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ABSTRACT

The global warming and worsening environment on the earth has been a great concern to
human society in the last two decades. The major solution to the problem is to use clean and
renewable energies for electricity generation, thus reducing the use of fossil fuels and cutting
emission of CO. One of the most feasible approaches for accomplishing the goal is to significantly
increase the harvest and utilization of solar energy, using Concentrating Solar Power (CSP)
technology combined with Thermal Energy Storage (TES) systems.

Heat transfer fluids (HTFs) are used in CSP plants to receive heat from solar concentrator and
then transfer it to heat exchanger, power turbine, or thermal storage system. To achieve higher
energy efficiency from the CSP systems, the development of a new generation HTF to approach a
higher temperature limit by using eutectic high temperature molten chloride salts is sponsored by
the U.S. Department of Energy.

The first part of this dissertation is the experimental study of the convective heat transfer of
the molten salt at high temperatures. For the first time, a circulation system and instrumentation of
flow and heat transfer was designed and constructed to measure the heat transfer coefficient of the .
Experimental measurement of the convective heat transfer coefficients of NaCI-KCI-ZnCl, (molar
fraction: 13.8%-41.9%-44.3%) inside tubes has been accomplished to find the most suitable heat
transfer correlations. This provides valuable information for the design of heat transfer devices in
CSP plants that use molten chloride salts as heat transfer fluid and thermal energy storage material.

The second part of this dissertation mainly focuses on the analysis to the transient heat transfer
phenomenon between the hot fluid and the cold pipe. Currently, most of the modern concentrated
solar thermal power plants employ molten salts as the heat transfer fluid to carry the thermal energy

from solar concentrators and deliver to thermal storage systems or thermal power plants for the
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need of power generation. For the startup operation of solar concentrators, molten salts need to be
pumped to flow into the pipes which may have lower temperature than the molten salt due to cold
ambient overnight or over the suspend period of operation. As the freezing point of various molten
salts ranges from 220 °C to 430 °C, preventing the freezing of molten salt flowing in cold pipe is
a very important requirement for the safe operation of a concentrated solar thermal power plant. A
basic heat transfer analysis of transient heat exchange between molten salts and the flow pipe is
conducted to find a criterion or the critical condition of preventing molten salt from freezing. The
effects of molten salt flow velocity, heat capacities of molten salt and pipe, dimensions of pipes,
and the initial temperatures of salts and cold pipes are all correlated theoretically in the analysis
through modeling of transient heat transfer between a pipe and the fluid. The results are very
helpful to the understanding and management of a safe startup of hot molten salt flowing in cold
pipes on cyclic operations.

The third part of this dissertation introduces details about the modeling that provides a
fundamental approach for the comparison of various heat transport systems which may have
different designs and using different heat transfer fluids/media (gas, liquid, or solid particles) in
CSP systems. For various high temperature heat transfer fluids, such as, synthetic oils, various
molten salts, and liquid metals, a general criterion is proposed in this work to evaluate the merit of
fluids regarding their transport properties. For the goal of transferring a desired amount of heat, a
fluid that causes less entropy production is believed to have better figure of merit (FOM). This is
due to the fact that entropy production is associated with the destruction of exergy or useful energy.
The entropy production in a heat transfer system in a solar thermal power plant includes the part
due to the processes of heat addition and removal and the other part due to pressure losses in the

flow in heat exchangers and pipes. Theoretical analysis and relevant equations for total entropy
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production are derived. As an example, the FOM for several heat transfer fluids used in CSP
industry are compared for the goal of heat transport in the range of 50 MW to 600 MWi. This
work offers one very important approach leading to the development and optimization of a heat
transport system for CSP plant with all factors considered.

The investigations included in this dissertation for the heat transfer and system analysis in
concentrating solar power technology are of particular interest to the renewable energy engineering
community. It is expected that the proposed methods can provide useful information for engineers

and researchers.
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CHAPTER 1 INTRODUCTION

1.1 Background

Global energy and electricity consumption is increasing rapidly due to the growth in
population, industrialization, and urbanization. As major conventional energy sources are
depleting in nature and emit harmful emissions, the world is experiencing severe challenges in
providing a clean and sustainable energy supply to mass populations [1,2,3]. Compared to global
population growth, energy consumption is growing much faster and, within the next 15-20 years’
time, electricity consumption will double [4,5]. The energy-consumption pattern of various energy
sources, both conventional and renewable, will play the most important role in sustainable
development, as this pattern is one of the critical indicators of resource use and environmental
impact [6,7]. At present, 80% of the global primary energy supply comes from fossil fuels (e.g.
coal, liquid petroleum and natural gas), which are now being considered a depleting energy source,
and are responsible for emitting major greenhouse-gas (GHG) emissions such as CO; [2,8,9].
Moreover, fossil-fuel energy sources are responsible for an increasing pace of climate change, and
developing countries especially should seek alternative energy sources for their respective power
sectors to mitigate carbon emissions in the near future [10,11].

To eradicate such catastrophic scenario, global renewable-energy initiatives show that, with
the existing development of the renewable energy infrastructure, renewables will contribute to an
overall COz reduction of 30% by 2050, compared to the year 2012 [12]. From such perspectives,
the development, adoption, and dissemination of low carbon technologies, particularly of
renewable-energy-harvesting technologies, has become the highest priority, to satisfy the energy

requirement of society and contribute to a greater CO> reduction effort [13].
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With high abundance and potential to be low-cost, solar energy is widely recognized as one
of the most competitive alternatives among all the renewables [14]. There are two major
technologies to utilize solar energy. Solar thermal technology and Solar electricity technology.
The former transform solar energy into heat directly used in the field of low-to-high temperature
applications such as active and passive water, space heating and cooling, industrial process heat,
solar cooling and solar desalination [15-20].

Direct Solar-to-electricity technology is an early step utilization of solar energy by converting
solar energy into electricity directly based on the photovoltaic (PV) effect [21]. It is cheap and
easy to operate to obtain power from solar energy. However, the PV system has some
disadvantages. First, the conversion efficiency from incident solar energy to electricity is low, only
15-20%, and will decrease without a tracking system [22]; Second, the problem of intermittency
is serious in this technology. The power output of PV panels will decrease under cloudy weather
and discontinue at night.

The second way to generate electricity from solar energy is to convert solar energy to thermal
energy, then use thermal energy to generate electrical power. It is known as solar thermal
electricity (STE) or concentrating solar power (CSP), which is distinctive compared to other
renewable energy sources because it can be coupled with thermal energy storage (TES) as well as
conventional fuels, making it highly dispatchable [23]. In a CSP system, the sunlight beams are
reflected and concentrated onto an area of the solar receiver, creating a high temperature zone due
to the radiation. Then the heat is absorbed by the heat transfer fluid (HTF) that pass through the
receiver. The hot HTF flow through the heat exchangers, transferring the heat to the steam and
causing its temperature and pressure to increase. Such high temperature and pressure steam is used

in steam turbine to drive the electrical generator to generate electricity.
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1.2 CSP Technology

Using the energy source, concentrating solar power (CSP) or solar thermal electricity (STE)
is a technology that is capable of producing utility-scale electricity, offering firm capacity and
dispatchable power on demand by integrating thermal energy storage or in hybrid operation [24].
Considering the high energy saving and high energy efficiency, CSP plants are predicted to
produce a global electricity contribution of 7% by the year 2030 and 25% by the year 2050 [25].
It is envisioned that, with high levels of energy efficiency and advanced industry development,
CSP could meet up 6% of the world's power demand by 2030 and 12% by 2050 [26]. Apart from
the production of electricity, CSP also has tremendous potential in employment generation and
reducing CO2 emissions on a global scale [27].

Potential locations for CSP plants around the world are generally being identified by using the
global distribution of Direct Normal Irradiance (DNI) [28]. North Africa, the Middle East, the
Mediterranean, and vast areas in the United States including California, Arizona, Nevada, New
Mexico are known as the “Sun Belt” where greater solar radiation is available from the sun.
Geographically, the Belt is suitable for CSP plants, as there are massive land areas with
extraordinary solar irradiation, well suited to install a large number of solar-energy harvesting
systems. By 2020, CSP is expected to be an economically competitive source of bulk power
generation for peak and intermediate loads, and by 2025-2030 for base-load power [29,30].
Commercially viable CSP plants should maintain a DNI of at least 2000-2800 kW h/m?/yr. Present
commercial CSP plants are being developed based on this level of irradiance [28]. However, it is
also argued that a DNI value> 1800 kW h/m?/yr is suitable for CSP plant development [31]. In the
period 1984-1991, the first commercial CSP plant was constructed in the Mojave Desert,

California, the USA by Luz International Ltd. However, due to a drop in the oil price at that time,
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the regulatory initiatives that supported the progress of CSP collapsed. In 2006, CSP plant
development initiatives were pursued in Spain and in the United States. The policy in regard to
solar power generation was amended in those countries, and feed-in tariffs were introduced in
Spain [20]. As of March 2014, the California Energy Commission approved licenses for five CSP
plants with a total installed capacity of 2284MW [32]. In the United States, it has been assessed
that CSP plants with a total capacity of 118GW could be installed by 2030, and by 2050 the
capacity could be increased further to 1504GW [33]. As of 2015, the total installed capacity of
CSP plants in Europe reached 5 GW, from 0.5GW in the year 2006 [34]. With the present
development policy on CSP technology, six European Union (EU) countries, Cyprus, France,
Greece, Italy, Portugal, and Spain, envision producing electricity of 20 TW h by the year 2020
[34]. By 2030, a total of 83GW could be installed in the sunniest regions and will reach 342GW
by 2050; this expected power generation will be coming from the Middle East (55%) and Northern
Africa (30%), and the remaining 15% will be from European countries, assuming a modest growth
of CSP technology [25]. As of 2016, in Spain, the total installed capacity of the operational CSP
plants is 2304MW [35], outperforming the estimate in the Spanish Renewable Energy Plan made
for the time frame of 2005-2010 [25]. In the coming decades, it is expected that CSP will show
prospects of exporting electricity generated from the desert regions of the Middle East and North
Africa (MENA) to Europe. Moreover, it is found that the electricity demand of all Europe can be
met by harvesting from only 0.4% of the Sahara Desert. Indeed, by using only 2% of the earth's
total land surface, the global electricity demand can be entirely fulfilled [7]. By 2020, the annual
electricity production from CSP plants is expected to reach 85 TW h, which will meet 2% of
Europe's electricity production, and by 2030 the installed capacity will double, reaching 60 GW,

and producing 70 TW h of electricity per annum [36].
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Universities and major research institutions are producing high-quality research output that is
contributing to CSP technology development and its dissemination all over the world. With a
search term “concentrating solar power” in the SCOPUS database, a total of 15,998 patent
documents was found. Fig. 1 shows the yearly number of patents in between 1981 and 2017 on

CSP, which depicts the tremendous progress in the technology [1].
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Fig. 1 Number of CSP technology-related patents

Depending on the way of concentrating the sunlight and the mobility of the receiver (fixed or
mobile), four major CSP technologies have been identified in the past decades: parabolic trough
collector (PTC) [37-41], linear Fresnel reflector (IFR), parabolic dish system (PDS), and solar
power tower (SPT). Among these four types of CSP technologies, PTC and IFR are considered as
a line-focus system, meanwhile, PDS and SPT are designed as a point-focus system. The

conceptual drawings of those four technologies are shown in Fig. 2.
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Fig. 2 Conceptual diagram for common CSP technology

Parabolic trough collector (PTC) is considered the most reliable, well-known, and
commercially developed technology available for solar concentration technology [42]. By 2014,
more than 90% of energy from CSP systems is provided by PTC technology [43, 44]. Generally,
A PTC consists of parallel rows of reflectors curved like a parabolic shape in two dimensions and
installed along a linear straight line in the third dimension, as shown in Fig. 2a. The sunlight is
reflected and concentrated onto a receiver positioned along the reflector's focal line. Then a
working fluid is pumped to pass through the tube and heated by the concentrated solar radiation.
The receiver is a tube located directly above the symmetrical line of the parabolic mirror. The
collector and the tube receiver in PTC are designed to be able to follow the movement of sun and
keep toward it during the daylight hours by a single axis tracker.

Linear Fresnel reflectors (LFR) is another technology that uses line-focus method. It has a
similar design with parabolic trough systems but the mirrors (reflectors) are flat or slightly curved
that array along longer rows [45,46], as shown in Fig. 2b. The parallel beams of sunlight are
reflected onto a linear straight fixed receiver with a downward-face. Benefiting from the simple

design, the major advantage of this CSP application is the low area requirement of land field. The
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Fresnel design uses less-expensive reflector materials and absorber components. Therefore, the
investment, operation, and maintenance costs are much lower than other CSP applications [47].
However, the solar-to-electricity converting efficiency of LFR is less than parabolic troughs and
it is hard to integrate thermal storage system into the design [40, 48,49].

Compared to the mobile receiver in PTCs, the design of fixed collectors in LFR allows for
easy installation and maintenance and increasing the flexibility in the selection of working fluids.
Since the mobile receivers in PTCs are considered technically challenging and required a lot of
maintenance [48,50].

The Parabolic dish system is a point focusing system. PDSs are individual units with a receiver
located at the focal point of the parabolic dish-shaped concentrator. The sunlight radiation is
reflected and concentrated onto the absorber to be converted to thermal energy. Subsequently, the
thermal energy is transferred to a Stirling engine or collected by a heat transfer fluid that carries
the heat to a plant to generate power [51,52,53]. Similar to PTCs, the entire device of PDS tracks
the movement of the sun, but with a two-axis tracking system [54,55]. Parabolic dishes system are
usually considered to have the highest concentration ratios, the highest optical efficiency, and the
highest overall conversion efficiency during all the CSP technologies [53,56]. The theoretical
maximum concentration ratio of PDS is square of that of parabolic trough, which is 11513. It will
produce high-temperature heat, which is above 1000 °C. Generally, The efficiency of PDS with
the Stirling engine is found to be around 25% to 30% [57]. The main drawback of PDS technology
is that it cannot be integrated with a thermal storage system and has less possibility of hybridization
with other sources of energy.

There are many factors that can be affect the performance of a parabolic dish system, such as

the material and the size of the aperture area of the concentrators; dimension, focal Length and
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focal point diameter of the parabolic dish; the size of the aperture area and the receiver; geometric
or area concentration ratio; and rim angle [58-68].

Solar power tower, which is also known as central receiver systems (CRS), is another type of
point-focus CSP technology. Hundreds of thousands of small mirrors — which are also known as
heliostats - are arrayed and located around the tower to reflect and concentrated the direct normal
irradiation (DNI) onto a central receiver which is located on the top of the tower. By concentrating
the sunbeam hundreds of times, the concentrating power of the tower is able to achieve a very high
temperature [48]. Then the solar energy is absorbed and carried by working fluids that pass through
the receiver and then used to generate power or saved in thermal storage systems. The higher
temperature will increase the efficiency at which heat is converted into electricity and reduce the
cost of thermal storage [40].

Generally, the mirrors in heliostats filed use two-axis tracking systems to track the sun [69,70].
There are some patterns to array the heliostats, including vertical plane receiver with a north-facing
heat transfer surface, cylindrical receiver with exterior heat transfer surface, and enclosed receiver
with enclosed heat transfer surface [48, 71,72].

The first central receiver plant, named EURELIOS, with a capacity of 1 MWe was built in the
1980s in Europe [73]. The sun’s beams were reflected onto the central receiver on the tower with
the height of 55m by 182 mirrors arrayed on a 6200 m? heliostats field. The radiative power onto
the receiver was 4800 kW and the temperature of fluid from the outlet of the receiver reached
512 °C [74]. It successfully generated power up to 5 KWh/m?, 7 kWh/m?, and 4 kWh/m? during
spring, summer, and winter, respectively [75]. Following this successful operation, a growing
number of commercial SPT plants have been established around the world. Solar one, the first

commercial central receiver solar power plant built in the U.S., was built in California in 1982. it
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comprised of 1818 mirrors each with an area of 40 m? mounted on a 72650 m? solar field [34].
The plant has an electric capacity of 10 MWe and the working fluid was heated to 304 °C [76]. In
1996, the Solar Two power plant was constructed by adding 108 mirrors each with 95 m? area and
an aperture area of 10200 m? on Solar one project. The temperature of the working fluid increased
from 285 °C to 565 °C after passing through the receiver [77]. The Solar two power plant provided
1633 MWh power, which exceeded the expected goal of 1500 MWh power production in one 30-
day period [78]. Ivanpah Solar power facility, construction completed in 2014, is the world’s
largest CSP plant that uses solar power tower technology [79,80]. Ivanpah solar electricity
generating system consists of a total of three separate units, one of them has a total capacity of 126
WM and the other two have a total capacity of 133 MW each. There are 173, 500 heliostats arrayed
on a heliostat solar field with an aperture area of 2, 600, 000 m?. The inlet and outlet temperature
of the receiver is 249 °C and 1050 °C, separately [81,82].

The concept of a power tower has been confirmed to be highly technically flexible, a wide
variety of heliostats, receivers, working fluids, and power blocks can be chosen to design an SPT
plant [83,84]. Although solar power tower technology occupied less in the current market than the
parabolic trough collector, SPT is considered to be the most feasible technology for the future CSP

market [85,86].

1.3 Thermal Energy Storage for CSP systems

TES technology solves the time mismatch between solar energy supply and electricity demand,
which provides a distinct advantage to CSP plants compared to other renewable energies, such as
wind and photovoltaic. Also, electrical energy storage using battery has not proved to be
economically viable [1,87]. Depending on the daily and yearly variation of solar radiation and the

electricity demand profile, CSP plants integrated with thermal storage systems can have various
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operational strategies and the storage system may offer the following functions [1,4,12]: (1)
mitigating short fluctuations during transient weather conditions, e.g. cloudy periods; (2) shifting
the generation period from peak hours of solar insolation to peak hours of power demand; (3)
extending the generation period when solar is not available, which improves the annual capacity
factor and requires a larger solar field than a system without storage.

Thermal energy for CSP systems can be stored in sensible heat storage by using either solid
or liquid storage media, latent heat storage by using phase change materials (PCMs) and thermo-
chemical storage through reversible chemical reactions. When designing a TES system for a CSP
plant, the following factors need to be considered: (1) nominal temperature and specific enthalpy
drop in load; (2) maximum load; (3) operational strategy and (4) integration into the powerplant

[1,4].

1.4 Development of Liquid Heat Transfer Fluid

As motioned above, working fluid is one of the most important keys to the successful
operation of a concentrated solar power (CSP) system, such fluids are also called heat transfer
fluid (HTF). It is needed for a CSP system to collect and deliver heat from solar receiver to power
block. Generally, there are three different destinations for varied application purposes. Firstly,
some fluids can be directly transferred to the turbine to generate electricity power; Secondly, some
heat HTFs are delivered to the heat exchanger to interchange heat to other working fluid those then
will be transported to the turbine; The latest type of destination is thermal storage tank, where the
heat can be stored and extracted once needed. Therefore, HTFs play a significant role in the modern
solar thermal power system.

Many media can be served as heat transfer fluid. Depending on the states, HTF can be

classified into three categories. (1) water and steam (2); Gas heat transfer fluid, including air,
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supercritical COz, helium, and nitrogen [88]; (3) Liquid heat transfer fluid, such as thermal oils,
molten salts, and liquid metals [89]. In this thesis, we are focusing on the liquid heat transfer fluids
available in the commercial market and under development.

It is well known that a high temperature for solar thermal energy is desired for a concentrated
solar thermal power (CSP) plant to have high energy conversion efficiency [90,91]. To obtain
thermal energy at high temperatures, solar concentrators with high concentration ratio and a heat
transfer fluid (HTF) being able to work at high temperatures are the two basic technical
requirements [92,93]. Solar thermal concentrators with high concentration ratio provide high heat
flux; while the heat transfer fluid is used to receive heat from the solar concentrator and then
transfer the heat to another fluid (such as water, air, or super critical CO2) which is the working
substance in a thermal power cycle. Whereas the technology of concentrators with high solar
concentration ratio has been developed in the current CSP industries, cost-effective and excellent
heat transfer fluids for the working temperatures above 600 °C are still remaining to be found out
[94].

So far, three generations of HTFs (other than air and water) have been developed particularly
for the use in concentrated solar thermal power systems (CSP). The first generation HTF may be
represented by the non-toxic petroleum-based oil (such as Xceltherm® 600—Cyo paraffin oil),
which has an upper temperature limit of 315°C [95,96]. The second-generation of HTFs are known
as synthetic organic oils (such as Therminol®VP-1, a mixture of Diphenyl oxide and Biphenyl in
weight percentage of 73.5% versus 26.5%), which has an upper temperature limit of 400 °C [97,
98] and a corresponding vapor pressure of 10 atm. To further improve the working temperature in
a CSP system, the third generation HTF is based on nitrate molten salts [99] (having upper

temperature limit of of 580 °C ), such as a mixture of sodium nitrate, sodium nitrite, and potassium
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nitrate (in mole fraction of 7%NaNOs - 49%NaNO: - 44%KNOs)known as Hitec® salt [100, 101].
Recently, one of the great efforts sponsored by the U.S. Department of Energy for CSP
technologies is the development of the fourth generation HTF to approach a temperature limit of
850 °C by using either eutectic high temperature molten salts [102, 103] or eutectic metal mixtures
[104-106].

The requirement to the properties of a HTF used in a concentrated solar thermal is multifold.
First and foremost, the fluid should be able to remain as a liquid fluid in a wide range of
temperatures while having low vapor pressures. Second, the fluid must have low corrosion to the
pipes and containers of the heat transfer system. Third, the fluid must have favorable properties,
including density, thermal conductivity, heat capacity, and viscosity, so that in overall the exergy
(or the useful heat) destruction of the received solar thermal energy is minimal during the flow and
heat transfer processes in the heat transfer system. Last, but not least, the cost of the materials for

the HTF should be sufficiently low to be acceptable by industrial customers.

1.4.1 Thermal oil

Thermal oils are the initial generation of HTFs that have been used in the CSP plant. The
major types of thermal oils include synthetic oils, mineral oil, and silicone oil. They have been
developed and proved by commercial CSP applications in past decades [107]. Therminol VP-1 is
a commercial synthetic oil that is served as HTF currently in large-scale commercial CSP
applications, it contains biphenyl and diphenyl as a eutectic mixture. The upper operating
temperature of this type of oil is 400 °C. With the aim of improving the performance and reducing
the operation cost, D. Cabaleiro experimentally investigated thermophysical properties of the
mixture of biphenyl and diphenyl with different molar ratios [108].

A good key feature of thermal oils is they can serve as both heat transfer fluid and thermal
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storage system materials. The major limitation of the thermal oil is the upper operating temperature,
which is less than 400 °C [109]. After being heated to a temperature higher than the limitation,

hydrogen will be produced from the decomposition of the hydrocarbon mixture [110].

1.4.2 Molten salt

Molten salts, which are from the fusion of inorganic salts, are engineering fluids that can be
used in a very large range of applications [111]. They were first utilized as the coolant in nuclear
reactors [112]. Most recently, molten salts are considered as feasible substitute materials for
thermal oil with the operating temperature higher than 400 °C in CSP plants. Generally, molten
salts heat transfer fluid are eutectic molten salts composed of two or more components from nitrites,

fluorides, carbonates, and chlorides.

1.4.2.1 Nitrate/nitrite molten salts

Benefiting from its low melting point, nitrate eutectic molten salts are the first type of molten
salts to be wildly used in large scale CSP plant. The primary advantages of molten nitrate salt
serving as the heat transfer fluid in a solar tower power plant include a lower operating pressure,
better heat transfer and higher allowable incident flux than a water/steam receiver. Depending on
the composition, there are three major types of nitrate/nitrite molten salts being used in the
commercial application: Solar salt, Hitec salt, and Hitec XL salt [113].

Solar salt is a binary mixture of NaNO3z and KNOs in a molar ratio of NaNO3z-KNOs3 : 60%-
40%. It has a melting point of 220 °C and it is stable under 585 °C. At 300 °C, the specific heat,
density, and viscosity of solar salt are 1.495 kJ/(kg+°C), 1899 kg/m* and 3.26 cp, respectively
[114]. Solar salt has the maximum operating temperature at 585 °C, which is much higher than

thermal oil. Solar salt has been widely studied and commercially proven in past decades. Bauer et
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al. [114] summarized and compared the thermophysical properties of solar salt from different
pieces of literature. This work provides accurate information for the modeling and dimensioning
of the design of the CSP plant. In commercial application, Solar Two project in the USA
successfully produced 1633 megawatt-hours over one 30-day period by using solar salt as heat
transfer fluid and thermal storage system media [100].

Hitec salt is the second type of commercial molten nitrate/nitrite salt, which is a ternary
mixture consisting of 7% NaNO3z, 53% KNO3z, and 40% NaNO: in molar percentage. The adding
of NaNO; effectively reduces the melting point to 142 °C but also lead to a reduction in the
maximum operating temperature to 538 °C. From the SNL’s (Sandia National Laboratory) report,
the Hitec molten salt can be operating at 538 °C for a short period [115]. The heat capacity of Hitec
salt is in the range of 1.39 -1.56 kJ/(kge°C) from different researches, which is close to the heat
capacity of solar salt [116]. The density and dynamic viscosity of Hitec salt are also reported in
the work.

Another ternary salt mixture, which is named Hitec XL, includes 48% of Ca(NOz3)2, 7% of
NaNO3z, and 45% of KNOs. Compared to solar salt and Hitec salt , it has the lowest melting point
of 120 °C and the lowest upper limit operating temperature of 500 °C [35,117]. The specific
capacity, density and viscosity are 1.447 kJ/(kg+°C), 1992 kg/m3and 0.2 cp, correspondingly [118].

For a long-term period, chemical stability is a key concern to utilize nitrate molten salt mixture.
Since molten nitrate salts may undertake several reactions due to the temperature and the property
of the cover gas. The primary reaction is the decomposition of nitrate to nitrite and oxygen [119].

Corrosion of molten salt to the material of pipe and storage tank is another important factor
for molten salts to serve as HTFs. The corrosion behavior of the above three nitrate/nitrite molten

salt was studied by Fernandez’s team [120-122]. From the corrosion test of Solar salt on stainless
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steel, no corrosion products were observed at 390 °C. For Hitec salt, three steels (A516, T11, T22)
showed excellent behavior against corrosion with 0.35 mg/cm? mass gains. From the experiments,
the author found that stainless steel had very good corrosion resistance to Hitec XL salt. The

corrosion rate was 0.00075 um/h without any corrosion production during the 2000 h test period.

1.4.2.4 Chlorides molten salts

Chloride molten salts attracted much attention due to their good stability at ultra-high
temperature. They have been used as the material of the thermal storage system for a while
[123,124]. The phase diagrams of multiple binary and ternary molten salts from NaCl, KCI, MgCls,
CaClz, MnCly, FeClz, CoCly, NiClz, ZnCly, LiCl, RbCI, and CsCl are evaluated and optimized by
Robelin and Chartrand by employing Modified Quasichemical Mode [125-127]. The results
indicate that many eutectic molten salts have the potential to serve as HTFs in the future. Myers
[124] investigated the melting temperature, the heat of fusion, and cost for 17 pure chloride salts
and 162 binary eutectic mixture systems taken from the single chloride salts. But the
thermophysical properties of those eutectic molten salts were not discussed.

Chloride molten salts also have the potential to serve as heat transfer fluid in the solar thermal
application. Armijo et al. [128] from SNL discussed operational modes of a 2.0 MW pilot-scale
solar thermal system using chloride molten salts as heat transfer fluid in their paper. Vignarooban
et al. [129] studied the corrosivity of NaCl-KCI-ZnCl; (13.4 mol% - 33.7 mol% -52.9 mol%) salt
to three different alloy metals. The experimental results showed that all three materials had good
resistance against corrosion. The corrosion rates can be noticeably reduced when the materials and
salts are keeping away from oxygen. The entropy generation of chloride molten salts consisting of
NaCl, KClI, and ZnCl, were calculated and compared to solar salt and carbonate salts by Xu et al.

[130]. The entropy generation of these chloride salts was found to be much lower than carbonate
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salts and a little higher than solar salt at the same condition. It indicates that the Carnot cycle
efficiency of using chloride salt is close to employing solar salt and much higher than carbonate
salts.

Wei’s team designed a novel ternary chloride salts with the compound of NaCl, KCI, and
CacCl; by calculating the phase diagram and studied its thermophysical properties [131-134]. The
melting point and heat of fusion of this ternary salt were found to be 420.83 °C and 201.5 J/g [131],
separately. The results of TG (Thermal Gravimetry) show that the mass loss of this eutectic salt
increases rapidly when the temperature is higher than 700 °C. Long-term isothermal stability tests
indicate the salt is stable by holding 70 hours at the temperature of 500 - 650 °C, but the mass loss
is obvious when the salt is kept at 700 °C. The heat capacity of this ternary chloride molten salt
was measured to be 1.19 — 1.40 kJ/(kge°C) during the temperature range of 486 °C to 616 °C [135].
The experimental results show the density and viscosity of this NaCI-KCI-CaCl; eutectic salt are
2630 - 1940 kg/m® and 3.78 - 3.10 cp in the temperature range of 500 - 750 °C and 500 - 650 °C,

respectively [135].

1.4.3 Liquid metals

In order to promote the conversion efficiency, and subsequently reduce the cost, future CSP
plant need larger scale, higher concentration ratio, and higher working temperature [136-138].
Recently, Liquid metals and their mixture, which have been successfully used as coolants for
nuclear power [140], attracted much attention to serving as HTFs in CSP because of their wide
operating temperature range [137,139]. Lorenzin and Abanades reviewed and investigated the
properties and feasibility of liquid metals to serve as HTF in CSP technologies. They selected five
candidates among Alkali, heavy and fusible metal groups including: molten tin (Sn), gallium (Ga),
lithium (Li), sodium (Na), and lead-bismuth (PbBi). Yuan et al. [141,142] introduced a new design
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of a solar fuel reactor depending on liquid metal heat transfer fluid and the simulation results

indicated that it can promote more than 80% heat recuperation of sensible heat. Bachelier and Jager

[143] evaluated and compared the thermal and hydraulic performance of molten and liquid metal

operating in an LFR solar collector and the results showed that compared to molten salt, employing

liquid sodium as HTF had the benefits of wider operation temperature range, faster start-up

procedures, quicker response of the control system and ultimately potentially higher energy yield.

Prabu and Sekar [144] studied and compared the performance of hybrid solar system using GalnSn

liquid metal, air and water as heat transfer fluid. The simulation results designate that use of liquid

metal provides the highest exergy efficiency.
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Depending on the above review about HTFs, pressured gases are hard to serve as the media

of the thermal energy storage system because of their high pressure at superheat or supercritical

state. For liquid heat transfer fluid, the comparison of the operating temperature range is shown in

Fig. . Thermal oils are good HTFs for low operating temperature range but will decompose when
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the temperature is higher than the upper limit (less than 400 °C). Liquid metals and their eutectic
alloys have the advantages of a large operation temperature range and low viscosity. However, the
disadvantages are still significant, much higher cost restricts the application in large scale CSP
plant. Therefore, employing molten salts to serve as both HTFs and TES media is a more feasible
way. Because the upper limit operating temperature of nitrate molten salts is less than 600 °C, the
higher corrosivity of fluoride molten salts, and the lower reserves of carbonate molten salts,
chloride molten salts are desirable candidates to serve as heat transfer fluid and thermal storage

system media in large scale concentrated solar plant. [145]

1.5 Gaps in Literature

From reviewing the previous work done for the liquid heat transfer fluids in CSP systems,
there are three gaps in literature found.

First, in recent years, heat transfer of liquid salts has become a highlighted research area again,
due to the fast developments of CSP and nuclear technologies, where reliable heat transfer data
and correlations with high accuracies are desired for the designs of heat transfer devices. From
2009 to now, the heat transfer performance of two liquid salts has been investigated by testing
some shell-and-tube heat exchangers (STHX) when the salt flows in the tubes, where Hitec [146]
and LiNOs3 [147] were employed. From the experimental studies, Wu et al. [148] concluded that
the errors between most experimental results and exiting correlations including Gnielinski’s
equation [149], and Hansen’s equation [150] are within £25% for the tested nitrate molten salt.
Two systems of eutectic molten chloride salts, NaCl-KCI-ZnCl;, NaCl-KCI-MgCl, were
highlighted by the authors’ team at the University of Arizona, targeting at obtaining a new high-
temperature HTF with a working temperature of up to 800°C and acceptable thermal and transport

properties [151-153]. However, there have no heat transfer data and correlations reported for these

31



molten chloride salts, which are needed for the designs of heat transfer devices in the next
generation CSP systems or nuclear power plants that may use these molten salts.

Second, molten salts freezing points are typically much higher above atmosphere temperature,
for example, eutectic nitrate molten salt, KNO3-NaNOs, freezes at 220 °C [154], and MgCl»-KCl
and MgCl,-KCI-NaCl freeze at 430 °C and 400 °C, respectively [151,153,155]. If the temperature
of flow pipes is below the molten salt, it may cause freeze while flowing in pipes. There are two
scenarios when the freeze happens in flowing molten salt. One is that the continuous flow of
molten salt carries sufficient heat so that the front of the flow will never freeze completely, and
the flow can move forward to build up a normal flow; the other is that the pipe is too cold in respect
to the flowing molten salt and the freeze makes the flow difficult to set up and eventually is fully
frozen/blocked which will cause the failure of the circulation of molten salt. There is no reported
work on this to help the industry to understand the flowing freezing phenomenon better and prevent
such disastrous situation from happening.

Third, although there are many proposed liquid heat transfer fluids as shown in Section 1.4,
there is not criterion to understand the benefits of using one heat transfer fluid against another in
CSP plant. It is difficult to make a fair comparison between two heat transfer fluids by comparing
individual transport properties. For example, one fluid may have higher thermal conductivity and
higher viscosity than another fluid. While the high thermal conductivity contributes to better heat
transfer, the high viscosity will contribute to larger pressure loss during the flow [156-158]. It is
therefore necessary to find one criterion that can entail all the transport properties of a heat transfer
fluid so that comparison of benefit or advantage between HTFs can be made possible.

From above review and investigation, the major objectives and tasks are listed in section 1.6.
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1.6 Objectives of this work

The main objectives of the work presented in this dissertation includes three parts. First is to
systematically study the convective heat transfer performance of the selected molten chloride salt
NaCl-KCI-ZnCl (Molar fraction: 13.8%-41.9%-44.3%) inside tubes. A high temperature molten
chloride salt circulation loop was designed and constructed for address this challenge.

Second is to carry out analysis for the transient heat transfer phenomenon between the hot
fluid and the cold pipe. In this way, a fundamental discovery of the critical length’s connection
with various parameters is gained. Such parameters include the heat capacity, density, and
thermal conductivity of both the fluid and pipe, viscosity and flow velocity of the fluid, the
diameter and wall thickness of the pipe, as well as the temperature of the fluid entering the pipe
and the temperature of the initially cold pipe.

Third is to propose a general criterion to evaluate the merit of various high temperature HTFs
regarding their transport properties, in order to address the challenge of lacking such in the
industry. Through this analysis, it can provide insights for a further development for the selection

criterion of different heat transfer fluids associated to the cost of electrical energy of a CSP plant.
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CHAPTER 2 EXPERIMENTAL STUDY ON HEAT TRANSFER

PERFORMANCE OF HIGH TEMPERATURE MOLTEN

CHLORIDE SALTS IN CSP SYSTEMS

2.1 Introduction

The global warming and worsening environment on the earth are alarming signals to human
society that reducing the use of fossil fuels and cutting emission of CO2 become contingent. The
major solution to the problem is to use clean and renewable energies for electricity generation.
Many countries around the world have drawn their roadmaps and plans to dramatically improve
the proportion of renewable energy in their energy supply for electricity generation [158-161] by
the time of 2050. The most viable approach for accomplishing the goal is to significantly increase
the harvest and utilization of solar energy and wind power.

Because of the intermittency of availability of wind power and solar energy, energy storage
and dispatch are very important should a stable electrical power supply is basically required.
Therefore, technologies of storage of various types of energy, electrical, chemical, thermal,
mechanical, potential, etc., have attracted a great amount of research and studies in the recent 10
years.

For energy storage in a concentrating solar power (CSP) system, thermal energy storage (TES)
is mostly viable and cost-effective [162]. It is also typical that high temperature heat source is
demanded in a thermal power plant to obtain high energy conversion efficient. Therefore, a fluid
being able to take the heat from solar concentrator and being able to be stored with compact

volumes will be ideal.
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In the state-of-the-art CSP plant, solar energy is concentrated to a power tower, where the
radiation energy is converted to thermal energy and a fluid carries the thermal energy away. A part
of the thermal energy is utilized to produce high temperature steam for driving the power cycle for
electricity generation, while the remaining part of thermal energy can be stored in a TES unit for
use at night or under unfavorable weather. As a result, a CSP with TES can minimize the
fluctuation of power generation, maintaining a reliable power output with solar energy. There is a
significant development and construction of solar thermal power plants around the world. The
global cumulative CSP capacity has been growing quickly in recent years and has reached 6,430
MWe by the end of 2019 [163-166].

The fluid medium, or heat transfer fluid (HTF) in a CSP system is very important. It is required
to be able to work as a fluid at high temperatures (such as up to 750°C) and vapor pressure below
1.0 atm in the next generation CSP, making minimum corrosion to solar receiver, pipes, heat
exchanger, and storage tanks, as well as having reasonable thermal transport properties for
convective heat transfer and thermal storage. In the recent CSP technology, molten salts are the
most promising HTF and heat storage media [167,168]. Besides the application for solar thermal
energy, molten salts are also applied in nuclear technologies. For example, molten fluoride salts
are considered as promising heat transfer fluids in the state-of-the-art fourth-generation nuclear
power plants [169, 170]. These are because the molten salts have numerous advantages such as
low vapor pressure, good thermostability, and low price [171, 172]. For improving the
performance and ensuring the safe operation of these devices in CSP plants and nuclear power
plants, it is critical to understand the flow and heat transfer features of the liquid salts in pipes. As
the consequence, experimental investigation to the heat transfer is needed.

It was found from literature survey that several experimental studies from the 1940s to 1970s
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investigated the heat transfer performance of some liquid salts in pipes heated with uniform wall
heat flux. Typical liquid fluorides including ThFs-BeF2-UF4-LiF [15, 16], FLiNaK [173-177] and
NaF-NaBF4 [173], and liquid nitrate salts (Hitec salts [178,179]) had been experimentally studied.
During the following thirty years from 1970s, there was almost no progress on this topic, and no
experimental result had been openly reported.

In recent years, heat transfer of liquid salts has become a highlighted research area again, due
to the fast developments of CSP and nuclear technologies, where reliable heat transfer data and
correlations with high accuracies are desired for the designs of heat transfer devices. From 2009
to now, the heat transfer performance of two liquid salts has been investigated by testing some
shell-and-tube heat exchangers (STHX) when the salt flows in the tubes, where Hitec [146] and
LiNOz [146] were employed. From the experimental studies, Wu et al. [148] concluded that the
errors between most experimental results and exiting correlations including Gnielinski’s equation
[149], and Hansen’s equation [150] are within £25% for the tested nitrate molten salt. Two systems
of eutectic molten chloride salts, NaCI-KCI-ZnCl,, NaCIl-KCI-MgCl> were highlighted by the
authors’ team at the University of Arizona, targeting at obtaining a new high-temperature HTF
with a working temperature of up to 800°C and acceptable thermal and transport properties [151-
153]. There have no heat transfer data and correlations reported for these molten chloride salts,
which are needed for the designs of heat transfer devices in the next generation CSP systems or
nuclear power plants that may use these molten salts.

In the current work, the molten chloride salt NaCI-KCI-ZnCl; at one of its ternary eutectic
molar fractions (13.8%-41.9%-44.3%) was selected for study. For the first time, challenging high
temperature experiments was carried out to investigate the convective heat transfer inside a tube.

The experiments covered the typical range of Re from 3000 up to over 1.0x10* at sufficiently high
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temperatures. The experimental data of heat transfer coefficient were compared with predictions
from classical heat transfer correlations to examine whether they are applicable to the newly
developed chloride salts, or otherwise a new correlation needs to be developed. Since NaCl-KCI-
ZnCl; and NaCl-KCI-MgClz are similar ionic chloride salts and Newtonian fluids at above melting
points, it is a cautious inference that the selected heat transfer correlations can also be applicable

to NaCI-KCI-MgClo.

2.2 Molten Salt Convective Heat Transfer Experimental Setup and Data Reduction

2.2.1 Molten salt flow loop

As shown in Fig. 4, the molten salt test loop is comprised of a molten salt tank or reservoir, a
pump, an ultrasonic flow meter, the heat transfer test section, control valves, sensors and
instrumentation for measurement of temperatures in the test section, and heat tapes adding heat
flux to the test section. The materials for the flow pipes of the test loop are high temperature alloys
of Hastelloy C-276. The molten salt tank and the pump are made of stainless steel.

The molten salt tank seats in a furnace with temperature controlled, and therefore, serves
as a thermostatic reservoir of the high temperature fluid for the test loop. The molten salt
temperature in the reservoir can be controlled from room temperature to 6500C. After being
pumped out, the molten salt flows into test section for convective heat transfer coefficient
measurement. For the molten salt to automatically flow back and drain down to the thermostatic
reservoir after the test and operation, the pipes of the test section and the returning pipe of the flow
were arranged to have a slope of 5 degrees as schematically shown in Fig.4a and a photograph

shown in Fig.4b.
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Fig. 4 The chloride molten salt flow loop for the experiments

The cylindrical thermostatic molten salt tank or reservoir has 304.8 mm in inner diameter
and 381 mm in height. The volume for molten salt is about 21.96 Liters. The pipes of the flow
loop could hold a volume of molten salt of 3.24 Liters, which is due to the flow pipes of 6.4m in
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total length, 25.4mm in outer diameter, and a wall thickness of 1.65 mm.

The pump in the molten salt tank can discharge molten salt at the flow rate of up to 0.63 Liter/s.

The molten salt flow velocity was measured using an ultrasonic flow meter.

Heating tapes with controlled power were used in the heat transfer test section and extra

heating tapes were also used to keep all the pipes at a temperature above 3000C for the startup of

operation of the test loop. Proportional, Integral, and Derivative (PID) heating controllers were

used to control temperature of the pipes beyond the test section. Power controller was used to

monitor the power supplied to the heat transfer test section. A multifunction I/O device has a

module for temperature measurement using thermocouples, which allows LabVIEW engineering

software to obtain temperatures sensed by thermocouples. The specifics and information of the

employed instruments including measurable parameters, accuracy, model and maker, and

measurable range are listed in Table 1.

Table 1 Specifics of instruments used in the high temperature molten salt loop

Name Measurable Accuracy Model and maker | Range

parameter
Molten salt tank | Volume N/A Wenesco, LLC. 27.80 liters

T <650°C

Pipe Outer diameter | OD +0.127 mm, | Hastelloy C276 254 mm OD &

& wall Wall tolerance | American Special | 1.65 mm thick.

thickness +0.051 mm Metal. T <800°C
Molten salt Volume flow N/A Wenesco, LLC. 0-0.63 (liter/s)
pump rate T <650°C
Ultrasonic flow | Flow velocity +1.6% of | FLUXUS ADM | 0.01-25 m/s,
meter reading in | 7407 by Flexim | T <650°C

addition to Americas Co.
+0.01 m/s
Heating tape for | Power N/A STHO051-080 0-627W,
none test by Omega T <760°C
section Engineering, Inc.
Heating tape at | Power N/A A401- 0-1567W,
test section UNAZ0515-88 T <760°C
by HTS/Amptek
Co.
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Micro Fusion Power +0.5% of uFIHXTAO-16- | 0-10 kW
SCR Power reading P1RO00, by
Controller Control Concepts
Inc.
PID Heating Temperature +3°C of reading | SDC240KC-A, T <700°C
controllers by
Semi-conductor
Smart Solutions,
LLC.
Thermocouples | Temperature +1.1°Cor 0.4% | KQXL-116G-24, | 0-1038°C
of reading KQXL-116G-18
(whichever is by Omega
greater) Engineering, Inc.
Multifunction Voltage +0.03% of NI cDAQ-9178, |-60V to+60V
I/O Device reading NI9229, National
Instruments.
Ceramic fiber Thermal 3R2300, by 0.06-0.16
blanket conductivity Industries 3R Inc. | W/(m.K)
Expansion N/A N/A Customized by T <800°C
bellows Duraflex Inc.
Stainless steel N/A N/A F313L by Dixon | T <650°C
valves Eagle

2.2.2 Detail of test section

The heat transfer test section is a pipe made of Hastelloy C276. The length of the test section
is 1860 mm, with outer and inner diameters of 25.4 mm and 22.1 mm, respectively. Thermocouples
were inserted into the pipe at the inlet, mid-point, and outlet of the test section to measure the fluid
temperatures. The test pipe was wrapped with heating tape to provide heat flux to the flow of
molten salt inside the pipe. Reliability of the heating tape was particularly required. At the outer
surface of the pipe and beneath the heating tape there were thermocouples to measure surface
temperature of the pipe. On top of the heating tape, the first layer of thermal insulation was
wrapped. The ceramic fiber insulation blanket has thermal conductivity of 0.06-0.16 W/m-K under
temperature of 300 °C to 600 °C, correspondingly. The diameter at the outside of the first layer of
thermal insulation is 69.57 mm. At this location of diameter, thermocouples were set to measure

the temperature in the thermal insulation material. On top of that, a second layer of thermal
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insulation material was wrapped with an outer diameter of 111.06 mm. At this location of the
diameter, thermocouples were set and one more layer of thermal protection was wrapped. The
temperature reading from thermocouples at the two radial locations, D1 and D2, as shown in Fig.
5 allowed us to calculate the temperature gradient in thermal insulation and thus the outward heat
loss. With the heating tape power subtracting the heat loss outward, the remaining heat is assumed

going into the flowing molten salt inside the tube.

TC-thermocouples  TC TC TCI TC TC TC TC TC

xR r R R R PP OFF R FPPROP
wawah AR L R DY TN T T PR R

R R S T T T T N T I T S T S I T

Fig. 5 The allocation of thermocouples for temperature and heat flux measurement at test
section

2.2.3 Procedures of a test and operation

The purchased anhydrous salt powder of NaCl, KCI and ZnCl, were prepared at the required
eutectic molar composition (mole: 13.8% NaCl, 41.9% KCI, 44.3% ZnCl;) or mass composition
(8.1% NacCl, 31.3% KCI, 60.6% ZnCly). The three salts were then ground and mixed in a tumbler
mixer for more than 200 hours so that the salts were made into very fine particles and eutectic
mixture at solid state was formed. The powder of eutectic mixture was loaded into a salt melting
tank, which sits in a furnace (Model KM714 from SKUTT AUTOMATIC KILN) as shown in Fig.
6. After the salt was loaded to the melting tank, the tank was vacuumed to get rid of air and

moisture and then charged with dry nitrogen gas. When the salt was heated to a temperature of 150
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°C, it was maintained for over 1 hour to let water vapor (if there was any) get out. After the salt
was melted, dry nitrogen gas sparging was applied to get rid of bonded water and the air trapped
inside the salt. The vent was connected to tubes leading to humidity sensor and oxygen sensor.
When all the moisture and air was removed from the molten salt in the melting tank, the liquid salt
was drained to the molten salt reservoir of the test loop. The test loop was pre-vacuumed and filled
with nitrogen.

N, _ Venulau‘on Solid salt
sparging Vacuuming oo N

i m—%’?! -

R O
Furnace for % Drainage
melting salt to salt loop

Fig. 6 Salt melting and purification in salt processing tank

The experimental test was at high temperatures; therefore, the first step of the experiment was
to always keep the molten salt at a temperature sufficiently above the melting point. It took about
2 hours for the tank’s heater to heat and fully melt the salt. All pipes and valves of the flow loop
were also warmed up to keep at 360 °C, a temperature sufficiently above the melting point of the
molten salt.

The flow rate of the liquid salt could be controlled through adjustment of the frequency of the
molten salt pump. The flow rate was read from the molten salt flow meter. All the thermocouples
were connected to the data acquisition system including the NI-DAQ units and the LabVIEW

software to read and record the temperature history during a test. The heating power or heat flux
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from the heating tape on the test section was measured through the power control system.
Depending on the change of test temperatures, it took about 60-90 minutes for one test condition
to reach a steady state for measurement. To prevent heaters having a too fast temperature rise, all
the heating process were managed to go slowly in 1 hour interval to make sure that heaters did not
heat up excessively and fail.

The measured parameters included the mass flow rate (or flow velocity), the fluid
temperatures at the inlet and outlet of the test section, the heat flux of the heating tape, the
temperatures at the outer wall of the pipe, and temperatures at different diameters in the thermal
protection layer. These parameters allowed the calculation of the heat transfer coefficient of the
internal flow of the molten salt.

After recording all readings at steady state for 2 hours, heating power or flow rate could be
changed to do the next measurement under a new condition. If the experiment was finished, the
remaining first step was to turn down and stop the pump, thereafter, the heaters should be kept on
for another 2 hours before turning off, so that molten salt could be hot enough and automatically

flow back and drained down to the thermostatic reservoir.

2.2.4 Data reduction and uncertainty analysis

The directly measured data include wall temperatures at desired locations of test section, flow
rate of the molten salt, the heat flux from the heating tape at the surface of the test section, the
dimensions of the tubes of the test section, and the coordinate of the locations of thermocouples.

The energy generated from the heating tape is partly lost outward to the ambient, and the

remaining part is consumed to heat up the fluid inside the tube, which gives

Qheater = Qin + Qloss (4)
43



The heat loss can be calculated using the measured temperatures in the thermal insulation layer at

locations of diameters of D1 and D2 as shown in Fig. 5.

T -T;

QlOSS = ZT[thh ln(Dz/Dl)

(5)

Qn is the energy absorbed by the molten salt inside the tube. Therefore, this energy satisfies the

following three equations:
Qin = mCP(Tf—out - Tf—in) (6)
o Two—Twi
Qin - ZnLkW In(Dwo/Dwi) (7)

Qin = Dy, Lh(Ty,; — Tf) (8)

where h is heat transfer coefficient, which can be determined as:

: [ Qin In(Dwo/Dwi (Tr—out+Tr—in)]
h = Qin/{T[DwiL Two - ererkW/ ) -1 t2 [ } (9)
—_ [ Qinl Dwo/Dwi (T —out*T —in)_
NU= Qon /Ly | Ty — S0 O] _ Ciconioindly (10)

Consequently, the following two steps show how to find the convective heat transfer coefficient
inside the tube.

1) The analysis starts with calculating Q,,ss Using the measured temperatures at the interfaces
of the thermal insulation layers at locations of diameters of D1 and D2. The reading of Qcqter
subtracting Q,,5s Will be the energy Q,,, , which can also be checked by the value calculated from
Eq. (6).

2) The heat transfer coefficient h and Nusselt number can be obtained step by step from

calculation using Eq. (7) and Eq. (8), which result in the equations for h and Nu as given in Eq. (9)
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and Eq. (10). The fluid temperature in Eg. (8) is the average temperatures at the inlet and outlet of
the test section, which gives Ty = (Tr_oyur + Tr-in) /2.

The energy Q;, could be calculated in two ways, one through the Eq. (4) and (5), and the
other through the measured fluid temperature at inlet and outlet and the flow rate of molten salt in
Eq. (6). The difference of the energy calculated by these two ways helps one to check the heat
balance.

The uncertainties of Re, Q;,,, h, and Nu were evaluated using the method presented in Refs.
[13,30-32]. The uncertainties of the measurement instruments can be found in Section 3.1. The
uncertainties of thermal physical properties of the heat transfer fluid can be found from previous
work [26]. The relative uncertainties for density, thermal conductivity, heat capacity, and viscosity
are 0.89%, 7.9%, 3.48% and 3.76%, respectively. The uncertainties of the dimensions and
properties of pipes and thermal insulation materials are neglected. Consequently, using the method
presented in reference [13,30], the relative uncertainties of Re can be calculated by the square root
of the sum of the squares (RSS).

The calculated results showed relative uncertainties of Re as 4.26%. Similarly, the relative
uncertainties of Qin, h, Nu, and the percentage of deviation, (Nu- NUpredicted )/NUpredicted, Were found
to be 4.06%, 4.08%, 9.14%, and 9.88%, respectively. The uncertainties for Nusselt number are

reflected by the error bars in the plots in Section 2.3.

2.3 Results and discussions

The molten salt loop was operated continuously for 11 days at high temperatures to have the
convective heat transfer coefficients measured.

Figure 7 shows the energy balance checked at different tested Re. The deviations of heat
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calculated in two ways are around £6% in most experimental conditions. The one point with the
highest deviation in the tests was 9.4%, the standard deviation of heat balance is 5.9%, which can
confirm the reliability of the tests.

The obtained results of Nusselt number at different Reynolds numbers under six different
temperatures are shown in Fig. 8. The experiments covered a Reynolds number range from 3000
to 14000 and a temperature range from 400°C to 600°C. It is noted that a higher Reynolds number
should be tested to cover much stronger turbulent flow, however, technical difficulties (severe
vibration) of the high temperature pump at high rotating speed hindered the effort, which
incentivizes the development of more reliable molten salt pump in the future. Nonetheless, the
Reynolds number tested still covered sufficient turbulent flow regime, which provides a very
valuable reference and the checking for the validity of heat transfer correlations for CSP industry
to design heat transfer devices.

For comparison between the experimental data and predictions from empirical correlations,
two famous heat transfer correlations for internal turbulent flow, Gnielinski equation and Dittus-
Boelter equation, were applied to calculate the Nusselt number with given Reynolds number and
Prandtl number of the molten salt.

As seen in Fig. 8, the tested Nu and the prediction by Gnielinski equation agree very well,
within a deviation of less than 5% at low Reynolds number range and a deviation less than 15% at
high Reynolds numbers. In general, this empirical correlation gives slight over-prediction of the
Nusselt number compared to the experimentally obtained data at the tested Reynolds numbers.

The Dittus-Boelter correlation was also applied to predict the heat transfer coefficient and
compared to the tested data. It over predicts the heat transfer coefficient for about 20% for all the

tested cases. This deviation of the prediction against experimental data is still acceptable in the
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heat transfer community. As the conclusion of heat transfer test, we recommend Gnielinski
equation for the prediction of internal turbulent flow heat transfer coefficient of the current molten
chloride salts.

Fig. 9 shows the comparison of all the experimental data with the prediction from Gnielinski
equation. There are 22 data out of 24 showing a percentage deviation of less than £15% between
the experimental data and the prediction by the empirical correlations. The other two points have
percentage deviations above +15% but less than +16% between the prediction and the
experimental results. Figure 10 shows that the mean value of the percentage deviation between
measured and predicted value of Nu from Gnielinski’s correlation is 7.2%, standard deviation of
the (Nutested-Nupredicted)/Nupredicted is 7.4%. In general, both two empirical correlations tend
to overpredict the heat transfer coefficient, however, prediction from Gnielinski correlation is more
acceptable. We also found that at high temperatures, the deviation between prediction and tested
results becomes higher. Higher random error in the test at high temperatures could also be the
reason. At high temperature test, the waiting time for reaching steady state was shorter due to the
increased vibration of pump, which may cause less accuracy of getting reliable data. Nonetheless,

in overall the deviation of tested data and the prediction still agreed reasonably well.
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Fig. 8 Experimental data of heat transfer coefficient and predictions using empirical
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Fig. 9 The agreement of all the tested Nu number between experimental data and predictions by
Gnielinski correlation. Temperatures of tests ranged from 400 °C to 600 °C.
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2.4 Conclusions

Eutectic chloride salts NaCI-KCI-ZnCl> (molar fraction: 13.8%-41.9%-44.3%) is designated as
a new heat transfer fluid for high temperature application in concentrated solar power system. The
process and preparation to obtain eutectic salt mixture was successfully practiced in this work.
Behavior of hygroscopicity of the salts was observed to help prevent salts from absorbing water
from air.

Experimental measurement of the convective heat transfer coefficients of the eutectic salt
inside tubes has been conducted to check the validity of heat transfer correlations for application
to the new heat transfer fluid. Experimental data of Nusselt number, Reynolds number, were
provided for comparison with the prediction by the Dittus-Boelter correlation and Gnielinski’s
correlation. Gnielinski equation predicts the heat transfer coefficients within a deviation of less
than 5% at low Reynolds number range (less than 6000) and a deviation less than 15% at high
Reynolds numbers. The Dittus-Boelter correlation can over-predict the heat transfer coefficient for
about 20% for all the tested cases. Based on the comparison, Gnielinski’s correlation is
recommended for better prediction of heat transfer coefficients of the current molten salt. It is the
cautious inference that the Gnielinski’s correlation may be applicable to similar eutectic ionic
molten chloride salts system NaCl-KCI-MgCl> with corresponding thermal and transport

properties.
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CHAPTER 3 ANALYSIS OF THE HEAT TRANSFER AND

CRITERION OF FREEZING OF MOLTEN SALT STARTUP

FLOW IN RELATIVELY COLD PIPES

3.1 Introduction

Because of the capability of large amount of solar thermal energy storage for power
generation in nighttime and in the time of bad weather, concentrated solar thermal power (CSP)
technology has been widely recognized as a viable approach for power generation and dispatch
using solar energy. Based on the latest data, concentrated solar thermal power generation capacity
in the world has reached to 5.5GW with the power plants typically having extended operation of
4 to 6 hours every day after sunset [179].

In the current CSP technologies, synthetic oil Therminol VP-1 is used as the heat transfer
fluid for trough solar concentrators to reach to a maximum temperature of 400 °C [180]; while
eutectic nitrate molten salt, KNO3-NaNOs, is used for heliostat power tower solar collectors to a
maximum temperature of 560 °C [181]. In the next generation of solar power tower technology
eutectic molten chloride salts, MgCl>-KClI, or MgCl>-KCI-NaCl might still be considered, which
can have a high temperature up to 800 °C [182, 154].

There are multiple important criteria for a molten salt being accepted as a proper heat transfer
fluid, which include favorable thermal and transport properties, low corrosion rate to pipes and
tanks, low freezing point, high boiling point, and low cost to meet the need of large quantity of
mass for thermal storage.

Molten salts freezing points are typically much higher above atmosphere temperature, for
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example, eutectic nitrate molten salt, KNO3-NaNOs, freezes at 220 °C [154], and MgCl,-KCl and
MgCl>-KCI-NaCl freeze at 430 °C and 400 °C, respectively [151,155]. If the temperature of flow
pipes is below the molten salt, it may cause freeze while flowing in pipes. There are two scenarios
when the freeze happens in flowing molten salt. One is that the continuous flow of molten salt
carries sufficient heat so that the front of the flow will never freeze completely, and the flow can
move forward to build up a normal flow; the other is that the pipe is too cold in respect to the
flowing molten salt and the freeze makes the flow difficult to set up and eventually is fully
frozen/blocked which will cause the failure of the circulation of molten salt. Therefore, having a
better understanding of the flowing freezing is important towards a safe and reliable operation of
molten salt flow loop for solar thermal and molten salt nuclear power plants [183]. The focus of
this work is the analysis of the heat transfer and freezing of flowing molten salt in a pipe, which
will help the industry to understand the phenomenon and prevent the disastrous situation from

happening in a concentrated solar power plant or salt nuclear power plant.

3.2 Physical Model and Mathematical Description

3.2.1 Transient heat transfer between hot fluid and cold pipe being viewed as energy storage

process

When hot fluid flows passing inside a cold pipe, the pipe wall absorbs heat from the fluid,
which can make the fluid temperature drops. If the fluid temperature drops below its freezing point,
solidification of the fluid will block the continuous flow of the fluid inside the pipe. The objective
of the current analysis is to find out how far the hot fluid can flow into the cold pipe before its
temperature drops below the freezing point.

Typically, the fluid adjacent to the cold wall may freeze first, however, if the flow mixing is
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sufficiently strong, one may make assumption that the temperature of fluid at a cross section is the
same. This is a strong approximation; however, it will greatly reduce the complexity of the problem
and makes it possible to have a basic understanding to the phenomenon through analytical study.
The effect of various parameters to the freezing starting point along the pipe can be fundamentally
understood.

As has been studied in the previous work by Li et al. [184], when hot molten salt flowing
through a cold pipe, the heat transfer between the fluid and the pipe can be essentially viewed as a
thermal energy storage process, namely, the thermal energy from the fluid is stored in the cold
pipe. Fundamentally, the thermal energy storage from a fluid given to packed solid materials, as
shown in Fig. 10 (a) and (b), can be treated the same from the perspective of mathematical
description, which has been discussed in detail in Ref. [184, 185]. The similarity of these two cases
in Fig. 10 (a) and (b) lies on the fact that a fluid flowing through the packed solid materials which
is a porous media, except the porous structure is different. For the case in Fig. 10(b), one can see
the structure as a stack of multiple pipes of solid materials that have fluid flowing inside. There is
heat transfer between the fluid and the solid material, which makes the fluid temperature decreases,
while the temperature of the solid material rises. In case that freeze of the fluid is a concern,
temperature of the fluid should be managed above the freeze point through the analysis of the

transient heat transfer between the solid and fluid.
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(@) (b)

Fig. 10 Similarity of structure of hot fluid flowing through packed solid material which can

be viewed as a porous material ( solid thermal storage material; heat transfer fluid )

To study the temperature variation against time in the solid material and the fluid, transient
equations governing the energy conservation in the solid material and the fluid, which are coupled
through the heat transfer between the solid and fluid, will have to be constructed. For the case in
Fig. 10(a), a 1D model of fluid flowing through a uniformly packed porous material can be used
as seen in Fig. 11(a). For the case in Fig. 10(b), one can study the temperature variation of the solid
material pipe, as shown in Fig. 11(b), with fluid flowing inside.

In a previous work conducted by Van Lew et al. [186], one- dimensional governing equations
for the energy conservation in the solid material and the fluid in a differential unit of Az, as shown
in Fig. 11(a), have been established with the following assumptions:

1) Radial distribution of the fluid flow and solid material through the storage system is
assumed uniform to make the problem to a one-dimensional problem along the axis, z, of the
storage tank.

2) The contacts between solid spheres are point contacts and therefore heat conduction

between rocks are negligible.

3) The Peclet number (Pe=LU/a) of fluid flow in the tank packed with porous solid material
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is large (Pe >> 100), and therefore, the heat conduction in the axial direction in the fluid is
negligible [10], where L is a characteristic length, U is the fluid velocity, and a is the thermal
diffusivity of the fluid.

4) The Biot number (Bi=hL/k) [11] of the transient heat conduction in a single solid sphere is
small enough that lumped heat capacitance method is applicable to the heat conduction in the
sphere. However, if the Biot number is large, a correction to the heat transfer coefficient between
fluid and solid is introduced [11].

5) There is no heat loss from the storage tank to the surroundings. However, if there is heat

loss to be considered, it may be considered by an equivalent larger cooling heat capacity of the

pipe.
1141
A T i
H T vdz
2R
Tttt

Fig. 11 Model used to analyze the heat transfer between hot fluid flowing through packed
solid material.

Because of the analogous feature of the heat transfer for the cases in Fig. 11(a) and (b), the
same type of governing equations of the energy conservation in the solid pipe wall and the fluid
can be established. However, the heat transfer coefficient between the solid pipe and the fluid will

be correspondingly applied to. In case the Biot number is large than 0.1, an extra correction on top
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of the heat transfer coefficient between the solid pipe and fluid will be introduced. This work has
been conducted by Li [184] and Xu [185] in previous work. They provided the so-called effective
heat transfer coefficient between the solid pipe and fluid for large Biot numbers. The effective heat
transfer coefficient in the lumped capacitance method of this structure is found and proven being
able to accurately predict the energy storage in solid pipe, or the thermal energy storage material
[184]. With the effective heat transfer coefficient, the lumped capacitance method can be applied
to modelling the thermal storage in the case of Fig. 10(b) or Fig. 11(b). In the solid-material pipe
the heat conduction in the fluid flow direction is ignored, only leaving the heat conduction in the
thickness of the pipe for analysis.

Although the heat transfer analysis for the fluid flowing in a solid material pipe was originated
from the perspective of energy storage, it is now can be used to understand the transient
temperature variation in the hot fluid when it flows through a cold pipe. The objective of the
analysis in this work is to find the onset length of pipe where fluid starts to freeze at various heat
transfer conditions. From the entrance to the onset of fluid freezing is named as the critical length

in this study.

3.2.2 Fluid energy balance equation

The governing equation for the energy conservation in the one-dimensional fluid flow in the

case in Fig. 11(b) is [186]:

feprSs oy =24 4y 2
prfsnRz (TS Tf) Y tU 0z (11)

where heft is effective heat transfer coefficient between the fluid and the solid wall, U is the flow
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velocity of the fluid, € is the porosity of the system, S is the heat transfer surface area between the

fluid and the solid surface per unit of length of the flow pipe. According to the above definitions,

the equations for the parameters are as follows:

U=
ar = emb?
e =a?/b?
Sg = 2ma

Introducing the following dimensionless variables,

O = (T —T)/(Tp, — T))

0, = (Ts — Tl)/(Th -T)

z"=z/H

t* =t/(H/U)

A dimensionless governing equation for fluid in the pipe is obtained as:

(12)

(13)

(14)

(15)

(16.a)

(16.b)

(16.c)

(16.d)

57



26y 96y 1
St aE=r0-06) (17)

where a dimensionless parameter by a cluster of properties and dimensions is

_u prfSTIbz

" H heffSs (18)

The effective heat transfer coefficient h, ¢ (W/m? K) in the above equations is defined as the
original heat transfer coefficient between the fluid and the pipe with consideration of the
modification due to the correction for the case that the Biot number of the heat conduction in the
solid pipe is larger than 0.1.

For the fully developed flow in a pipe, Dittus-Boelter equation [187, 188] or Gnielinski
equation [189] can be used to decide the basic heat transfer coefficient h. In the current study, we
use Dittus-Boelter equation. With the correction considered as described in detail in Ref. [184],

the effective heat transfer coefficient is:

1

h. =

"1 1 a°(4b®-a’)+ab’ (4Ln[b/a]-3)
hk a(b—a)

(19)

3.2.3 Energy balance equation for the cold pipe wall

For the energy balance of the solid material of the pipe wall, the same approach of energy
conservation analysis can be applied for a control volume dz of the pipe. The solid pipe extracts
heat from the passing fluid at the cost of a change in the internal energy of the filler. The energy

balance equation is:
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aTs
psCs(1 — s)nbzdzE = —hesrSs(Ts — Tr)dz (20)
With substitution of the dimensionless variables given in Eq. (6), to the above governing

equation, there is

00 H
20— —em (g, - 0y) (21)
_ _PrCre (22)

R — psCs(1-¢)
The dimensionless form of governing equations allows a generalized solution to the problem,

where the dimensionless parameter 7,- and H.-p determines the results of solutions [190].

3.2.4 Numerical solution using method of characteristics

The non-dimensional energy balance equations for heat transfer fluid and pipe wall can be
solved numerically along the characteristics, as has been discussed in Ref. [12]. Equation (17) can

be reduced along the characteristic line of t* = z*, so that,

D6 1
e = (0= 6p) (23)

Separating and integrating along the characteristic, we can get integral equation

[dty = [ =(6; — 6p)dt” (24)

Similarly, Eqg.(11) for the energy balance of pipe wall is reposed along characteristic, z*=constant,

so that
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6 H
=206 (25)
The solution for Eq.(15) is very similar to that for Eq.(13) but with an additional factor of H. .
The term Hgis simply a fractional ratio of fluid heat capacitance to rock heat capacitance.
Therefore, the equation for solution of &;will have interrelation with 6, as the pipe wall material

must have the capacity to store the energy being delivered to it, or vice versa. Finally, separating

and integrating along the characteristic for Eq. (15), there is

Jdos = [ == (0~ 6pdt” (26)
There are now two characteristic equations bound to intersections of time and space. A discretized
grid of points, laid over the time and space dimensions, will have nodes at these intersecting points,
as shown in the diagram of a matrix in Fig.12 [186].

In space, there are i = 1, 2, . . ., M nodes broken up into step sizes of Az* to span all of z*.
Similarly, in time, there are j = 1, 2, . . ., N nodes broken up into time-steps of At*to span all of
At*. Looking at a grid of the ¥ nodes, a clear picture of the solution can arise. To demonstrate a
calculation of the solution we can look at a specific point in time, along z* where there are two
points, ¥ ; and ¥, 1. These two points are the starting points of their respective characteristic
waves described by Eq. (13) and (15). After the time At™ there is a third point 9, , which has been

reached by both wave equations. Therefore, Eq. (14) can be definitely integrated numerically as:
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9 o 1 %
[o22 dby = ;22 = (8 - 6p)dt 27)

The numerical integration of the right-hand side is performed via the trapezoidal rule and the

solution is:

1 952,2"'951,1 9f2,2+9f1,1

9f2,2 - 9f1,1 = _( 2 - 2 )At* (28)

Tr

wheredy, | is the value of 6rat 9, ;, and 6, , is the value of 6, at 9, ,, and similarly so for 65. The

integration for Eq. (16) along z*=constant is

9 9 H %
fﬁ:f das = 19:;2 - TLTR (95 - Hf)dt (29)

The numerical integration of the right-hand side is also performed via the trapezoidal rule and the

solution is:

0

_ 9 _ _@(952‘24'952‘1 _ 6f2'2+9f2'1)At* (30)

52,2 S2,1 Tr 2 2

Equations (18) and (20) can be reposed as a group of algebraic equations for two unknowns of

6¢,,and 6, ,, while 8¢ and 6, at grid points 9, ; and ¥, ;are known.
14 At* _ At efz,z 9 (1 _ At*) iy at*
27Ty 27Ty _ fia 27Ty 511 27, (31)
HcrAt* HcrAt* - HcpAt* _ HcpAt”
27y 1+ 27Ty 9522 9f2'1 ( 27Ty ) + 952'1 (1 27y )
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Since Eq. (21) is only for two linear equations, it can be easily solved. It is also important to note
that all coefficients/terms in Eq. (21) are one-time determined from Az*, At*, t,, Hcg. Therefore,

the solution does not need heave computations.

U1,N Vo N e Inmn

A
At* |
\

yaard
srarard
e

\
V12 U2 VM2
A 7
At* | / /
\
a1 702,1 o _713.-\4,1
Az* Az* Az*

Fig. 12 Interception points of characteristics of Eq. (7) and (11)

From the grids (or interception point matrix) in Fig.3 it is seen that the temperatures of pipe
wall and fluid at grids 9; ; are the initial conditions. The temperatures of fluid and pipe wall at
grids 9, ; are the inlet conditions which vary with time. The inlet temperature for fluid versus time
is given. The pipe wall temperature (as a function of time) at inlet can be easily obtained using
Eq.(15), for which inlet fluid temperature is known. Now, as the conditions at 9J; 1, ¥, », and
¥, 1are known, the temperatures of pipe wall and fluid at 9, ,will be easily calculated from Eq.(21).

Extending the above sample calculation to all points in the 99 grid of time and space will give
the entire matrix of solutions in time and space for both pipe wall and fluid. While the march of

Az*steps is limited to z* = 1 the march of time At*has no limitation.
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3.3 Results and discussion

The established analytical model is applied to the startup flow of hot molten chloride salt
MgCl>-KCI-NaCl (wt% of 45.98-38.91-15.11) in a cold metal pipe. The freeze point of the molten
saltis 401.4 °C. The study will consider the scenarios that the metal pipe is initially cold at different
levels of low temperatures below the freeze point of the fluid, while the molten salt entering to the
cold pipe has temperatures above the freeze point. In the computation, the length from the entrance
where the fluid temperature is getting close to the molten salt freeze point will be identified as the
critical length of the pipe that only beyond that the freeze of fluid may occur. The significance of
this critical length is obvious that in the engineering application the flow pipe should be shorter
than the critical length.

The physical properties of fluid and pipe are listed in Table 2 for reference. With these
properties used, the results of computations are presented to understand the effects of various
parameters on the critical length of the pipe, including fluid velocity u, pipe outer diameter D, (at
0.0254 m) pipe wall thickness o (at 2 mm), and initial pipe temperature Ti.

The Pe number in this study ranges from 44121 to 829643, which satisfies the requirement of
Pe > 100 to support the assumption that the heat conduction in the axial direction in the fluid is
negligible. The character length for Pe number is the inner diameter of the pipe. The Bi number
(based on tube wall thickness as the characteristic length) in this study ranges from 4.57x10-3 to
5.2x10-2 which is much smaller than 0.1. In fact, since the effective heat transfer coefficient hest
is introduced in Eq. (8), the current model works irrespective of the value of Biot number.

Table 2 Key properties of molten salt fluid and metal pipe

Parameters  Cp P Treeze k u
J(kg°C) kg/m®* °C  W/m°C) (Pas)
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Fluid (salt) 1090.4 1706.7 401.4 0.4724 3.79E-3
Pipe (metal) 460 8690 - 15.5 -

3.3.1 Effect of fluid velocity to the critical length

The higher velocity the fluid enters the pipe, there is more thermal energy carried into the
pipe per unit time. This means that there is less possibility the fluid getting frozen due to the cold
pipe. Correspondingly, the critical length of the pipe is longer for high flow velocity, as seen in
Fig. 13 (a) and (b).

The Reynolds number corresponding to the velocities in Fig. 4 covers a range from 3500 to
1.21x10°. It is observed that the increase of fluid velocity at low range of velocities has more
significant impact to the prolong of the critical length of the pipe. This also means that when the
flow velocity of the hot fluid is too low, there is a high possibility of freeze of liquid in the
entrance of pipe. Therefore, the flow velocity entering to the cold pipe should be sufficiently
high to avoid freeze of the fluid. The obtained data for critical length of pipe is very important

for the design of the molten salt flow system to avoid freeze problem.
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Fig. 13 Variation of the critical length of pipe due to different flow velocity. Th=450 °C, pipe wall

thickness=2mm.

3.3.2 Effect of pipe diameter to the critical length

The increase of pipe diameter means the increase of the cross-section flow area of fluid and

thus the flow can bring in more hot fluid to the pipe per unit time. This makes the freeze of the

fluid less possible. Therefore, the increase of pipe diameter will cause a longer critical length of

the pipe, as shown in Fig. 14 (a) and (b). It is also observed that the increase of the critical length

due to the increase of the pipe diameter is more significant at the low range of pipe diameter.

Above a certain level, further increase of pipe diameter causes less increase of the critical length.
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Fig. 14 Variation of the critical length of pipe due to different diameter of the pipe. Th=450 °C,
pipe wall thickness=2mm.

3.3.3 Effect of pipe wall thickness to the critical length

A larger wall thickness of the cold pipe means more cold mass of metal material that can
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absorb more heat and cause the hot fluid to freeze more. The critical length shows a linear decrease

with the increase of the pipe wall thickness. In the current study, since the heat capacity of the pipe

is rather lower than that of the molten salt, the increase of pipe wall thickness does not cause

dramatic drop of the critical length. If the heat capacity of the solid material of the pipe is large,

the increase of wall thickness will cause more significant shorter critical length.
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Fig. 15 Variation of the critical length of pipe due to different pipe wall thickness. Th=450

°C, Ti=350 °C, Do=0.0254 m.

3.3.4 Effect of pipe wall temperature to the critical length

The very important effect to the critical length before occurrence of freezing is the temperature

of the cold pipe. When the temperature of cold pipe is higher, the critical length increases
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significantly more than a linearity increase. This is an important scenario for reference in

engineering application that warming up the cold pipe can have a significant effect to prevent the

freeze of the fluid when it starts to flow into a cold pipe.
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Fig. 16 The variation of critical length of pipe due to different pipe wall temperature. Th=450

°C, Do=0.0127 m, pipe wall thickness=1.0mm.

3.4 Conclusions

When hot molten salt flows into cold pipes, freeze of the salt will occur after a critical

length, which is a scenario that must be avoided in the startup operation of a CSP or nuclear

power plant that uses molten salt as heat transfer fluid. The current study caried out an analysis

to the transient heat transfer phenomenon between the hot fluid and the cold pipe. The analysis

fundamentally discovered that the critical length is affected by various parameters including: the

heat capacity, density, and thermal conductivity of both the fluid and pipe, viscosity and flow
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velocity of the fluid, the diameter and wall thickness of the pipe, as well as the temperature of the
fluid entering the pipe and the temperature of the initially cold pipe. The analysis and
computation allow one to find the critical length based on the above-mentioned parameters and

thus adjustment may be made to avoid freeze of fluid at the cold startup operation.

The analytical solution was applied to a case of hot chloride molten salt NaCI-KCI-MgCl»
flowing to a low temperature pipe made of Hastelloy C-22. The study has obtained a set of

resultant data with the given parameters, from which several discoveries have been obtained:

1) The flow velocity of the fluid can significantly affect the critical length. At low velocity
range, the increase of flow velocity makes more significant increase of the critical length. This
also implies that a sufficiently high flow velocity of the hot fluid is very critical to avoid freeze

of the fluid in the cold pipe.

2) The increase of pipe diameter is also very helpful to have a longer critical length of the

pipe. It is easier to have freeze of molten salt in a small cold pipe and should be avoided.

3) The wall thickness of the pipe has linear effect on the critical length. With the increase of
the wall thickness of the pipe, the critical length of the pipe will decrease. However, the decrease

of the critical length due to the increase of wall thickness is not very large.

4) The temperature of the cold pipe has a significant effect on the critical length. When the

initial pipe temperature is sufficiently high, the critical length can be significantly longer.

In overall, a high flow speed, larger pipe diameter, and higher initial pipe temperature will

greatly help to reduce the potential of salt freeze in the startup operation.
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CHAPTER 4 MODELING AND ANALYSIS OF ENTROPY

PRODUCTION FOR SELECTION OF HTFS IN CSP SYSTEMS

4.1 Introduction

It is well known that a high temperature for solar thermal energy is desired for a concentrated
solar thermal power (CSP) plant to have high energy conversion efficiency [90,91]. To obtain
thermal energy at high temperatures, solar concentrators with high concentration ratio and a heat
transfer fluid (HTF) being able to work at high temperatures are the two basic technical
requirements [92,93]. Solar thermal concentrators with high concentration ratio provide high heat
flux; while the heat transfer fluid is used to receive heat from the solar concentrator and then
transfer the heat to another fluid (such as water, air, or super critical CO2) which is the working
substance in a thermal power cycle. Whereas the technology of concentrators with high solar
concentration ratio has been developed in the current CSP industries, cost-effective and excellent
heat transfer fluids for the working temperatures above 600 °C are still remaining to be found out
[94].

So far, three generations of HTFs (other than air and water) have been developed particularly
for the use in concentrated solar thermal power systems (CSP). The first generation HTF may be
represented by the non-toxic petroleum-based oil (such as Xceltherm® 600—Co paraffin oil),
which has an upper temperature limit of 315°C [95,96]. The second-generation of HTFs are known
as synthetic organic oils (such as Therminol®VP-1, a mixture of Diphenyl oxide and Biphenyl in
weight percentage of 73.5% versus 26.5%), which has an upper temperature limit of 400 °C [97,
98] and a corresponding vapor pressure of 10 atm. To further improve the working temperature in

a CSP system, the third generation HTF is based on nitrate molten salts [99] (having upper
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temperature limit of of 580 °C ), such as a mixture of sodium nitrate, sodium nitrite, and potassium
nitrate (in mole fraction of 7%NaNO3 - 49%NaNO: - 44%KNOs)known as Hitec® salt [100, 101].
Recently, one of the great efforts sponsored by the U.S. Department of Energy for CSP
technologies is the development of the fourth generation HTF to approach a temperature limit of
850 °C by using either eutectic high temperature molten salts [102, 103] or eutectic metal mixtures
[104-106].

The requirement to the properties of a HTF used in a concentrated solar thermal is multifold.
First and foremost, the fluid should be able to remain as a liquid fluid in a wide range of
temperatures while having low vapor pressures. Second, the fluid must have low corrosion to the
pipes and containers of the heat transfer system. Third, the fluid must have favorable properties,
including density, thermal conductivity, heat capacity, and viscosity, so that in overall the exergy
(or the useful heat) destruction of the received solar thermal energy is minimal during the flow and
heat transfer processes in the heat transfer system. Last, but not least, the cost of the materials for
the HTF should be sufficiently low to be acceptable by industrial customers. The analysis in this
work will discuss the evaluation of transport properties of HTFs.

It is difficult to make a fair comparison between two heat transfer fluids by comparing
individual transport properties. For example, one fluid may have higher thermal conductivity and
higher viscosity than another fluid. While the high thermal conductivity contributes to better heat
transfer, the high viscosity will contribute to larger pressure loss during the flow [156-158]. It is
therefore necessary to find one criterion that can entail all the transport properties of a heat transfer
fluid so that comparison of benefit or advantage between HTFs can be made possible.

It is easy to understand that the benefit or advantage of using one heat transfer fluid against

another in a CSP plant should be found consequently from the generated electrical energy per

71



capital cost over the lifetime of a CSP power plant due to the use of the fluid and the associated
materials of pipes and containers. This requires the evaluation of the thermal efficiency and exergy
destruction in the heat transfer processes from solar concentrator to the working fluid of thermal
power cycle so that the produced electrical energy from a given amount of concentrated solar
thermal energy can be determined.

The entropy production in the heat transfer processes contributes to the exergy (useful energy)
destruction, as well as the thermal energy efficiency of the power cycle [191]. The entropy
production should include two parts, one from heat transfer processes and the other from the
pressure loss due to friction of fluid in the flow circulation [192]. Therefore, the entropy production
in the heat transfer system from using a HTF can be defined as a primary figure of merit (FOM)
for a HTF. After heat transfer, the temperature of the heat for the thermal power plant is important,
which can indicate the ideal value of the thermal efficiency for the power cycle. In the following

work, theoretical analysis is conducted to the heat transfer system to find the entropy production.

4.2 Analysis of Entropy Production in Heat transfer System in a CSP Plant

The objective of the following analysis is to find the relationship of the system entropy
production to all the relevant fluid properties at given conditions. The properties, including thermal
conductivity, viscosity, density, and heat capacity, jointly determine the heat transfer, pressure loss
and thus the entropy production.

As show in Fig. 1, the application of a HTF in a concentrated solar thermal power plant is
associated to two heat transfer processes and the circulation of the HTF in the system. The system
has heat addition to the HTF from the solar field (or solar concentrator), and after that the heat is
removed (through a heat exchanger) and delivered to the working fluid in the thermal power cycle

of the power plant.
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Due to the demand of high temperature for the heat source in a power plant, one may define
the desired fluid temperatures at inlet and outlet of the solar collection section as Ti and To,
respectively. This gives the average temperature of the HTF as (Ti + T, )/2 in the heat receiving
solar collector. Correspondingly, after getting to the temperature of T, from the solar collector, the
HTF flows into the heat exchanger to deliver heat to the working fluid of the power cycle, which

makes the HTF temperature going back to Ti. For the given amount of heat transfer rate, Q , and

the temperatures of Ti and To, a good HTF should render the heat transfer to be so accomplished
that the wall temperature, Thw , in the solar collector should not be too high, and also the wall
temperature, Ti.w, in the heat delivery heat exchanger should not be too low. In fact, Ti.w represents
the temperature of the high-temperature heat reservoir of the thermal power cycle, which is critical
to the overall energy efficiency of the CSP system. Furthermore, one also does not want to use too
much of pumping power to achieve the goal of transferring the heat Q from the solar collector to
the working fluid of the power cycle.

It is assumed that the dimensions of pipes and heat exchangers in the system illustrated in Fig.
17 have been decided based on the properties of a known HTF and the demanded heat transfer rate

Q, which is the total thermal energy supply per unit of time for a CSP plant. The entropy

production rates in such a system will be obtained for a HTF of interest.
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Figure 17. Flow loop that a HTF is used to transfer heat from solar collectors to the power

plant

From the knowledge of second law analysis in thermodynamics, the steady state entropy
production rate in the system (a control volume from location 1 to location 2 including the pipes

and heat exchangers) should be expressed as:

o i Dot .V .
s,m=sm+ | R _ [ &—mT—AP+ S, (32)

collector * h-w  exchanger ' I-w m
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where the system inlet is at location 1 and outlet is at location 2; T,_,, is the wall temperature of

the heat source (concentrated solar energy) that is added to the system, and T, , is the wall

temperature of heat exchanger that HTF gives out heat.

In order to conveniently observe how fluid properties affect the entropy production in the
system, the heat transfer in the solar collector and the heat exchanger (in Fig. 17) is assumed to
have uniform heat flux across the boundary walls. In fact, for solar heat collector and a

countercurrent heat exchanger, this assumption is quite reasonable. Therefore, the integral terms

J.(l/Th_W)éQin and J.(l/Tl_W)éQout in Eqg. (1) can be simplified to ratios of the total heat rate

collector exchanger

and the average temperatures of the walls, which give Q, /Th and Q /TI . Here T, and T, are

out

the average values respectively for T, , and T, ,. The authors did a numerical test for the

accuracy of approximating the term J. YT, )R, by Q. /T, . For a linear variation of 300 K

collector

for the wall temperature from inlet to outlet and an inlet wall temperature above 400 °C (673K)

the deviation of Q, /T, from J.(l/Th,W)inn is below 1.5% or even smaller for higher wall

collector

temperatures and smaller temperature difference between inlet and outlet. With such a sufficient

accuracy, the analysis hereafter will use Q, /T, to replace j(l/Th,W)éQin and Q,,. /T, to

collector

replace f(1/T|,W)5Qout :

exchanger

Since the HTF circulates in the system, we can choose point 1 and 2 to be the same point,

meaning the fluid circulated from a starting point and back to the starting point. Therefore, there
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must have s,m = s,m, which results in the following expression for the system entropy production

rate:

MSgen = Sgen ~Qu Oy Voap Qo O Vpp (33)
TI h Tm [ Th Tm

where S qen 1S the system entropy production in a steady state operation, V is the volume flow rate

of the HTF; Q, and Q,, are the absolute values of the heat rates added to and delivered out of

out
the system, respectively. It is clear to see from Eq. (33) that the entropy production is due to the
two heat transfer processes and the pressure loss in the system, which needs the pump to overcome.

Ideally, the heat added into the system and removed from the system have the same absolute value.

For convenience, we give Q,, =Q, =Q in the analyses hereafter.

The fluid temperature at the inlet and outlet of the solar collection field is defined as T, and
T, , respectively. When considering the heat removal in the heat exchanger to deliver the heat to
the fluid in the thermal power cycle, the temperature of the HTF at the inlet and exit becomes T,
and T, , respectively. The average temperatures of the HTF in the solar collection field and the heat
exchanger are the same as T, =0.5(T,+T,) . The average temperature of the HTF in the
circulation pipes should also be T,, =0.5(T, +T,) . The temperature differences that drive the heat
exchange in the solar collection field and in the heat exchanger are T, —-0.5(T,+T,) and
0.5(T, +T;)—T,, respectively.

Considering the heat transfer processes in the solar collection field and in the heat exchanger,

there are:
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Q = A’\hh [Th _0'5(To +Ti )] (34)

Q = Ahl [0.5(T0 +T, ) _TI] (35)
where A, and A, are heat transfer surface areas; h, and h, are heat transfer coefficients. From

these two equations, we can find that,

_Q

Ty =2+ 05T +T) (36)
_ ~Q

T =08(T,+T) -2+ (37)

Substitute Egs. (36) and (37) into Eq. (33), the system entropy production rate is obtained as,

§ - Q - Q_ VP (38)
®" T 05(T, +T,)-Q/(Ah) 05(T,+T,)+Q/(Ah) 05T, +T,)

For the purpose of evaluating the transport properties of a HTF, this analysis needs to give the

demanded heat rate Q , the desired temperatures of T, and T,. The flow rates of HTF can be

decided as,
Q=mCp(T, -T;) (39)
m=Vp (40)
V= 9 (41)
pCp(To _Ti)
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Substitute Eq. (41) into Eq. (38), the entropy production rate is further expressed as

Sgen = Q_ - Q_ + Q AP (42)
05(T, +T) ~Q/(Ah)  05(T, +T)+Q/(Ah,) * 0.5Cp(T, +T)(T, ~T)
where the first two terms are due to heat transfer processes, which is defined as S, ,,, and the

last term is due to pressure loss when the HTF circulates in the system (including in heat

exchangers and in circulation pipes), which may be defined as S'gen_ﬂ .

From Eq. (42), it is understandable that a large value of h, and h, will result in less entropy

production, while the pressure loss AP will contribute to higher entropy production. Furthermore,

it is also easy to understand that if the heat transfer is improved (either due to surface enhancement
or better properties of HTF), the entire heat transfer task can be achieved with the temperature T,
closer to T, , which therefore is beneficial to the thermal energy efficiency in the thermal power
plant. The pressure loss in the entire system includes the losses from two heat exchangers and from
fluid circulation pipes, which may be defined as AP,z ,,, APz, , and AP, respectively. With the

volume flow rate of the HTF available from Eq. (41), the pressure losses in the system can be

conveniently obtained.
In the next section, the heat transfer coefficients, h, and h,, will be expressed in terms of the

fluid properties, the prescribed temperatures, as well as the heat rate which determines the flow

rate and velocities of the fluid in given devices.
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4.2.1 Entropy production in heat transfer processes

4.2.1.1 Heat transfer due to turbulent flow

For the heat transfer of turbulent flow in pipes with Reynolds number (Re) close to 1.0 x10*or
above, 0.7 <Pr <160, and length-to-diameter ratio L/d >10, we take the famous Dittus-Boelter
equation [193] to obtain heat transfer coefficients as follows:

h.d,,

Nu,, === = 0.023Re,,"® Pr®* (fluid is heated) (43)
Nu, = hf“ =0.023Re,"® Pr®? (fluid is cooled) (44)

Assume the heat transfer design analysis already found the number (n) of tubes (in diameter of d)

for the heat exchanger. The flow velocity in the tubes of a heat exchanger can be obtained as:

oV Q _ Q
n(0.257d%)  pCp(T, —T,)n(0.257d%)  pCp(T, —T,)Nd?

(45)

where we define N =0.25nz . Using Eq. (45), the Reynolds number for the flow in the heat transfer
tubes is obtained as

Re = Q L Q
PCp(T, -T)Nd* u  Cp(T,-T)N-d-u

(46)

Bring the expression for Reynolds numbers into Eqgs. (43) and (44), the heat transfer coefficients

are obtained as follows:
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h

= X002 Q &, (”Cp) =0-02{ 2 } = 526 or (47)
d, PCp(T, = TN d," u k N, (T =T ] dy™ Cp™p

h =<0.02 Q A (”CDJ?O-OZ{ S } = 5:705 (48)
d L Cp(M, ~TON, | Lk N =Ti) ] Cpou”

Substituting Egs. (47) and (48) into Eq. (42), the entropy generation due to heat transfer in the

system is

S'Turbulent _ Q
gen-ht . 08 0.8 05 ,,05
0.5(T. +T )— Q 1 (T, -T) d Cp™u
° AN 0023 O k™
_ Q (49)

0.5(T, +T,) +

Q 1 [@,-T)]"d, "cp*u™
4NQ?L, 0.023] Q k®®

It is worth noting that we can choose equations of dimensionless parameters of Nu against Re and
Pr from several correlations [193, 194], which are widely accepted in heat transfer society with
comparable accuracy. The authors chose Dittus-Boelter correlation [193] for the convenience that
the effect or impact of the transport properties to the entropy generation in the heat transfer process
can be more explicitly seen in Eq. (49). For slightly better accuracy for heat transfer coefficient
when Reynolds number is high up to 5.0x10° a correlation such as Gnielinski equation [193, 194]
may be used for the above analysis. Nevertheless, selection of the heat transfer correlations will

not change the basic conclusion of the relative comparison of FOM of different heat transfer fluids
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in respect to the system entropy production determined from the transport properties of the fluids,

as long as the selected correlation is used consistently for every fluid.

4.2.1.2 Heat transfer due to laminar flow
For laminar flow in heat exchangers, the Nusselt number for a constant wall heat flux case is
a constant (which gives Nun=Nu;=4.36) [193, 195]. Therefore, the heat transfer coefficient is

obtained to be N=4.36-K/d  This allows us to calculate the entropy production due to laminar

flow heat transfer in the form of:

S’ Laminar _ Q i N Q (50)

gen-ht Q Q
05(T,+T)————~—— 05T, +T)+——
4.36k4N, L, 4.36k4N, L,

4.2.2 Entropy production rate due to pressure losses
4.2.2.1 Flow with 2300 < Re <2 x 10*

The following equation [193] is chosen to calculate the pressure loss due to turbulent flow in the

heat transfer tubes in heat exchangers.

f-pu’l
APy = % (51)
where f is Darcy friction factor. Taking Blasius equation ( f =4%*0.079 Re °*) for Darcy
friction factor, the pressure drop is obtained as:
2-pU2L udp —0.25 ,00'75U1'75L,uo'25
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where L is the length of the tubes subject to study. Substituting velocity u (by Eqg. (45) ) into Eq.

(52), there is

075 ,,025 Q 175 L 0% Q 175
AP, =0.1582——~ ~| =0158—4 (53)
d* PCp(T, —T;)Nd pCp==d ™™ | (T, - TN

For the pressure loss in the fluid circulation pipes (in a total length of L. and pipe diameter of

d.), the same expression of pressure loss is

075 025 . 1.75 0.25 . 1.75
AP, =0.1582 = Q | —oass A | Q (54)
. pCp(To _Ti)chc pCpljsdc . (To _Ti)Nc

where N¢ is definition as N, =0.25n 7z, and n, is the number of pipes that are used to circulate

the fluid.
The total system pressure drop includes three parts, from fluid circulation pipes, as well as from
the heat exchangers (one has heat added to the HTF, and the other has heat removed from the HTF).

Therefore, the total pressure drops in heat exchangers and in the circulation pipe is

AP = AP, , + APc , + AP, (55)

Substituting pressure losses into the third term in Eq. (42), the entropy production rate due to

pressure loss is
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ca Q 018 Q@ T L, L, L, ;
gen-fl ™ 0.50- T )(T —T-) 2Cp2.75 (I' —T.) d 47BN + d4BNLT + d 4.75N1.75 (5 )
0 i 0 i p 0 i h h | | c c

where S7+, designates the first case of turbulent flow, which has 2300 < Re <2 x10".

4.2.2.2 Flow with Re >2 x 10*

Under the condition of Re >2x10*, the equation for pressure loss of turbulent flow in the heat

transfer tubes of heat exchangers is

2 -02 08,,18; 02
AP, = o.184”‘2J = [u%"j - o.ow"”dTL” (57)

Bring the expression of velocity given in Eq. (45) into the above expression, there is

08| ,,02 o) 18 L 02 o) 18
AP =009 2~ ~| =009 —4 (58)
d~ PCp(T, —T;)Nd PCp*d ™ [ (T, =T)N
Similarly, the pressure drop in a circulation pipe with Re > 2x10* is
08 02 . 1.8 02 . 18
AP, = 0,092 < Q | =0oo2—=H O (59)
dc . pCp(To _Ti)chc pCp . dc . (To _Ti)Nc

In case that the Reynolds numbers of the flow in heat exchangers and in HTF circulation pipes are

all larger than 2x10*, the entropy production rate due to all pressure losses is
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_ o) 0.092,110'2{ o) r( L, L, L
d 8

S = + +
en- 1 0'50-0 +Ti)(To _Ti) pZCpZIB (To _Ti) ;Lserfg dl4'8NI1.8 dc4.

Nsﬂj o0

where S .2 designates the second case of turbulent flow when Re >2x10".

It is worth noting that equations for Darcy friction factor of turbulent flow with slightly better
accuracy, such as developed by Petukhov [193, 196], may be used to calculate the pressure loss.
However, the above Blasius equation results in rather explicit expression of the entropy production
as a function of transport properties, which is helpful for us to directly observe the effects of fluid
properties to the entropy production due to frictional loss. It is true and important that both Blasius
equation [193] and Petukhov equation [193, 196] are widely accepted in the society of fluid
mechanics for sufficient accuracy. The selection of these correlations will not change the basic
conclusion of the comparison of the entropy production in different fluids, as long as the selected

correlation is used consistently for every fluid.

4.2.2.3 With laminar flow in heat exchangers and circulation pipes

Although the flow of HTF in a solar thermal power plant can rarely be laminar, to include all
possibilities, an analysis is still provided here. The Darcy friction factor for laminar flow [193] is

f =64/Re. Bring the expression of velocity into the Reynolds number, the pressure losses in the

tubes of heat exchanger and in a circulation tube are given as follows, respectively.

-1 .
pu’L udp Lu Q
AP, =" = .64.| = | —32°LC 1
HE ( p ] d? pCp(T, —T,)Nd? (61)
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2 -1 :
AP, = ke g [Uber | _ 35 Lok Q : (62)
2d u d.2 pCp(T, —T,)N.d,

c

If all flows are laminar, the entropy production rate due to all pressure losses in heat exchangers

and circulation tubes can be expressed as:

0'5(T0+Ti)(To_Ti)p2Cp2 (T, =T dr?Nh d|4N| d.*N

c

SggLen—fI: Q 32#{ Q }( = + = + = J (63)

4.2.2.4 Different Reynolds numbers in different devices

It needs to be noted that the Reynolds number of the flow in heat exchangers and in HTF
circulation tube can be different depending on the flow rate and designs of the devices. One has to
check the Reynolds numbers in each device and choose the proper terms from Eq. (56), Eq. (60),
and Eq.(63) accordingly to calculate the total entropy generation rate due to pressure losses.
Similarly, one also needs to check the Reynolds number of the flow in the heat transfer pipes in
solar collector and heat exchanger in order to select the proper equations for heat transfer from

Egs. (49) and (50).
4.3 Discussion and Evaluation of Several Heat Transfer Fluids

4.3.1 Applications of the analysis for various heat transport systems

Evaluation of the heat transfer fluid properties is one of the applications of the present analysis.

The model can also be generally used to evaluate the performance of heat transport systems. It is
important to note that all the analyses need to set a target/goal of heat transfer rate Q and
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prescribed conditions of temperatures of T;, T,. Under these conditions, different heat transport

systems can be designed, and system entropy production can be compared for evaluation of the
merit.

For the merit evaluation about the transport properties of HTF, the prescribed parameters are
the required heat transfer rate Q forthe system, the desired working temperatures of fluid, T,, T,,
and dimensions of the devices including d,, d,, d.,L,, L,, L;, n,, n,, and n,. These
dimensions must be obtained through a preliminary design of the heat exchangers and the entire
system, which is based on constrains of given diameters of the heat transfer tubes, tube materials,
and the desired temperatures of fluid T, and T,. With the conditions of Q, T,, T,, and

dimensions keeping the same, different transport properties of HTFs will result in different system

entropy production and thus the merit of the fluid properties is evaluated.

4.3.2 Cluster of properties contributing to entropy production

For heat transfer of turbulent flow, it is interesting to examine Eq. (49) that the clusters of
properties d °°cp®®,°° /k®” and d,**Cp®* 1** /k°® actually influence the entropy production in the
heat transfer processes. For heat transfer of laminar flow, the cluster of properties contributing to
entropy production in the heat transfer processes is 1k . Large values of theses clusters of properties

will result in lager entropy production in the system.

For the entropy production due to pressure loss in the heat exchangers and in the circulation
pipe, the property clusters are  x°%/(p?Cp>™d*®) and u°?/(p*Cp?®d*®) for turbulent flow with
Reynolds number less than2x10*, and larger than 2x10*, respectively. For laminar flow the cluster

of properties to entropy production due to pressure loss is ,/(p*cp?d*). Large values of theses cluster
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of properties will result in large entropy production in the system. The clusters of HTF properties
contributing to lager entropy generation due to heat transfer and pressure drop are summarized in
Table 3.

In case one wants to use other heat transfer correlations such like Gnielinski equation [194] for
the entropy generation analysis, Equation (42) should be directly used, where the heat transfer
coefficient is obtained from the heat transfer correlations.

It is important to note that a large viscosity always contribute to a large entropy production
either from heat transfer or from pressure loss. A high thermal conductivity contributes to a less
entropy production in heat transfer process. However, the effect of fluid heat capacity to the
entropy production in heat transfer processes is interesting to examine. From Eq. (49), it seems
that Cp has a positive effect to the entropy production. On the other hand, because of large heat
capacity, the heat transfer task can be achieved with less mass flow, which means that smaller flow
tubes may be used. This is seen in the cluster of properties, d,°*cp®s.° /k°7 , where for large Cp
the tube diameter d; may be reduced.

Generally, the pressure loss causes a relatively less proportion of the total entropy production.

However, it is still important to calculate the total entropy production from both heat transfer and

pressure loss to evaluate the merit of a HTF.

Table 3 Clusters of properties contributing entropy production in the system

Heat transfer Pressure drop
Fluid is heated Fluid is cooled
Re >1x10": Re>1x10%: Re <2x10*: Re>2x10*:
d 0.8Cp0_4#0_4/ko_6 d|0'8 Cp°'5,u°'5/k°‘7 ﬂo.zs/(pchz.wsd 4.75) luo.z/(pchz.sd 4.8)
h
Re<2300% 1k Re<2300 1/k Re<2300:  u/(p*Cp%d*)
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4.3.3 Examples of entropy production rate due to different HTFs for heat transport tasks

As has been mentioned before, the system entropy production rate is viewed as the FOM for a
HTF. To show a comparison of the FOM of different HTFs, analysis was conducted to a system
that transport thermal energy of several selected values from 50 MW to 600 MW, from a solar
concentrator to the working substance in the power plant. The following cases of given conditions
of temperatures and HTFs are selected for the study.

(1) The average working temperature T, is 200 °C with T, and T, being 150 °C and 250 °C,

respectively. Three HTFs, Xceltherm-600 , Therminol VP-1 , and Lead-Bismuth Eutectic (LBE)
liquid metal alloy [198] are compared.

(2) The average working temperature T, is 340 °C with T, and T, being 290 °C and 390 °C,
respectively. Comparison is made between HTFs of Therminol VVP-1 , nitrate molten salt (KNOs-
NaNO2-NaNOs) , and Lead-Bismuth Eutectic (LBE) liquid metal alloy [198].

(3) The average working temperature T,, is 450 °C with T, and T, being 400 °C and 500 °C,
respectively. Comparison is made between HTFs of nitrate molten salt (KNOz-NaNO2-NaNQO3) ,
halide molten salt (NaCI-KCI-ZnCly) [197], and Lead-Bismuth Eutectic (LBE) liquid metal alloy
[198].

(4) The average working temperature T, is 700°C, and T, and T, are 650 °C and 750 °C,
respectively. Entropy production rate using halide molten salt (NaCl-KCI-ZnCl2) [197] and Lead-
Bismuth Eutectic (LBE) liquid metal alloy [198] is studied. Targeted properties for a HTF at such
a high level of temperature set by U.S. DOE are also used to calculate the entropy production for

comparison [197].
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For the task of transporting 50 MW using the system, the calculated results of entropy
production and the Carnot efficiency ( 7 =1-300(K)/T,(K) ) based on the temperatures (Ti) of

the heat delivered to the power cycle for all the above cases are listed in Tables 4 to 7. The
corresponding conditions of temperature, the property of the fluids, and the dimensions of the heat
exchangers are also given in the tables. The properties for the Lead-Bismuth Eutectic (LBE) liquid
metal alloy are separately given in Table 8. For this analysis, the authors tested the use of Dittus-
Boelter correlation [193] and Gnielinski equation [194] for heat transfer coefficient, and Blasius
equation [193] and Petukhov equation [193, 196] for Darcy friction factors, respectively. The
conclusion of the relative comparison of the system entropy production (as the FOM) of different
fluids did not change by the use of the correlations, as long as the selected pair of equations are
consistently used for every fluid.

The results of entropy production using Dittus-Boelter correlation and Blasius equation are
provided in Tables 4-7. For slightly better accuracy, entropy production calculated using
Gnielinski equation [194] for Nu and Petukhov equation [196] for Darcy friction factor are
provided in the parenthesis in the tables. These results of entropy production rates are plotted in
Fig. 18 for comparison.

As seen in Fig. 18, the heat transfer system at low temperature level has high entropy generation

rate. Importantly, comparison of the entropy generation rate between every three different HTFs
at the same operating temperature of (T, +T,)/2 shows us which HTF has better performance.
Obviously, Therminol VP-1 is better than the earliest HTF, Xceltherm-600, at working

temperature of T, =200 °C (473K) level; while Lead-Bismuth Eutectic (LBE) liquid metal alloy

could have the lowest entropy production. When working at temperature level of T, =340 °C

(613K), Therminol VP-1 and nitrate molten salts show very close entropy production, and Lead-
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Bismuth Eutectic (LBE) liquid metal alloy could have the lowest entropy production. Going to a
higher temperature of T,, =450 °C (723K), nitrate molten salt and halide molten salt are compared.
Because of the lower thermal conductivity, the halide molten salt has higher entropy production,
whereas the Lead-Bismuth Eutectic (LBE) liquid metal alloy has the lowest entropy production.
When the operating temperature is at T,, =700 °C (973K) level, the entropy production with the
use of the molten halide salt reaches a low level. Again Lead-Bismuth Eutectic (LBE) liquid metal
alloy results in even lower entropy production than the molten salt. When those HTF except metal
alloy are compared, the molten halide salt at working temperature of T =700 °C (973K) makes
the lowest entropy generation. This clearly shows the benefit of operating the heat transfer system
at higher temperatures using the halide molten salt. Nevertheless, if Lead-Bismuth Eutectic (LBE)
liquid metal alloy is used, it gives the lowest entropy production at all working temperatures
compared to other HTFs.

The analysis can also be employed to study and predict the gain for reduction of entropy
generation if one can improve or change some properties of a HTF through adding additives or
other measures. For example, in Table 9, targeted better properties of thermal conductivity and
heat capacity for halide salt HTF were evaluated to indicate how much gain is possible regarding

the reduction of entropy generation rate. This result is also given in Fig. 18 at T,, =700 °C (973K).
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Table 4 Properties of HTFs at average temperature of 200 °C and the results of entropy

production rate

Xceltherm-600

at

Therminol VP-1 200°C

Lead-Bismuth Eutectic

200°C [7] [9] (LBE) [15, 16, 28]
p  kgm? 743.2 913 Eq. in Table 6.
u mPas |0.623 0.395 Eq. in Table 6.
k  Wm-K |[0.1216 0.114 Eq. in Table 6.
Cp KkJkg-K |2.61 2.048 Eq. in Table 6.
Th K 573 (564) 552 (541) (485) Egq. in Table 6 for Nu
T K 373 (382) 399  (405) (461) Eq. in Table 6 for Nu
S ,.n J/(K-5) 46793 (42212) 34872 (30869) (5432) Eq. in Table 6 for Nu

7 =1-300 /T, (K)

0.196  (0.215)

0.247  (0.260)

(0.349) Eq. in Table 6 for Nu

Ti=423 K; To=523 K; di=dr=0.02 m; n=ny=820; Ly=7.7 m; L=7.7 m; dc=0.5 m; n~4; L-=200

m

Note: Results in parenthesis is based on Gnielinski equation for Nu [194], or otherwise specified,

and Petukhov equation for Darcy friction factor[196]. This is the same for the results in the

parenthesis in Table 3-5.

Table 5 Properties of HTFs at average temperature of 340 °C and the results of entropy

production rate

Therminol VP-1

KNO3-NaNO;-NaNOs3

Lead-bismuth Eutectic (LBE)

7 =1-300 /T, (K)

0.426 (0.424)

340°C [9] (7-49-44 %mole) 340°C | [15, 16, 28]
[10]
p  kgm? 773 1833.921 Eq. in Table 6.
u mPas |0.185 2.56394 Eq. in Table 6.
k  Wm-K |0.089 0.51 Eq. in Table 6.
Cp kl/kg-K |2.425 1.89 Eq. in Table 6.
Tn K 723 (705) 713 (715) (639) Eq. in Table 6 for Nu
T, K 523 (521) 526  (511) (587) Egq. in Table 6 for Nu
S .. J/(K-s) 26448 (25027) 24956 (27792) (7023) Eq. in Table 6 for Nu

0.429 (0.413)

(0.489) Eq. in Table 6 for Nu

m

Ti=563 K; T;=663 K; di=dn=0.02 m; n=n,=820; L,=5.1 m; L~=5.1 m; d=0.5 m; n~4; Lc=200
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Table 6 Properties of HTFs at average temperature of 450 °C and the results of entropy

production rate

KNO3-NaNO>-NaNO3 NaCl-KClI-ZnCl, | Lead-bismuth Eutectic
(7-49-44 %mole) 450°C @450 °C [27] (LBE) [15, 16, 28]
[10]
p  kg/m’ 1751 2150 Equation in Table 6.
u mPas 1.375 7.0 Equation in Table 6.
k Wm-K |0.51 0.32 Equation in Table 6.
Cp KkJ/kg-K | 1.7596 0.81 Equation in Table 6.
Thn K 793 (788) 853 (868) (740) Eq. in Table 6 for Nu
T K 623 (658) 511 (583) (705) Eq. in Table 6 for Nu
S... J/(K-s) 17206  (12522) 39287 (27806) | (3327) Eq. in Table 6 for Nu
n=17307T 00 1 g 518 (0.544) 0.413  (0.486) | (0.575) Eq. in Table 6 for Nu

Ti=673 K; To=773 K; di=dpn=0.02 m; n=np=820; L1=5.5 m; L=5.5 m; d.=0.5 m; n~4; Lc=200

m
Table 7 Properties of HTFs at average temperature of 700 °C and the results of entropy
production rate

NaCl-KCl-ZnCl> | NaCl-KCl-ZnCl, | Lead-bismuth Eutectic (LBE) [15,
700 °C [27] 700 °C (Target) 16, 28]

p  kg/m’ 1950 1950 Equation in Table 6.

u mPas |4.0 4.0 Equation in Table 6.

k  W/m-K |0.31 Targeted: 0.51 Equation in Table 6.

Cp kl/kg-K | 0.90 Targeted: 1.50 Equation in Table 6.

Tn K 1083 (1082) | 1074 (1039) |(989) Egq. in Table 6 for Nu

T K 800 (864) 815.5 (907) (957) Eq. in Table 6 for Nu

s, J(K-s) | 16355 (11616) |14745 (6974) | (1752) Eq. in Table 6 for Nu

7=1300T0) 1) 625 (0.653) | 0.632  (0.669) | (0.686) Eq. in Table 6 for Nu

Ti=923 K; To=1023 K; di=d=0.02 m; n=ny=820; L1=5.5 m; L;=5.5 m; dc=0.5 m; n=4; Ls=200

m
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Table 8 Summary of correlations for thermophysical properties of molten LBE (P~ 0.1 MPa)

Properties Unit Correlations T(K) Temperature Uncertainty
range (K)
Density kg m™> p=11096—-1.3236 T 403-1300 0.8%
Specific heat | Jkg 'K | C, = 159 — 2.72 x 102 T + | 430-605 7%
7.12 x 107 7* (Extrapolation
is applicable in
430-1900K)
Dynamic Pas u=4.94 x 10 x exp(754.1/T) | 400-1100 5%
viscosity
Thermal Wm' K" | k=3.61 + 1.517 x 102 T — | 403-1100 5%
conductivity 1.741 x 109 T*
Constant heat flux [28]: Nu=6.3 + 0.0167Re**Pr**3 at 0.004<Pr<0.1 & 10* <Re <10°

4.5x10*
* & Xceltherm-600
4.0x10° B Therminol VP-1
a ; A Therminol VP-1
!l3,5x10 B #  Nitrate molten salts
= * LBE
330 10t k ] | # Nitrate molten salts
B -Ox @ Halide molten salts
© ol L4 * LBE
o 25x10* F A @ Halide molten salts
' ey @ Targeted value
° * LBE
© 2.0x10° | -
gS2
K
= ¢ L |
o 1.5x10
= ; .
o 1.0x10° } -
-
c * ]
W 5.0x10° | - -
*
*
0.0

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Fluid Average Temperature (K)

Fig. 18 The entropy production rate of a system using different HTFs at different operating

temperatures for the task of transmitting 50 MW, heat.
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Similar analyses were conducted for the task of transporting heat in the range of 100MW4 to

600MWh, in the system. The used parameters for the analyses were given in Table 7. The results

of entropy production for different level of heat transport using different HTFs are shown in Fig.

3(a) to (e). When more heat transport is needed, more entropy production is resulted in. However,

it is also clear that the high-to-low sequence of entropy production rates from different HTF under

one same T, has no change in all the five figures different in Q. This consistency shows that if a

fluid is good and has low entropy production at a low heat transport rate, it will be good also for

larger heat transport rate.

Table 9 Parameters in the analysis for different average fluid temperatures and several heat

transfer tasks

Heat Fluid Ti | To di dv | Nh Lo |L/ |de |nc|Lec
transmit average K) | (K) |(m) | (m) (m) | (m) | (m) (m)
Tasks(MW) | temperature
T, (K)
50 473 423 1523 [0.020.02 820 |820 |7.7 7.7 05 [4 |200
613 563 1663 |0.02]0.02 820 |[820 [5.1 |51 105 4 |200
723 6731773 10.020.02 820 |[820 |55 |55 105 4 ]200
973 923 11023 1 0.02 | 0.02 | 820 [ 820 [5.5 |55 105 |4 |200
100 473 423 1523 [0.020.02 1640 | 1640 |7.7 | 7.7 105 [4 | 200
613 563 | 663 [0.02|0.02 1640 | 1640 [ 5.1 | 5.1 | 0.5 |4 |200
723 673 1773 10.020.02 | 1640 | 1640 | 5.5 | 5.5 | 0.5 |4 |200
973 923 11023 | 0.02 | 0.02 | 1640 | 1640 | 5.5 | 5.5 | 0.5 |4 |200
150 473 423 1523 [0.02 | 0.02 | 2460 | 2460 | 7.7 | 7.7 | 0.5 [ 4 | 200
613 563 | 663 |0.02|0.02 2460 | 2460 | 5.1 | 5.1 | 0.5 |4 |200
723 673 | 773 10.02 | 0.02 | 2460 | 2460 | 5.5 | 5.5 | 0.5 |4 |200
973 923 11023 | 0.02 | 0.02 | 2460 | 2460 | 5.5 | 5.5 | 0.5 |4 |200
200 473 423 1523 [0.020.02 | 3280|3280 (7.7 |7.7 105 [4 |200
613 563 | 663 |0.02|0.02 3280|3280 5.1 |[5.1 105 |4 |200
723 673 1773 10.02 | 0.02 | 3280 | 3280 [ 5.5 | 5.5 | 0.5 |4 |200
973 923 11023 | 0.02 | 0.02 | 3280 | 3280 [ 5.5 | 5.5 | 0.5 |4 |200
400 473 423 1523 [0.02]0.02 | 6560 | 6560 | 7.7 | 7.7 105 [4 |200

94



613 563 | 663 | 0.02]0.02|6560|6560|5.1 |51 (05 |4 |200
723 673|773 ]0.02]0.02|6560|6560 |55 |55 |05 (4 |200
973 923 (1023 | 0.02 | 0.02 | 6560 | 6560 | 5.5 | 5.5 [ 0.5 |4 | 200
600 473 4231523 [0.02]0.02 9840|9840 (7.7 | 7.7 {0.5 |4 |200
613 563 | 663 | 0.02]0.02 9840|9840 | 5.1 |51 |05 {4 |200
723 673|773 |0.02]0.02|9840 (9840 |55 |55 (0.5 |4 |200
973 923 | 1023 | 0.02 | 0.02 | 9840 | 9840 | 5.5 |55 |05 |4 | 200
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Fig. 19 The entropy production rates from different THFs at different operating temperatures for
the task of transferring heat from 100 MW, to 600 MWih. Results are based on Gnielinski equation
for Nu [194] of all fluids except for LEB that used equation in Table 6; and Petukhov equation

[196] was used for Darcy friction factor.

4.3.4 The Carnot efficiency of the power system using the heat transported from solar collector

As has been discussed before, it is also important to examine the Carnot efficiency
( 7=1-300(K)/T,(K) ), which is based on the temperatures (T;) of the heat delivered to the

power cycle. Because the number of heat transfer tubes in heat exchangers proportionally increase

with the increase of heat transport tasks, the results for the Carnot efficiency does not vary with
the increase of heat transport tasks, but only vary with the operating temperature T, and the types

of HTFs. Figure 20 shows the Carnot efficiency for all cases of temperatures and HTFs. It is
needless to say that moving to higher temperature will obviously generate higher efficiency. For
example, with the use of the halide molten salt working at temperature of 700 °C (973K), the
efficiency (77) reaches 65.3%; whereas at a temperature of 450 °C (723K) using nitrate molten salt
the efficiency is only 54.4%.

More importantly, the FOM of different heat transfer fluids can be compared at any desired
operating temperature. For example, at the temperature of 450 °C (723K), the transport properties
of LBE lead to higher 7 than that of the nitrate molten salt and halide molten salt, while halide
molten salt results in the lowest 7. At the temperature of 700 °C (973K), the 77 from the halide
molten salt is also lower than that of LBE but approaches the targeted value based on target
properties of a desired new fluid. Although from the transport property point of view LBE is a

good HTF, however, it has severe corrosion issues which is not a favorable HTF [198].

98



1.0

Xceltherm-600

Therminol VP-1

LBE

Therminol VP-1

Nitrate molten salts |

LBE | 0168643
Nitrate molten salts | §0.669
Halide molten salts | 0,653
LBE x0.57497

Halide molten salts | ¥0.54413

Targeted value *0.4887 0.48554

LBE
4243
4134

LR 4

0.8 f

o
o))
* O B @K PR

o
B
T

#0.35

Carnot Efficiency

m0.25992
0.21478

o
(V)
T

[ e o S ———— L S ———— S —————— S . A —._———— S ———— S ——
0 100 200 300 400 500 600 700 800 900 1000 1100 1200

Fluid Average Temperature (K)

Fig. 20 The resulted Carnot efficiencies of the system using different HTFs at different operating
temperatures for the tasks of transferring heat. Results are based on Gnielinski equation for Nu
[24] of all fluids except for LEB that used equation in Table 6; and Petukhov equation [196] was

used for Darcy friction factor.

4.4 Conclusions

This work tried to provide a standard of evaluating the FOM of heat transfer fluids that serves
the objective of transporting heat from a concentrated solar collector and delivering to a thermal
power plant. Entropy production of the heat transfer system is used to appreciate the FOM of

different HTFs at different temperature levels. Through analysis, the role and contribution of each
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of the transport properties to the minimized system entropy generation can be found, and a figure
of merit (FOM) based on all the transport properties was able to be compared. In order to get lower
entropy production, the conclusions for the studies HTFs are:

(1) for heat transport at temperature below 300 °C, Therminol VP-1 (applicable <400 °C) to is
better than Xceltherm-600 (applicable <315 °C).

(2) at temperatures between 300 °C and 400 °C, Therminol VP-1 is better than nitrate molten
salt (applicable <580 °C).

(3) at temperatures between 400 °C to 500 °C, nitrate molten salt is better than halide molten
salt (applicable <800 °C).

(4) at temperature above 600 °C and up to 800 °C, halide eutectic salts are applicable and the
entropy production from the currently available halide salt properties are slightly higher than that
from targeted properties for halide salts at high temperatures.

(5) LBE showed best overall transport properties to make least entropy production at all the
temperatures compared to other HTFs. The issues restrict the application of LBE are not transport
properties, but corrosions, too heavy to lift to high tower, and cost etc.

Since the entropy production is related to the exergy destruction (defined as T,S_ ) or the

gen
reduction of useful work, this analysis can be eventually associated to cost analysis to the system,
which will be further pursued by the authors in the future. Through such analysis, the selection of
different heat transfer fluids will be associated to the cost of electrical energy of a CSP plant.

The basic equations and approaches of entropy production analysis may also be applied to the
evaluation of the effectiveness of heat transfer enhancement measures which is at the expenses of
increased pressure loss. The work also provides a fundamental criterion for the comparison of

various heat transport systems which may have different designs and using different heat transfer
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fluids/media (gas, liquid, or even solid particles) in CSP systems if the heat transport rate Q and
conditions of temperatures of T,, T, are prescribed.

Finally, it is noted that the analyses in this work only evaluate the transport properties and
thermal performance of HTFs. Other issues such as material cost, corrosion of the HTF to pipes
and containers can also significantly affect the selection of a HTF. Therefore, the current FOM
still cannot serve as one uttermost criterion to make judgement of a HTF. Nevertheless, this work
still offers one very important approach leading to the development and optimization of a heat

transport system for CSP plant with all factors considered.
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CHAPTER 5 CONCLUDING REMARKS AND FUTURE WORK

5.1 Concluding Remarks

In this dissertation, the heat transfer and entropy production of high temperature molten
chloride salts circulation in CSP systems have been investigated using experimental methods and
modeling analysis.

In the first part of this dissertation, the experimental study of the convective heat transfer of
the molten chloride salt at high temperatures was conducted systematically for the first time. A
circulation system and instrumentation of flow and heat transfer was designed and constructed so
to accomplish measurement of the convective heat transfer coefficients of NaCl-KCI-ZnCl; (molar
fraction: 13.8%-41.9%-44.3%) inside tubes and check the validity of heat transfer correlations for
application to the new heat transfer fluid. Experimental data of Nusselt number, Reynolds number,
were provided for comparison with the prediction by the Dittus-Boelter correlation and
Gnielinski’s correlation. Based on the comparison, Gnielinski’s correlation is recommended for
better prediction of heat transfer coefficients of the current molten salt. It is the cautious inference
that the Gnielinski’s correlation may be applicable to similar eutectic ionic molten chloride salts
system NaCl-KCI-MgCI2 with corresponding thermal and transport properties. This provides
valuable information for the design of heat transfer devices in CSP plants that use molten chloride
salts as heat transfer fluid and thermal energy storage material.

For the analysis to the transient heat transfer phenomenon between the hot fluid and the cold
pipe, the second part of this dissertation proposed a method based on the perspective of energy
storage. In this analysis, the transient temperature variation in the hot fluid when it flows through

a cold pipe is better understood and the onset length of the pipe when fluid starts to freeze at
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various heat transfer conditions are found. The effects of molten salt flow velocity, heat capacities
of molten salt and pipe, dimensions of pipes, and the initial temperatures of salts and cold pipes
are all correlated theoretically in the analysis through modeling of transient heat transfer between
a pipe and the fluid. The results are very helpful to the understanding and management of a safe
startup of hot molten salt flowing in cold pipes on cyclic operations.

The third part of this dissertation introduces details about the modeling that provides a
fundamental approach for the comparison of various heat transport systems which may have
different designs and using different heat transfer fluids/media (gas, liquid, or solid particles) in
CSP systems. For various high temperature heat transfer fluids, such as, synthetic oils, various
molten salts, and liquid metals, a general criterion was proposed in this work to evaluate the merit
of fluids regarding their transport properties. For the goal of transferring a desired amount of heat,
a fluid that causes less entropy production is believed to have better figure of merit (FOM).
Theoretical analysis and relevant equations for total entropy production are derived. As an
example, the FOM for several heat transfer fluids used in CSP industry were compared for the goal
of heat transport in the range of 50 MW, to 600 MW+. Through analysis, the role and contribution
of each of the transport properties to the minimized system entropy generation can be found, and
a figure of merit (FOM) based on all the transport properties was able to be compared. Since the

entropy production is related to the exergy destruction (defined as T,S_,, ) or the reduction of useful

gen
work, this analysis can be eventually associated to cost analysis to the system, which will be further
pursued by the authors in the future. This work offered one very important approach leading to the
development and optimization of a heat transport system for CSP plant with all factors considered.

The investigations included in this dissertation for the heat transfer and system analysis in

concentrating solar power technology are of particular interest to the renewable energy engineering
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community. It is expected that the proposed methods can provide useful information for engineers
and researchers.

5.2 Future Work

1) Conduct the enthalpy study based on the mass and heat capacity of the pipe for consideration
of the heat loss to surroundings including pipe insulation. This detailed modeling and simulation
will be greatly helpful to the CSP industry for a thorough understanding of the phenomenon so to

avoid freezing issue and clog in CSP system for a cold start up.

2) Further the modeling analysis from the minimized system entropy production to cost analysis
for the concentrated solar power system. Since the entropy production is related to the exergy
destruction or the reduction of useful work, this analysis can be eventually associated to cost
analysis to the system. Through such analysis, the selection of different heat transfer fluids or

designs of heat transfer devices will be associated to the cost of electrical energy of a CSP plant.

3) Summarize the experience of high temperature molten salt system design, construction,
operation and maintenance, write a review journal to provide the precious knowledge for the
researchers and industry engineers

4) Finishing the submission for the journal paper “In-situ Thermophysical Measurement of
Flowing Molten Chloride Salt Using Modulated Photothermal Radiometry” together with the team
in Univesity of California San Diego. For the first time, the feasibility of applying MPR method,
as an in-situ measurement method for high temperature fluids was demonstrated in November
2021 as a key accomplishment in the project of “Non-contact Thermophysical Characterization of

Solids and Fluids for Gen3 Concentrating Solar Power”.
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APPENDIX PAPERS REFERRED TO IN THIS DISSERTATION

The work presented in this dissertation is based on the following published and prepared for

publication papers.

Manuscript

1. Zhang, Y., Wang, X.X., Haddad, F., Gervasio, D., Li, P.W., Critical issues and solutions—a
review for MgCl,, NaCl, KCI eutectic mixture being used as high temperature heat transfer fluid

and thermal storage in CSP, In Preparation.

Publications in peer-reviewed journals

1.Zhang, Y., Li, P.W., 2017. Minimum system entropy production as the FOM of high temperature

heat transfer fluids for CSP systems. Solar Energy, 152, pp.80-90.

2. Zhang, Y., Wang, X., Liu, Q., Xu, B. and Li, P., 2022. Convective heat transfer of NaCI-KClI-
ZnCl> eutectic molten salt at high temperatures inside a tube for application in CSP. Journal of

Solar Energy Engineering, Accepted.

3.Chung, K.M. #, Zhang, Y.#, Zeng, J#, Haddad, F., Chen, R.K., Li, P.W., In-situ
Thermophysical Measurement of Flowing Molten Chloride Salt Using Modulated Photothermal

Radiometry, Ready for submission

4. Chung Ka Man, Zeng Jian, Sarath Reddy Adapa, Feng Tianshi, Zhao Andrew, Garay Javier,
Zhang Ye, Li Peiwen, Zhao Youyang, Chen Renkun, Thermal Conductivity Measurement of

Molten Salt Using Modulated Photothermal Radiometry, Under Review

105



Publications in peer-reviewed conference proceedings

1. Li, P.W.,, Zhang, Y., 2015. Minimum system entropy production for the figure of merit of high
temperature heat transfer fluid properties. In Energy Technology 2015 (pp. 359-372). Springer,

Cham.

2. Zhang, Y., Li, Y. and Li, P., Evaluation of Several Types of High Temperature Heat Transfer
Fluids for Concentrated Solar Power System. In ASTFE Digital Library. Begel House Inc..
Proceedings of the 3rd Thermal and Fluid Engineering Summer Conference, March 4- March 7,

2018, Fort Lauderdale, FL, USA.

3. Zhang, Y., Li, Y.Y., Li, P.W., Total Entropy Production in Flow and Heat Transfer for
Evaluation of Performance of Heat Transfer Devices. In ASTFE Digital Library. Begel House Inc..

Second Thermal and Fluids Engineering Conference 2017, April 2- April 5, Las Vegas, NV, USA.

4. Zhang, Y., Li, P., Analysis of the Heat Transfer and Criterion of Freezing of Molten Salt Startup
Flow in Relatively Cold Pipes, ASME 2022 Heat Transfer Summer Conference, July 11- July 13,

2022, TBD, Accepted.
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