and materials deactivation under high temperatures and hot-spot heating
have long been the issue of redox-active materials (usually in particle forms with micro sizes) for
solar-thermochemical fuel production. It leads to an efficient conversion, becoming one of the

bottlenecks of technology. Inspired by the experimental realization of suppressed grain growth in
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HECs (see Chapter 7), it suggests that the use of coating formed by HECs can act as a protective
layer to eliminate or minimize agglomeration of the redox-active particles. In future research
work, more effort will be made to investigate how HECs with slow or negligible can be applied
to redox-active materials can eliminate particle agglomeration, which is the major cause of low
conversion efficiency and materials degradation. HECs take advantage of possessing excellent
and unique material properties and are highly versatile in modifying the materials system for a
vast composition space, there are also great opportunities in designing HECs that contain redox-
active cation species while showing the sluggish effect that helps maintain the materials with

desirable particle sizes.

7.2.3. Thermal barrier materials for thermal runaway

Thermal runaway is a critical issue that is associated with the safe operation of battery
systems. While tremendous research effort has been made to investigate the fundamental causes
of TR, mitigation strategies are also necessitated to enable the safe operation of batteries. The
usage of flame-retardant phase change materials (PCMs) is one of the potential solutions to TR
which aims to delay thermal propagation by a rapid decrease in thermal conductivity upon phase
change induced by the thermal excitation by TR (209, 257). Based on our study on (see Chapter
7) packed HESO NPs, nano-constriction provides not only ultra-low thermal conductivity but
also low thermal diffusivity, which implies that they can provide transcending thermal insulation

ability. It opens the possibility of introducing such nano-constriction layers to mitigate TR.
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