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ABSTRACT

Solar energyattracts more and more attiem to serve asa substitute energy source of
traditional fossil fuel due to the fast increase of denfandlobal energy andapid redudion of
thereserve offossil fuel As anenergy sowe, solar energy is clean and renewahithout the
generation bgreenhouse gasor air polluion, which are the productisrmftheburning offossil
fuel. Meanwhile, ithashuge potentiaand is available in many areashe world.Therefore Solar
enegy is universally considered as one of the best renewable yersergceswith great
unexploited potential and minimum adverse effects on the environment

CSP (concentrated solar power) technology is considdredmost feasiblenethod to
economicallyprovide powerconverted fromHeat transfer fluid is the key facttw carrie heat
from solar receiver to heat exchanger, power tutlinéhermal storage system. Thermal oil and
Nitrite/nitrate have been soessfully using as heat trdier fluid (HTF) in CSP plans for decades.
However, they are not stable and will degpose aatemperature higher than 480 and 560C,
correspondingly With the development of materiaf scienceit is available to manufacture better
solar receiver thatithstand a tempeature as high as 100Q. Therefore, the new challenge is to
find bettermaterial with good and desirable thermal and transport properties to serve as HTFs to
increase the efficiency and performance¢hefCSP plant.

Eutecticmixtures of chloridemolten sltshavebeenconsideredis suitable heat transfer fluid
(HTFs and thermaktoragemedia in large scale CSP application. NaCl, KCl,QWgand C&l»
are the candidasdor chloride salts mixture formatiatue to their physical and chemical stability
andlow vapor pressurat ultra-high temperatureup to 1400°C andthe relativelylower cost
compared to other salt&fter investigationof the phase diagrantd six binary molten salts from
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above four single pure chloride salthe KCI-MgCl, was found to hee aeutecticcomposition

with the lowest miing point at 423C atthe mole ratio 068%-32% Furthermore, to lower the
melting temperature and decrease the cost, NaCl was introduced anerianymolten NaCFk
KCI-MgCl> compositionswith different mola ratios were selectedo studyin this work. Their
remarked nanes, compositions and theoreticalltimg point are NKM#1 (Mole: 27.5%32.5%

40%) at 383C, NKM-#2 (Mole: 30.9%21.2%47.9%) at 390C, NKM-#3 (Mole: 28.39%
27.25%44.36%) at 382C and NKM#4 (Mole: 20%52.5%27.5%) at 390C. However, the
NKM-#4 salt vas not considered for further study in this work due to the melting point is found
to be not a eutectic point from DSC experiments. Moreover, A new eutectic chloride molten salt,
MgCl>-KCI-NaCl (wt.% 45.9838.9115.11), has been recognized ag af the mat promising
high-temperature heatansfer fluids (HTF) for both heat transfer and thermal storage forthe 3
Generation concentrated solar thermal power (CSP) systerasstudied in this w.

For the first time, some essential thermoplsisand trasport properties of these eutectic
chloride molten salt needed for basic heat transfer and energy storage analysis in the application
of concentrating solar power systems have been experityeetted in the range from 48Q to
800°C. The suidied propdies include heat capacity, melting poitite heat of fusion, viscosity,
vapor pressure, density, and thermal conductivity. The experimental results indicate the following
properties: meltingoints are found to be from 386'C to 424.4£C; The heat ofusionis in the
range of 207- 284.38kJ/kg. the heat capacitis in the range 00.9-1.2 J/(gK). The density
decreases linearly with the increasf temperature and falls in the rangeldf71 - 1751 kg/n.

The viscosity decreasexponentiallyfrom 6 cPto 2.2 cP with the increment of temperature. The
thermal conductivityvascalculated by the experimental data of thermal diffusivity, dereitgt

specific heat capacity and in the range 820.0.55W/(meK). The vapor pressurd those chloride
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moltensalt mixturess lower than 20 kPa at a temperature as high as AD00he correlations of
thosepropertiesas functions ofemperaturerealso provided. The property equations pro\ade
esential database for engineers to useafzulate convective la¢ transfer in concentrated solar
receivers, heat exchangers, and thermal storage for concentrated solar power anésical
and empirical correlations fdhe prediction ofthosepropertes are also investigatedand the
calcuated propertieareuseal to compare with the experimental results.

The existence of water in the s@lfound to be the major reasfor the corrosion of molten
chloride salts to the piping matais. The candidatsalts MgCt and ZnC} from previous work
have the hygroscopigroperty and it is proven that the happeninghafhydrolysis reaction of
MgCl> and ZnC} in the existence of moisture duririge heating process. Therefore, rigw
designed experimentsere caducted to study theitketic process of water uptake and water
removal on the molten salt mixtures. The results ympht the wet binary or ternary chloride
molten salts need to be dried at least 24@ removeall the absorbed water. Acid producti@n
generated during thdrying process.

The prediction of heatransfer coefficient (h) from four correlations of Nusselt number
indicateswere conducted in this work.h€ Reynolds number was found to increase with the
increase of temperature for the fivandidate chloride eutectic molten salts in the temperature
range of 450- 850°C. There is a peak value of the heat transfer coefficient for each candidate
molten salin the considered temperature range, which means h increases with temperature from
450°C and reaches the highest value at some temperature, theasdscréth the increase of
temperateThe corresponding temperature is in the range of &30°C, 550- 650°C, 450- 500
°C, 500- 600°C for KM, NKM-#1, NKM-#2, and NREL salt, separatelyhe heat transfer

coefficient of the ternary NK-Mg chloride mdten salts is in the range of 2008500W/(m*K),
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which are calculated when the velocity and pipe diam&tt as 1.2 m/s and 0.025m, and higher
than the binary KEMgCl> molten salt from 450 800°C. For NKM-#1 salt, the heat transfer
coefficient increae with the increment of working fluid velocitpom 0.6 m/s to 2 m/sand the
agreement of values from the different correlations of Nu becomes worse when the velocity
increases. Increasingelpipe sizérom 0.025 m to 0.1 nwill cause a reduction in tHeeat transfer
coefficient. In the temperature range of 45060 °C, the five chloride molten salts have better

heat transfer performance than the NKCI-MgCI2 and Alkali carbonate salts.
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Chapter.1 Introduction

1.1Background

The demandor global enegy keeps growing due tthe continuous grotl of the world
population andthe fastdevelopment othe industry. From the report ofhe International Enegy
Agency (IEA) worldwide primary eergy consumption has increased by 38@0in 2017 from
200Q whichis a 3.21% increase compared to that in 2015 from ZA0@]. IEA also predicts
energy consumptiom the world will riseby 28% between 2015 to 2048]. Mekhilef et al.[4]
show the energy consumptiantheglobal industrial sectds expected to reach 7196 WZduring
2030in theirresearchSince fossil fuels are stilhe major source of energypplyin the world
(around 80% global energy consumption2019 [5]) and they are nerenewable the rapid
redudion of the reserve ofraditionalfossil fuels andthe concern abownvironmental pollution
became majoissuesn the world The first effectof using fossil fuelon the envirmment isthe
fact thatthe geenhouse effect becomenore severewith the increment of carbon dioxide
emissions fronthe burning offossil fuels[6, 7]. Based on the informatioimom the Key World
Energy Statistic6KWES)report, the emission of Gdrom fuel combustion increase year by year
with the increase ratef 0.07%, 1.62%and 2.05%during the year of 20152016, 2016 2017
and 2017- 2018 respectively{8-11]. It indicates that more and more £ emitted into the
atmospherewhich causes thiacrease of th&arth’s global temperature a little higherthan 1;C
(2 iF) since 188(12-14]. The other influences the air pollution and health problem caused by
the sideprodudions from the combustion of coalsuchas dust. Thereforethe investigationof
alternative energy sources bec@m®re important and atctive.

Renewable energy is a good candidate to sasvéhe energy supply source in the world.
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Renewable energy ia kind of energy that is obtained from renewable sources, which are
continually numerousexisting in naturein the human timescalelt can be classified intthree
different categoried=irst type, energy can be derived directly from the sun, sugdols-thermal,
photoelectric (photovoltaic) and phetthemical;second type classificatiazan be expressed by
the enegy are not obtained directly frothesun, including wind, hydropower and pbsynthetic
energy tored in biomassihe third classification ndicates the energy from other natural
movements and mechanisms of the earth, such as geothermal [digrdyhese natural energy
sources can be converted intdilizable forms of energy, including heat, electricity, et al.
Compared to traditional energy sources, renewable energy sourcelearenvironmentally
friendly, and sustainablén the futire, utilizng renewablenergywill be the best way to obtamn
reliable and coseffective energy supply and decrease global warming by reducing emissions of
greenhouse gas.

Solar energy is universally consideredas of the besenewable energy sowwith great
unexploited potentiahnd minimum adverse effeat® the environmentl6, 17]. It is abundat
free of cost,and clean whicldoes not gearate any noiseThe sun provides continuous solar
radiation to the earth with a power of 170 billion MW, which is much higher than the demand for
living and manufacturingn the earthTherefore, solar eangy attracted a lot of attention in the
past decaddd, 7, 18, 19].

There are two major techngi@s to utilize solar energ$olar thermatechnologyand Solar
electricity technology. The forméransformssolar energy into healirectly used in the field of
low-to-high temperature apghtiors such as active and passive waspaceheatingand coding,
industial process heasolar coolingand solar desalinatidi20-25].

Solar electricitytechnologyincludes direct conversion from solar to electricitygd the
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transformation of solato-mechanical and then to electricityDirect Solarto-electricity
technology $ an earlysteputilization of solar energy bgonvering solar energynto electicity
directly based othephotovoltaic(PV) effect[26]. It is cheap and easy to operate to obpaiwer
from solar energyHowever, the PV system haome disadrantages.First, the conversion
efficiencyfrom incident solar energy to electricitylow, only15-20% and will decrease witout
atracking systemi27]; Secondlyijts performancéaighly depends on the condition sxinlight,but
the irradiation of sunlight is not stablehe efficiencyof PV will reduce under cloudy weather and
the pwer generation will discontinus night.

The second way to generate electricity from solar energycenveat solar energy to thermal
energy, then use thermal energy to generate el@cp@mwver. Itis known assolar thermal
electricity (STE)or concentrating solar power (CSPhich is distictive compared to other
renewable energy souglkecause it cabe coupled with thermal energy storage (TES) as well as
conventional fuels, making it highly dispatchapg8]. In CSP technology, the solar radiation
beansareconcentrated onto a receiver wathsmall’ area (compared to the field of solar reflectors)
to be cowverted to heat, then the hésgainedby the heat transfer fluid (HTF) that pass through
the receiver Subsequently, the energy is finally transferredhte steam from HTF in the heat
exchangr. The hightemperature steam is then used to generate electricity by an electric generator

that is driven by a steam turbine.

1.2 CSP technaigy

The CSP technology has the superiority agyher utilization efficiacy of solar energy;
extensiorof the energy operating period from day to nighttime or from sunny to cloudy weather
due to the capability to store energy in the thermal storage system anbdarmsesquiredshorter

payback timewhich is less than 1 yeaend most solaffield materialsand structures can be
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recycled and used again for further pldi&9-31]. Moreover, the cost of energy stored in TES in

the type othermal energy is relatilyelow compared to a backup systemattuses batteries, which

is able to increase the capacity factor (ratio of annual electricity generation to potential electricity
generation) of a CSP plant and thus increase its viabilitybaseload generatf82]. Currently,

CSP isconsidered as the most feasibndethod to economicallprovide powerconverted from

solar energy33]. Butit hasdisadvantageassolar thermal technologyill take higher intial coss
andhavecomplex operatiogonditiors compared td?V technology

The first commercial utilityscale CSP power plaimthe USA was been operating since 1982,
which generated eleatity with a thermal power cycle Rankine cycle similar to thaised in
convantional fossil fuel power plants, which is a pilot plant that was named as Sol§8O3¢] .

The construction ofhe Solar One project wasonpleted in 1981 near Barstow, California USA.

It includes two phases: the experimental test and evaluation phase, which took around two years
and validated the feasibility of this technologydatie power production phase, which was
operated around 3 gesto demonstrate the 10 MWe operational capability of the Pilot Plant to
reliably supply electrical power.

By the end of 2019, around 27.3% of global electricity production generated fromat#aew
energy sources and solar energy represents af@pfel where 2.8% provided by PV (increase
0.4% from the end of 2018) and 0.4% offered by CEP38]. Fig. 1 shows theslectricity capacity
for operational, under constructicand development CSkantsin variouscountries The data is
obtained from a project calleBolarPACES SolarPower and Chemical Energy Systems, which
hosts by NREL (Natiola&Renewable Energy Lab) amés compiled data on concentrating solar
power projects around the worl@9]. By the end of 201%he total capacity of the dbal CSP

market is8550.54MW, being with 6633.54 MW frorthe operational plant and 1917 MW under
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corstruction.Compared to theada as of March 2015 (5840 MW), the electricity capacity of CSP
increass by 46.4%0. Spainhas the highest operational capacitg eead the CSP market in the
world. There is still 6076 MW capacity under developmarmund the worldDepending on the
requrement of electricity generation attte development of CSP tecbiogy, IEA (International
Energy Agency)expecs that the CSPechnology could provide 630 GWe of electricity by 2050.

Therefore, there iabig potental market for CSPechnology.

2500 - Operational

Under Construction
I Under Development
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—_

wn

D

o
1

1000

Electricity Capacity (MW)
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Spain  USA China S.A. Morocco Tsrael India
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Fig. 1 Global CSP capacity by the end of 2019
*S.A.and U.A ErepresentsSouth Africa andhe United Aiab Emiratesseparately

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 pastedeqmarabolic trough
collector (PTC)[40-44], linear Fresnel reflectodlKR), parabolic dish system (PDS), and solar
power tower (SPT). Among these fdypes of CSP technologies, PTC and IFR are considered as

a linefocus system, meanwhile, PDS and SPT are designed as afqooisitsystem. The
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conceptual drawirgof those foutechnologiesareshown inFig. 2.
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Fig. 2 Conceptual diagram for comon CSP technologf20]

Parabolic trough collector (PTCjs consideredthe most reliable, weknown and
commerciallydevelopedechrology availeble for solar conentrationtechology [45]. By 2014,
more tharf0% of energy from CSP systems is provided by PTC tecondih, 47]. Generally,
A PTCconsists oparallel ravs of reflectors curvedike a parabolicshape in two dimensions and
installed along a linear straight line in the third dimension, as shoWwig. 2a. The sunlight is
reflected andconcentratd onto a receiver pasoned along the reflector's focal lindhen a
working fluid is pumped to pass through the tube and heateukebgoncentratedolar radiation.
The receiver is a tubecateddirectly above e symmetical line of the parabolic mirrorThe
collector andhe tube receiver in PTC are designed to be alfigltw the movement osunand
keeptowardit during the daylight hours bysangle axidracker

The oncentration ratio is a very irogant parametemwhena parabolic trough collectos
designedin Wang’s study[41], the theoetical maximum cong®ration ratio (CRway) of a PTC is
derived and found at 107.3, where the values of relative aperture (n) and rim angle (y) is 1.6569
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and 44.9)respectivelyHowever, theconcentration ratio iareal operation plant is less than 30%
of the value of CRaxunderthe same conddn. This is because of the errdinthappened in the
realapplication, such as tracking error, pointing error, surface,@mdraligiment errof41].

Thetube receiverwhich is also called a heat collector elem@€E), is commonlymade of
stainless steel with Eetive coating. The coating is employed to maximize the absorption of solar
energy on the pipe absorber, at the same time, minimize theraedfreadiation from the tube
receiver[48, 49]. Besidesthe above properties, such coating materials should also stay stable at
higher temperaturgs0]. To achieve this purpossegveralcoating material were developed by
researcherdu et al[51] invedigateda type of MeAI.Os coaing and studied its performee to
serve as a selective coatimgthe PTC system At room temperaturehe solar absorptance and
normal emittance of this cermet coating are 0.92 and €e$pectivelyAfter being heatedo the
range of 30Q 800 ;C, theabsorptancef the coating materialaried between 0.9 and 0.92. The
emittance inaasal to 0.23 when the temperature reached 650 jC. However, after being heated to
a temperature higher than 650 jC, some defeete foundn the AbOs layer, includingcracks,
holes and extended boundaries. To improve the strength anditgtalb this cernet coating,
Cheng[52] premredadenser MeAl 20z layer on stainless steel tube diechnique called ‘direct
current and radiofrequency magnetron sputtérimgd found thathe thermal stability was
significantly enhancedKlochko [53] studieda new type of coatingmaterialmadeof ZnO-Ni
cermet usinghesequential electrodeposition meth@dcording to theharacerzation of atomic
force microscopy (AFM), the coating materiaklaagood performance ahoth-eyeantireflective
effectsincethetop of thelD ZnO arrays heaparabolic shapand wasot plated with NiAnother
merit of this coatingnaterial is théhigh absorptiorof visible light combined with comparatively

low thermal lossesGenerally, he pipe iscovered bya glass envelopwith air or vacuum in the
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space to reduce the convective heat loss and allow for thermal expansion.

Linear Fesnel reflectors (LFRis another technology that e line-focusmethod It has
asimilar design with parabolid¢rough systems btihe mirrors (reflectors) aff&at or slightly curved
that array along longer row$4, 55|, as shown irFig. 2b. The parallel beams o$unlight are
reflectedonto alinear straight fixed receiver with downwardface. Benefiing from the simple
design, he major advantage of this CSP applicatiothédow arearequiremenbdf land field The
Fresnel desig usedessexpensive reflector materials and absorber components. Therefore, the
investment, operatigrand maintenance costs are much lothan other CSP applicati@{56].
However, the solato-electrigty converting efficiency of LFR is less than parabolic troughs and
it is hard to integrate thermal storage system into the d@48y%7, 58]. The major reasonfr
thelow efficiency arehefollowings:

(a) adjacent arrangement of mirrors blocks the reflected solar radiation

(b) shading of incoming solar radiation from low sun positions;

(c) due to the low concentration ratio of the mirror in the horizontal plane, the ideal parabola

cannot be achieved.;

(d) shading by the fixed receiver.

Compared to the mobile receiver in PTCs, the desidixed collectos in LFR allows for
easyinstallation and matenaice and increasg the flexibility in the selection ofworking fluids.
Since the mobile retvers in PTCs are consideregthnically challenging andequired a lot of
maintenancg57, 59].

LFR technobgy is still under development and unusualthe commercial marketThe
principle of LFR wadirst introduced and studied aroutite 1960s[17, 57, 60]. Thenit is under

development in the past decajdds63]. A more recent desigmamedcompact linear Fresnel
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reflectors (CLFRsattracted rore attentionfrom reseachess. compared tahetraditional Fresnel
system, i hasan additionallinear receiver for each row of mirrors. [€onsidered iralarge scale
of LFR solar filed and the receiver towers are close enoinghreflected solar beams from
interleaving refletors have the choice to directableastwo absorbers. Thiadditional variable
in reflector orientatiorwill lead to much more densely packed arrays becahseatterns of
alternating reflector inclination can be s®tthat closely packed reflectorsan be positioned
without shading and blocking4]. This is excellentlesignimproves the concentration ratio and
allowsthe LFR systento useless land than parabolic troughs to prodtiee sameoutput. The
world'slargest @ FR plantis known as ‘DHURSAR’, which was built in Indiain November 2014
with aland area of 840aesandhasa turbine capacity of 125 MW65, 66]. Kimberlina Solar
Thermal Energy Plant is tHest commercialcompactFresnel réector plant in North America,
which islocated in Bakersfield, CA. It occupies 12 acres andahmeet capacity of 5 MW, which
is enough to providthe power supply for up to 3500 central Caliian householdgs7, 69].
Differentfrom theabove twoCSP technologieshe Parabolic dib system is a point focusing
system. PDSs are individual units withezeiverlocated at the focal point of thmarabolic dish
shapecconcentrator. The sunlight radiati@reflected and carertrated onto thebsorbeto be
converted to thermal energy. Subsequently, the thermal enargynséerred to &tirling engine
or collected bya heat transfer fluid that carsithe heat to a plartb generate powedi69-71].
Similar to PTCs, the entire device of PDS tracks the movement of thebguwith a two-axis
tracking systen{72, 73]. Parabolic dishesystemare usually consideretd have the highest
conceitration ratios, the highesfptical efficiency and the highest overall conversion efficiency
duringall the CSP technologig¢g1, 74]. The theoretical maximum concentration ratio of PDS is

square of that ofa parabolic trough, which is 11513 (=10%.3t will produce hightemperature
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heat, which is above 1000 jGenerally,The dficiency of PDS witlthe Stiting engine ifound
to bearound 25% to 30%75]. The main drawkack of PDS technologys that it cannotbe
integratel with a thermal storage system amds lesspossibility of hybridization with other
source of energy.

There are manfactorsthat camaffect the performance afparabolic dish systersuch athe
materal and thesize of the aperture aredthe concentratorsdimension, focal Lengtland focal
point diametewof the parabolic dishthe size ofthe aperture areandthe receiver geometric or
area concentration ratiand rim anglg¢76-84].

Nuwayhid et al[85] studied and testithe performance of simgtlesign, low costandsmadl -
scale parabolic dish concentrators. The one made of aluminum with a diameter of 1.eaam and
focal length of 0.6 m provided a focal temperature of around 250 jC. Anothpiesi& ty dish,
which was covered with 0.4 mm stainless steel sheet, withianteter of 2 m generated a peak
temperature ofibout 500 jC. The actual concentration ratio of the concentrator turns out to be
around 9. Lovegrove et dI79] desigred a new largescale paraboloidal dish lso concentrator
with anarea of 500 ) afocal length of 13.4 m, rim angle of 50iRjtheir study The concentration
ratio is approximately 1600 by reflecting the sunlight to a 1.2%auare target. The targeted
temperature was fountd behigher tharl200 jC.Kaushika and Reddy86] developed low-cost
solar parabolic dish steam generdt@tis made ofanaluminum frane of a paraboloidal satellite
dish. The focal length, aperture dieta;, and rim angle of the diskere0.96 m, 2.405 pand 65;,
semratdy. The performance chacteristics showed that the solar to steam efficiarasy70- 80 %
atthereceiver temperaturef 450 jC with a concentration ratio of 29%rim angle of aroud 45;
was considered thaptimalvalue by many researchers since it wadld the highest concentration

ratio and the bestolarthermal performanci87-89].
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Radiaion and convection heat transfer losses from the receiver is an important factor that will
influencethe thermal performance of the concentratiu et al.[90] summarized the types of
convection heat losses and detailly investigated the mechanisms of different hedtdosses
cavity receiver of solar PDS their reviewpaper It was found that the radiation and convection
heat transfer I@esincreased with the increment of aperture in Ngo’s study [91].

Solar power towemwhich is also known as central receiver systeni®S)Cis another type of
pointfocus CSP teatology. Hundeds d thousands of small mirrorswhich are also known as
heliostats are arrayed and located around the tower to reflect and concentratieth@ormal
irradiation (DNI)onto a central receiver which is located on thedtfajpe towerBy concentrating
thesunbeanhundredof times, the concentrating power of the tower is able to actaeeey high
temperaturg¢s7]. Then the solar energy is absorbed and carried by wolkig that pass through
the ree@iver and then used to generate powersaved in thermal storage systerfibe hgher
temperatee will increase the efficiency at which heat is converted into electricity anderttic
cost of thermal storadd9].

Generally, the mirrors in heliostats filed use ta0s tracking systesto track the suf92,
93]. There are some patterns to array the heligstatisiding vertical plane regver with a north
facing heat transfer surface, cylindrical @eer with exterior heat transfer surfa@nd enclosed
receiver with enclosed ha transfer surfacib7, 94, 95].

The first central resgver plant named EUREILOS, witha capacity of 1 MWewvas built inthe
1980sin Europe[96]. The sun’s beams were reflected onto the central receivarthe tower with
the height of 55m by 182 mirmiarrayed on a 6200%heliostats field. Theadiative power onto
the receiver was 4800 kWhd the temperature of fluid froithe outlet ofthe receiver reached

512 {C[97]. It succasfully generateghowerup to 5 kWh/m, 7 kWh/n?t, and 4 kWh/m during
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spring, summerand winter, respectivelj98]. Following this successfubperation,a growing
number of commercial SPT plants have been established around the Sadaidone, the first
commercial entral receiver solar power plant builttre U.S., was built in California in 1982. it
comprised of 1818nirrors each wittan area o0 n? mounted on a 72650 solar field[34].
The planthas a electric capacity 010 MWe and the working fluid was heated3D4 jC[99]. In
1996,the Solar Two power plant was constructed by adding 108 mirrorsagtich 95 nt area
andanaperture area of 10200%ran the Solar one projectThe tenperature of the workg fluid
increasd from 285 {C to 565 C after passing through the rec€i¥6€]. The Solar two power
plant provided 1633 MWh power, which exceeded the expected goal of 1500 MWh power
production in one 3@ay period[10]]. Ivanpah Solar power facility, construction completed in
2014, is the worlt largest CSP plant that uses solar power tower technolog$02, 103. lvanpah
solar electriity generating system consists of a totaloée separate units, ookthemhas a total
capacity of 126 WM and the other twavea total capacity 0133MW each There are 173, 500
heliostats arrayed caheliostat solar field wittan aperture area of 2, 600, 00G.rfhe inlet and
outlet temperture ofthereceiver is 249 jC and 1050 C, separafdé§4, 105.

The concpt of a power tower has been confirmed to be highly technically flexible, a wide
variety of heliostats, receivers, working flujidéd power blocks can be chosen to desig8RT
plant[106 107]. Althoughsolar power tower technology occupied lesthacurrent market than
the parabolic trougltollector, SPT is considereitd bethe most feasible techragly for the future
CSP marke{108 109.

As motioned above, working fluits one of the most important keys to the successful
operation of a concentrated solar power (CSP) system, such fleiddsa elled heat transfer

fluid (HTF). Itis needed for a CSP systenttlectand deliver heat frorthesolar receiver tthe
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power block. Generally, there are thrédferent destinations fovaried application purposes

Firstly, some fluids can beirdctly 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 destinadithisal stoege

tank, where the heat can be stored and extracted once n€ébdezfore HTFs play a significant

role in the modern solar thermal power system.

Thermal Energy Storage (TES) is an important compone@§Ptechnologiedbecause it is
one of tle few tecimologies that provide dispatchable power at the megawatt levelneith
additional requirementsn the existing electrical grid, making CIES a perfectly integrated
solution[11(. Gadd and Werner summarizadd introducedhe typical integration conceptsf
TES within contemporary district heating and cooling systems. Ustiaihermal energgtorage
systemis connected tdoth the ®lar collector andthe thermal cycle a gasturbine for power
generation or a heat exchanger for interexchange of heat to other workingDilwidg the
operation time ofhe CSP plant with enough sunlight, the thermal energy edad from solar
energycan be use to generate electricity directly as well as storethenTES systemDuring
dischargingime, such as nighttime or peak energy demand pgetimmalenergyis carried out
from the TES uniby working fluids that aredeliveredthe thermal cyd to geneate electricity.

The integration othe CSRTES system offersuch advantages as the increase of capacity factor
by 40-60% compared to the CSP plant without TH® reduction of pafbad operationand
extension of opmtion period110, 111].

In accordance with the relevant physicochemical mechanisms, the working principle of TES

is typically classified into three tgs, including sensible hieatoragelatent heat storage, and

thermochemical heat storage. Sensible heat storage (SHS) systems store energythlibrough



variation ofthe temperaturef the heat storagmaterial for short and lontgerm storagewhich can
be either a liquid(e.g., ro&s, cerants, building fabric, metaley a solid materia{e.g., water,
thermal oil, molten salt)20, 112115]. Latent heat storage (LHStore energy for a short period
throughthe ktent heat involved ia phase changprocess. Solidiquid transitions are the most
prevalent instance, where the heat energy is stored when the mieidiais also known as plsa
changematerials (PCMsjsuch as paraffin, fatty acids, salt hydrates terosalts)changes phase
from solid to liquid[116-119. The latent heat TES sysh using EMs is an effective way of
storing thermal energylue to thehigh storage capacity and neamstarttemperature heat
recovery.Thermochemical heat storage (TCS) is based on reversible chemical rdd@®ha2].
The energys stored in the form of chemical compounds created by an endothermic reaction during
the ‘charging’ step and it is recovered again by an exothermic backward reaction within the
‘discharging’ step.The energy storage densityapproximately 8L0 times hjherthan storage
density over SHS and two times higher over LHS materials when compaded the same
condition[123.
Ideally, such an HTF shoulde capable of operating at higemperature with desirable
thermal and transport properties including
a) Widely operating temperature range, which means low melting point to reduce the
utilization of heat tracing equipment to protect the molten salt from freezing (solidification)
in pipes; high boiling point and good physical and chemical stability at high temperature
to increase the efficiency of thermal cycles.
b) Low vapor pressure. Since higher vapor pressure can increase the potential risk of
explosion and leakage of the pipes with running HTFs. On the other hand, the low working

pressure allows the use of thin tube walls, which is cost-saving and reduces the
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temperature gradient and mechanical stress caused by the temperature in the tube wall.

c) Low viscosity, high thermal conductivity, and. Lower viscosity is good to increase the
Reynolds number, decrease the value of pressure drop, and save the power cost of the
pump device. Higher thermal conductivity facilitates increased heat transfer coefficient.
Both of these two good properties will increase the heat transfer performance of HTFs to
carry heat from the solar receiver and/or transfer heat to other working fluid. An
appropriate temperature difference between the HTFs and the solar receiver will allow the
fluid to be heated to high temperatures without putting too much pressure on the receiver
surface.

d) Large specific heat capacity, which is beneficial to increase the energy storage in the TES
system. In addition, it is an important property to be used to calculate the heat transfer
coefficient.

e) Low toxic, corrosive properties, and good material compatibility. The corrosion of HTF
should be as low as possible when in contact with structural metal so that pipes and thermal
storage tanks are safe from damaging corrosion and have a sufficiently long lifetime.

f) Low production and maintenance costs.

In thenextsection, the major types of heat transfer fligdailable in theeommercial market

and underdevelopmeate revewed andrvestigated.

1.3Currently available heat transfer fluids

Many mediacan be served as heat transfer flubepending on the stateHTF can be
classifiedinto three categories. (1jvater and steanfR); Gas heat transfer fluidncluding air,
supecritical COp, helium,and nitrogerj124; (3) Liquid heat transfer fluidsuch aghermaloils,

molten saltsandliquid metalg[125.
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1.3.1 Water/steam

The overall efficiency othe CSP planis affected by the installed heat exchangers, turhines
and comlenser/coling system[126. To reduce the cost of electrical power and improve the
efficiency ofthe CSP plant, researchdérsvented several technologies. One of the most promising
and technicdy proved method is irerted - directsteamgeneration (DSG)127-129. DSGis a
process that water is fed to the sofeld to be directly preheated,evaporatedand then
superheatedThis mehod can beused in parabolic trough collectt30-132, Linear Fresnel
reflector[133135], and solar towesystem136-139.

In the 1990stheresearch & development &®) process of DSG tase water as HTF for
PTC-driven steam Bnkine cyclesvas conducteth Europe[140, 141]. In 1996, a project named
DISS (Direct Solar Steam) was published with the goal to investigate the basic DSG processes
underthereal solar condition and studied its technicad aommerial feasibility[142). The solar
field consists of 40 parabolic trough modules with 3080fithetotal surface of reflecting mirrs,
50/70 mm of abstver pipeinner/outer diameteandatotal row length of 56 m. The mass flow
of steam per row is 0.8 kg/s. This DISS facilignheat the steam up 400;C with the pressure
of 100 bar at the outlet dfiereceiver tube. The optical and thermal effing is 3594 143. This
succadul project provide many experiences for future development and application of DSG
technology.

After the DISS project, the first preommercial DSG solgoower plant witha designed 5
MWe power geeration was established, which is named INDITH#R inlet waterat 115;C and
80 bar wereheated up to steastatuswith atemperature of 410 jC and pressure of 70 bar at the
outlet of tube receiver under the condition of DNI of 875 Wanud water flowrate of 1.42 kg/s.

The yearly goss electricity generation of this plant is 10452.7 MWe \aittefficiency between
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60.8% in summer and 30% in wintgr44]. Xu et al.[134] evaluate the performance of DVG
(Direct Vapor Generation) SORC (Supercritical Organic Rankine Cycle) driven by Firesarel
reflector. The simulation results show that itsfpenance is highly depeedton the mass flow
rate of heat transfer fluid. Meanwhile, higher solar radiationaalagiger flow rate can provide
more power and higher efficienc$.D. Odeh et a[128 developed a model to agak the
performance othe PTC (parabolic trougltollector)- DSG (direct steam gemation) systemand
studied theeffect of radiation level, liet temperature, water saturatjamd feedwater flow rate on
the efficiencyof thecollector.Hirsch et at[145 summarized and investigated the advancements
of DSG in linear solar concentrators and discussetetailaboutthe concepts of flow patterns,
internal heat transfer, pressure loss, flow distrduin parallel tubes and plant layout in his paper.
AndreaGiglio et al.[129 reviewed thalevelopment and therreconomicanalysis of PTEDSG
technology Elsafi[13( reviewed and discussdite exergy and exergoecomic analysis method
for sustainable DSG solar power plants. Montes ¢14f studied the effect of solar multiple on
the performance ofthe solar plant with DSG driven by PTCAlexandre et al.[147]
conprehensively investigded the development of integration of DSG time linear solar
concentration plant from both experiment and modeling aspects.

The DSG technologias the following advantagg4:45 148154

a) Very low cost. Water is easy to obtained and abundant in nature.

b) Reduce cost due to the elimination of most pricey device and piping materials of heat

transfer synthetic oil;
C) Reduce heat loss from heat exchanger;
d) Water/steam can be used both on the solar field and power block. therefore, there is only

one fluid cycle.
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e) High specific heat and low viscosity at high temperature.

f) Using water as the heat transfer fluid makes it feasible to increase the operating temperature

of CSP up to 550 °C and then increase the efficiency of the solar plant.

g) Very low corrosion to piping materials.

The major drawback of empling water/steam is the shortagé water in watesstarved
regionsandthe pressure of supercritical steam is too high which incsebsepotential riskin
addition, steam @egt be used as the thermal storage media in the thermal energy storage system
and it is hard to combine DSG and TES systasing other thermaltorage rateriak. Therefore,

this system can’t provide power at nighttime, which also lowersits overall efficiency.

1.3.2 Gas heat transfer fluid

1.3.2.1Air

Air is another typ@®f working fluid with agas statuthat can be used theCSP plantBecaise
of its costbenefit and the fact of without phase change to serven &T&, air attract rany
attentions of researcherstime CSP feld. Several papersvere published by R. Bader’s team to
demonstratéhe study of nowe air-based cavity receser forsolar traugh concentrators from both
experimental and numerical methdd$5-158. The simulation result of a 50 m long and 9.5 m
wide receiver showed that theniperatureof air increased from 12(C to a range of 26QC -
601;C, which is higher than the mamum temperature of water/steawith pressure drop in the
range of 0.023 1.184 kPa under the condition of 0.1..2 kg/s air mass flow rate and peak
absorpion efficiency of 60%[155. After that,Bader’s team built a 45 m long receiver installed
on a 9 m aperture solar trough concentraie@xpeimentally test its performance and validate the

heat tansfer model. In the experiment, The air was heatedeimperaturgange of 250 450;C



from 120 jC anda maximum reeiver efficiency of 45% for 280kW solar power inpwias
observed15§. In 2015, the author’s team designeda large span PTC with the combination of a
parabolic primary concentrator with a nmnaging secondaryconcentratoron four different
configurations regvers [156]. The results fromhe numericalmodel simulation show that the
concetration ratiocanreach 97.5ith apeakreceiver efficiencyof 65%.

Philipp Good et al[159 designed and built up a ng\solar reeiver using PTCtechnology
wherethe air was selecteds the working fluid, with 7 absorber tubes in 1 m length the
coneentrator with 4.85 m aperture and test its performance experimentally. The air passed through
each receiver can reach a temperature higher thajC680d the peak receiver efficiency is 64%
with 0.012 kg/s mass flow rate tife feeding air.ln morocco, a8 n¥ parabolic trough collector
employing air as heat transfer fluiddtseen constructed 6(. It hasa peak thermal output of 3.9
MWe, amaximum air temperature dahehot side 6550 jC, andaroundtrip efficiency of 89%.
Julich Solar tower, which was put into operatiorGarmanin 2008, isa high experimental CSP
tower using air as HTRL61]. It consistof 2153 dualaxis surtracking mirras arrayed oasolar
field of 17625 M. The air can be heated to 68D to provide a total elegt power outpubf 1.5
MW. Jacek[125 studied the feasibilityof combired cycle gas turbine (CCGT) power plant
integration with adiabatic compressed air energy storage (ACAES) and found it would @ovide
additional 47.5% of power boost oweeregistered capacity of CCGT plant during peak times.

Served as an HTRhe airhas the following promotiond 62, 163:

a) Easy to obtain. It is abundant in nature and free of cost;

b) No substance for environmental pollution;

C) No phase change and keeping the gaseous state at atmospheric condition;

d) Practically no limitation of operating temperature;
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e) No degradation
f) Prevent the loss of performance and restrictions of operating temperature from physical or
chemical instability of other HTFs;

g) Can be used to transfer heat directly to a packed-bed thermal storage system.

1.3.2.2CC;

Supercritical carbon dioxide (sGQ3s a state when the temperature and pressure of the CO
working fluid exceed the critical point (7.38 MPa, 31 iC). s€@leis an ideal working tiid for
closedloop power generation anldas beerconsideredas aboostingtechnology to increase
flexibility and overall efficiency [164-167]. Compared tdhe steam Ranike cycle, this type of
closed Brayton cycle hatbe promotions asmallersize and weighiower thermal massimpler
power blocks higher fluid density and simpler desigof cycle [164, 168. The utilization of
supercritical CQ cycles habeenprovedby different applications and thermal sour§&69-172,.
The sCQ cyclehas been used in the application ofleac reactorslue tothe advatage of high
efficiency with keeping simple desigh73 174.

Besidesbeen usedn a thermal cycle,sCO, worked as a HTF in high-temperéure CSP
applicatiors is supposed to be a promising technologigh better cosbenefit and higher
conversion efficiency175. A novel technology of solar water heater using s@®working fluid
was discussed by H. Yamagushiam [176, 177]. From their observatiorthe flow rate of CQ@
is stableat 10 kg/hwhen itis only driven by solar radiation heating. The results also indibate
the dficiency of collector and heat recoveis/66% and 65%, separately thedirect sCQ CSP
plant, the maximum operating temperaturg¢h&turbine can reach 750 j[178. Yu Qiu & al.
[179 studied the thermal performance of a PTC usi@@.sas HTFandthey found that the

collector efficiency was 81.9334.17%for Rankine and 18.7884.17 % for Brayton cycle under
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the condition ofthe mass flow rateof 1.5 kg/sand DNI of 200 - 1000 w/n?. The result also
indicates that the efficiency ineases with the decrease of inlet temperature and the increase of
inlet fluid flow rate. Singh et al[18( investigated the performance of a dirbetated closed
Brayton power conversion system (PCS) with s@®theworking-fluid. The simulation results
imply that the thermal efficiency decrease with therementof the mass flow rate of GO
Glatzmaier and Turchi’s research found that the efficiencyof a PTC plant combined with sG@s
HTF wassimilar to DSG in thetemperatureangeof 450- 550 jC[181]. Ma [182] studied the
case of sC@operated in a closedop recompression Brayton cycle and found it had the potential
to provide equabr highercycle efficiency than steam dang the operation temperature range of
the CSPplant Meanwhile, the pressure is lower than supercritical steam.
There are several advantages for Supercritical t6®e employed as a heat transfer flind
the CSPplant[178 183.
a) The cost of carbon dioxide is relatively low because it is easy to obtain from the
atmosphere;
b) The critical pressure of sCO; is only one third that of s-steam, which allows a lower
operating temperature;
c) sCO:; is stable and inert at high operating temperature;
d) The sCO; has good chemical properties of safe and non-toxic;
e) The sCO; has good thermophysical properties as high heat capacity and density as a liquid
and low viscosity as a gas.
Even thoughigh-temperaturgases served as HTFs have the advantage ebensfit and
the gas can’t decompose at operating temperature range, the disadvatages includethe potential

risk due to thénigh-pressureluring operatiorand the requirement tdrger effective heat transfer
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area and higher volumetric flow rate in CSP application due to the lower volumetric heat capacity,
thermal conductivity, and cwective teattransfer coefficien{156. Moreover, if using high
temperature gases as the materialthrermal energy storage tank, it will need a very large volume

of TES system because of those bad properties.

1.3.3Liquid heat transfer fluid

1.3.31 Thermal oil

Thermaloils arethe initial generation of HT$that have beerused inthe CSPplant The
major types of thermal oils include synthetic oils, mineral @hdsilicone oil. They have been
developed and proved by commercial CSP applicaiiompast decadesso far synthetc oil is
used as HTF in the receiver tubes of sbklds. It restricts the temperature of the power cyole
less than 370 jC and resultsanefficiency of around 38%d.84]. Therminol VR1 is a commercial
synthetic oil that is serveals HTF currently in largecalecommercialCSP applications, it contains
biphenyl and diphenylsaaeutectic mixtureThe upper operating temperature of tigige ofoil is
400iC. Kendaet al.[185 investigated the performance of J&C (Jatropha curcas crude oil) as
HTF andenergy storage material irSE plant and found that it was a good andadietcandidate
for smallscaleCSP plantswith the highest operating temperature limited to 210 jC. Malika
Ouagued et a[18q invedigatedthe effect ofdifferent thermabils as heat transfer fluids dhe
thermal performance @blar PTCunderthe Algerian climate The results show that the limitation
of operating temperature is 700800 k for Syltherm 800; 600 750 K for Matotherm SH,
Therminol D12and Santotherm 59; lower than 700 K for Concerning Santotherm LT, Marlotherm
X, and Sylherm XL.With the aim of improving the performance and reducing the operation cost,

D. Cabaleiro experimentally investigatdekthermophysial propertie®f the mixture obiphenyl
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and diphenyl with different molar ratip$87]. Nkwetta & al. experimentallystudied the thermal
performance ofdifferent solar collectors with silicenoil as HTF under irdoor controlled
conditiors. They concludeé that using silicon oil improwéthe heat collection features wighow
saturation rateomparedd water and providemore efficierry [18§.

There are many operational commercial CSP plasing thermal oils as HTFs in the world.
Most of them are coupled with PTC technology. For instance, several Spanish PTC solar power
plants - La Risca, Palma del Rloandl, andMajadas I use Bphenyl/Diphenyl oxide mixture
as working fluid to transfer heft89 190. There are two PTC @5plants in Arizona ithe USA
areusing Therminol VPL and npentane as HT91]. Except thosehere are also two CSP plants
using the LFR method coupleavith themal oil to cary the heat from solar filed, one is Rende
CSP Plant operating in Italy use diathermid d82] and the other one is Ur@SP progct in China
use thermal oi]193.

A good key feature of thermal sils they can serve as both heat transfer fluid and thermal
storage system materialthe major limiation of the thermal oil is the upper operating temperature,
which is less than 40(C [194]. After beingheatdto a temperatur@igher than the limitation,

hydragen will be produced from the decomposition of the hydrocarbon mi)xtQe.

1.3.3.2Molten salt

Molten salts, which are from the fusion of inorganic salts, are engigeftuids that can be
used in a very large range of applicai¢h9q. They were first utilized athe coolant in nuclear
reactors[197]. Most recently, rolten salts areconsidered a$easible substitute materiafer
thermal oilwith an operating temperature higher than 4@in CSPplants. Geerally, molten
salts heat transfer fluid are eutectic molten salts compos$e® of more components from nitrites,

fluorides, carbonates, and chlorides.
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1.3.3.21 Nitrate/nitrite molten salts

Benefiting from its low melting point,itnate eutetic molten salts are the first type of molten
saltsto bewildly used in large scale CSfant The primary adartages of molten nitrate salt
serving aghe heat transfer fluith a solar towepowerplant include a lower operating pressure
better heatrinsfer and higher allowable incident flux than a water/steam recedepending on
the composition, ltere are hree major types of nitete/nitrite molten saltsbeing usedn the
commercial applicatianSolar salt, kec salt,andHitec XL salt[19].

Solar saltis a binary mixture of NaN&and KNG in amolar rdio of NaNQ-KNOs: 60%
40%. It has a melting point of 232C and it is stable under 585 jC. At 300 jC, the specific heat,
density and viscosity of solar salt are 1.4RB(kg+°C), 1899 kg/nt and 3.26 cp, respectively
[12Q. Solar salthas the maximum operag temperatureat 585 jC, which is much higher than
thermal oil. Solar salt has been widely studied and corialgrproven in past decades. Bauer et
al. [12Q0 summarized and compared the thermophysical properties of solar salt from different
pieces of literatureThis work provide accurate information for the modeling and dimensioning
of the design ofhe CSP plah In commercial applicatias) the Solar Two projectn the USA
successfully produced 1633 megawaitirs over one 3@ay period by ugg solar salt as heat
transfer fluid and thermal storage system mgHid) .

Hitec sdt is the second type of commercial molten nitrate/nitrite ,satich is a ternary
mixture consistingof 7% NaNGs, 53% KNO3, and40% NaNG; in molarpercentagelhe adding
of NaNQ effectively reducs the mdting pointto 142 ;C but alsoleads to a reductin in the
maximum operating temperature to 538 Ftom the SNL’s (Sandia National Laboratory) report,
theHitecmolten salt can be operating at 538 jC for a short p¢ti#d. The heat capacity of Hitec

salt is in the range of 1.39.56 kJ/(kg+°C) from different researches, which is close to thieeat
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capady of solar sal{200]. The density and dynamic viscosity of Hitec sak &eelationship with

temperature expressedHtu. (1) and(2), separately.

pdkg/m?] = 219 + 275.32* (ET[K] / 2503.7) + 511.58*(1T[K] / 2503.7) )

Log(udPass]) = -6.4406- 0.3958*0g(TK] ) + 556.835 / TK] )

Anotherternarysalt mixture, which is named Hitec XLjncludes48% of Ca(NG)2, 7% of
NaNQ;, and45% of KNOs. Compared to solar salt and Hitec sdlhas the lowest melting point
of 120 C and the lowest upper limdperating temperature of 500 {35, 201]. The specific
capacity, density and viscosity are 1.447kg=°C), 1992 kg/mand 0.2 cp, correspondindI207,.
Foralong-term period, chemical stability is a key concerntitize nitrate molten salt mixture.
Since molén 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 29gen

This thermal dissociation process igegsible, which can be representedduy (3):

NGOz = NOy) + 0.50;(g) (©))

Corrosion of molten salt to the material of pipe and storage tankotherimportant factor
for molten sakto serve as HTFs. The cosion belavior of theabove three nitrate/nitrite molten
salt was studied by Fernande®am [204-206]. From thecorrosiontestof Solar salbn stainless
steel, no corrosioproductswere observeat 390;C. For Htec salt,threeplates of steelA516,
T11, T22) showed excellent behavior against corrosion with 0.35 rigiass gains.From the

experiments, the author found thatistess ste had very good coasion resistance to Hitec XL
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salt. The corrosion rateas0.00075 um/h without any corrosion production duringhe2000 h test

period.

1.3.3.2.2Carbonate molten salts

Alkali carbonate eutectic molten salt has also beatesiuo serve as HTF and therreakrgy
storage (TES) media byanyresearcherf207-210. Wu et al.[21]] used experimental methed
to find the optimized composition of theixture of potassium carbonate, lithium carbonate,
sodium carbonateDlivares et al[208] experimentally studied the thermal stability of molten
lithium-SodiumPotassium carbonate salt wdahmass ratio of 32.1983.4%34.5% The melting
point of this ternary carbonataolten salt wadound to bearound 400 iC to 410 jC. The
experimental resukhowed thathis ternary carbonate molten safis stableat a temperature as
high as1000 jC underngas atmosphere of G@nd started to decomposition at 215 jC with
Argon as the atmosphere g#s et al.[217 studiedthe thermophysical properties of eutectic
carbonate saltonsisting ofLi2.COz-NaxCO3-K2COz in a weight ratio of 32.12983.36%34.52%
through experimental tesfEhe result indicatedhts eutectic carbonate molten salt was stable at a
temperature below 658 j@nder Argon as contacting gas, which is lower than Olivares’s
observation. The experent results shoed that this ternary carbonatead the following
promising therrophysical propertiesduring the temperature range of 450 to 600 |C, the heat
capacity is around 1.612 kJ/(kg*°C); The density, viscosity and thermal conductivity are in the
range of 2072 2007 kg/ni, 29.2- 10.7 cp and 0.4540.492 W/(m+K). However, the large demand
and relative high cost of the componentQ@®s, restricts the application of this eutectic carbonate

salt inlarge scaleCSPapplication
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1.3.3.23 Fluorides mdkn salts

Fluoride salt is an alternative type of molten salts that can be served asAtrsiderable
amount of literatur@about the studgnd develomentto use fluorides molten salt tee coolant in
nuclear plant or molten salt reactor (MSR ber publishel [213215. Fluoride molten saktan
be operated from 385450 {C to a temperature higher than 7(0 [216]. The thermophysical
propertiesn the temperature rangd 500- 700 jC oftheternary fluoride moltecomprising of
LiF, NaF, and KF withaweightpercentage of 29.21%01.69%59.10% vereinvestigated byAn’s
teamusing the experimental methad[217]. The results impl that its heat capacitis almost
constamand around 1.88J/(kg+°C), which is a little higher than that of AG03-NaxCOs-K2C O3
molten salts. The density, viscosiand tlermal conductivityarein the range of 19971880 kg/n,
12.9- 4 cp and 0.95 1.16 W/(m*K) during the considered temperature range, respectively. The
viscosity of this fluoride molten salt is much lower than carbonate molten salts but it has a much
larger heat capacity which is almost twicecafbonate molten saltdowever, themajor concerns
of fluoride madten salts served as HTFs #@ne highcost and théigh corrosive propertto alloy

[212 21§.

1.3.3.24 Chlorides molten salts

Chloride molten salts attractedush attentiondue to their good stability at ultf@gh
temperatureThey have been used e material othethermal storage system for a whil9,
220. The phase diagrams of multiple binary and ternary molten salts from NaCl, KCl>,Mg
CaClz, MnClz, FeClz, CoClo, NiClz, ZnCly, LiCl, RbCl, and CsCl are evaluated and optimized by
Robelin and Chartrah by employing Modified Quasichemical Mod¢221-223. The results

indicatethatmany eutectic molten salts have the potential to serve as HTFs in the future. Myers
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[22( investigated the eiting temperature, the heat of fusi@amd 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 dscusse

Chloride moltersalts also haethe potential to serve as heat transfer fluithesolar thermal
application.Armijo et al.[224] from SNL discussed operational modes of a 2.0 Mifét-scale
solar thermal system using chloride molten salts as heat transfer fluid in their paper. Vignarooban
et al.[225 studied the corrosivity of Na€{Cl-ZnCl2 (13.4 mol%- 33.7 mol%-52.9 mol%) salt
to three different alloy metals. The experimental results sddiat all three materials dayood
resistance againsticosion. The corrosion rates can be noticeably retiwben the materials and
salts are keeping away from oxygen. The entropy generatriafde molten salts ¢sisting of
NaCl, KCI, and ZrCl» were calculated and compared to solar salt and carboniégebyaXu et al.
[226]. The entopy generation of #sechloride salts watund to bemuch lower than caonate
salts and a little higher than solar salt at the same conditiomdittates thathe Carnot cycle
efficiency ofusing chloride saltis close toemployingsolar salt and murchigher than carbonate
salts.

Wei’s team designed a novel ternary chloride salts with the compound of NaCl, K&id
CeClz by calculating the phase diagram and studied its thermophysical prop22#ez3(. The
melting point and heat of fusion of this ternary salt were found to be 4@Da&% 201.5 J/{R27],
separatelyThe results of TG (Thermal Gravimetry) show that the mass loss of this eutectic salt
increassrapidly when the temperature is higher than 700 jC. teng isothermal stability tests
indicate the salt isable by holding 70 hours at the temperature of-588D jC, but the mass loss
is obviouswhen the salis keptat 700 jC. The heat capacity d¢ifig ternary chloride molten salt

was measured to be 1.29.40 kJ/(kge°C) during the temperature range of 486 jC to 616 {C[231].
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The experimental results show the denaityg viscosity of thilNaCFKCI-CaCl, eutectic salt are
2630 - 1940 kg/m?® and 3.78 3.10 cp in the temperaturange of 506 750;{C and 500- 650 ;C,
respectively{237]]. Liu et al.[232 experimentally studiethe corrosion behavior of ¢éseternary
molten salts to Nbased alloys. After conducting the test at 600 jC for 3 weeks, the results indicate
the Inconel 625 haa better resistance against corrosibart Hastelloy and Hastelloy-Bin the
presence of aiwith the corrosion rate (in the unit afn/year) of 121.09, 153.16and 144.59,
correspondingly.

The major advantages of utilizing chloride molten salts as HTFs in CSP ataetitted as
follows:

a) Good physical and chemical stability at high temperature up to 1000 °C;

b) Low cost due to the abundant reserves in nature;

c) Relative low vapor pressure at ultra-high temperature;

1.3.33 Liquid metals

In order to promote the conversion efficiency, and subsequently reduce the cost, future CSP
plant needarger scale, higher concentration ratmd highe working temperatur¢233-235.
Recently, Ligquid metals and their mixturehich have been successfully used as coolants for
nuclear powef236, attracted rach attention to selimg as HTFs in CSP because of their wide
operating temperature ran{@34, 237]. Lorenzin and Abanades reviewed and investig#ied
properties and feasibility of liquid metals to serve as HTF in CSP technologies. They selected five
candidates among Alkali, heavy and fusible metaligs incluihg molten tin (Sn), gallium (Ga),
lithium (Li), sodium (Na)and leaebismuth (PbBi)Yuan et al[238 239 introduced a new d&m
of a solarfuel reactordependingon liquid metal heat transfer fluid and the simulation results

indicated that it can promote more than 80% heat recuperation of sensiblBaeaglier and Jager
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[24Q evaluated and compared the thermal and hydrgeliformance of molten and liquid relet
operating in a LFR solarcollector and theesults showdthat compared to molten sainpbying
liquid sodiumas HTF hd the benefits of wider operation temperature range, fasterugtart
proceduresthe quickerresponse of the control system and ultimately potentially higher energy
yield. Prabu and Sekdf41] studied and compared the performanceh&hybrid solar system
using GalnSn liquid metal, aiand water asdat transfer fluid. The simulation results designate
thatuseof liquid metal provides the highest exergy efficiency.

Liquid Na can be operated antemperature range of 9883 jC, and it will vaporize when
the temperature is higher than this uppertitinon. Sodium was first employed asvorking fluid
in theCSP project called Plataforma Solar De Almeria (Pi8/Apain inthe19809242. However,
it stgpped running due ta sodium fire during maintenance. To avoid this failure, #onand
Andraka from Sandia National Laboratories suwariped the safety rule for the operation of
sodium in CSP applicatid243. Following this instructionthe Jemalong CSP statiowhich was
built in Australiawith 3500 heliostatsis the only CSP planinder operatiorithat uses liquid
sodium as both HTF andedium inthermalenergystaagesystens [244, 245. It startsin 2017
and generage2200 MWh per yeaCoventry et al[246 reviewed and sumatized the experience
of the operation of CSP with sodium receiver aigtussedhe feasibility of this technology.
Ligquid sodiumhas several disadvantages: high combustibilihen connecting with water and
high cost, which is much higher than nitrite $a@1].

Sodiumpotassim alloy, which ismarked as NaKis identified as an alternative heat transfer
fluid with the meting and boiling temperature ef2.8 {C and 785 iC, respectivdl247]. Kotze
et al [248 discussed its feasibility to serve as HTF in CSP technaloglyeir paper Another

dternative heat transfer fluig liquid PbBi, whichis a eutectic alloy that wadudiedto use in
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the nuclear sector. It has an ogteon temperature range from 125 to 1533 jC. Compared to liquid
Na, it has the advantage of safer when it connects with water and air. However, it presents higher
corrosivity topiping materialghan liqud Na and the coss also higler[249.

Major advantages of liquid metals to serve as HTFs in CSP plant inclad€k

a) High upper limitation of operating temperature;

b) Good physical and chemical stability at high temperature;

C) Superior thermal conductivity, high heat transfer coefficient.

It is a fundamental thermodynamic principle thatigher temperature of the central solar
receiver will yield higher efficiency for heat transferredheat transfer fluid (HTF)then will
increase the Carnot efficiency ihe power cycle[25]]. From Clifford’s investigation, the
combined solato-electric efficiency will increase with the increment of temperature, then start to
decrease while the heat losses from radiation and convection of the receiver are higher than the
gains from the power generatig@5Z. The combined efficiency will be highest when the
temperature of the receiver reacB@8 jC witha solarconcentration ratio equal to 2000. Freddy
[253 designed two types of high temperature5@3C) solar receiws with different geometries,
U-Tube and CuCone. The efficiency can reach 67.1% and 83.3% for those two receivers
separately. The development of modern technology makes the design -térhjggraturesolar
receives more practical. Té remaining challergyis to find a heat transfer fluid with desirable
thermal and transport properties to transport &e@mperatures up to 800 {€the thermal power
system for power generatiolfi this HTF could also be employed as the thermal sewragdia in
a CSP sytem would have the benefit of using one fluid for two essential tasks and hence i is cost
effective.Meanwhile thehigher temperature difference between inlet and outlet of thermal energy

storage system will increase the efficiencyl atecrease the cosf CSP.Kolb’s [254] study
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indicates that he cost will reduce by 0.5 if the difference increase twice.
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Fig. 3 Operating temperature range for different liquid HTFs

Depending on the above revi@akoutHTFs, pressured gases are hard to sasvihe media
of the thermal energy storage system because of their high pressure at superheat or supercritical
state For liquid heat transfer fluid, the comparisortlod operating temperature rangeshown in
Fig. 3. Thermal oils are good HTFs for low operating temperature range but will decompose when
the temperature is higher than the upper liegs than 40QC). Liquid metals and their eutectic
alloys have the advantagesadéirge operation temperature ranand low viscosity. However, the
disadvantages are still significant, much higher cost resthetapplicationin large scale CSP
plant Therefore, employing molten salts to serve as both HTFs and TES media is a more feasible
way. Because thagpperlimit operatingemperature of nitrate molten sakdess than 60¢C, the
higher corrosivity of fluoride molten salts, and the lower reserof carbonate molten salts,
chloride molten salts are desirable candid&teserve as heat transfer fluid and tharistorage
system media in large scale concentrated solar plant.
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1.4 Previousresultsand drawbacks

Based on the review for the propestief single and mixture halide saj55, NaCFKCI-
ZnCl> molten salts werselected andtudied inthe previous workin our groyp due tothe low
melting point.The thermophysical properties of three types of N&CI-ZnCl, eutectic molten
salts withdifferent molar ratiswere experimentally investigat@tthe previous work by our team
[256]. During the temperature range of 23800 jC, the results indicate thate viscosity of the
molten salts is loer than fluoride salts anthrbonate salts but a little thgr than nitrate/nitrite
salt (rown in sectiorl.3.3.2.1to 1.3.3.23), which is around 4 5 cP above 70QC and 15 cP
around 300 jCThe densityof those saltss in the range of 19002300 kg/ni and decreases
linearly with the increase of temperature. The heat cap&i#ymost costantwhich is around
0.91kJ/(kgrK). The thermal conductivity is in the range of 0:2B38 W/(mK). From the above
properties. these three molten salts are acceptable to serve dsnmigfature HTFs and TES
media.However, @en though the exiehceof ZnCl. decreases the melting points of those ternary
eutectic molten salts to around 2@) it causes the vapor pressoféhose ternary eutectic molten
saltsclose to 1 atm arourf?D0 iC ard increases the cost due to the high price @lZmrherefore,
it is essentiato find other eutectic chloride moltsalisto serve as HTFs and TES media viatv
cost, desirable thermal and transport propertasd low corrosion to pipe arttiermal energy
storaggankmaterials

In previous work, somdrawbacksvere foundfrom the experiment processargt of all, the
procedure of molten salt preparation was found to be hard to remove moisture contained by the
single saltsTherefore, one of the objectives of this work is to redesign and improve the procedure
of mdten salt preparation to minimize the existence of water in molten Sa#éssecond pldem

is the observation of thermal drift of the balance usel@nsity measurement at high temeires.
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On the other hand, the old design of the experimental setdptigity measurementdhacomplex
operation process and a high chance of failure due to the brokéatiofim wire. Another issue
observed in previgs experience is the experimental setup for vapor pressure measurement have
small defects, whicloweredthe repeatbility and increased the chance of broken of the quartz
tube To increase the reliability and accayaf the experiments for thermophysieald transport

properties measureme several improvements were conducted.

1.5Selection ofnovel binary and ternary eutecticchloride molten salts

NaCl, KCI, McCl,, and C&l. are the new candidate chloride salts considered in this work.
Theadvantages of choosing these chloride salts are as follows: 1) the costs of these salts are lower
than other types omolten salts because they are abundant in @afthey are the major
components of sea salt. therefore, they can be easily obtained frong rar the products of
seawater desalination. (2) these halide salts have good physical and chemical stalghy at h
temperatures up to 9QC. (3) The vapor pressure of these pure chloride salts is less than 1kPa at

800 jC[257]. The basic thermal properties of each single chloride salt are listedbliel.

Tablel Basic properties of single chloride s§#58-26Q

Chemical formula NaCl KCI MgCl> CeClz
Melting point (jC) 801 770 714 772
Boiling point (jC) 1413 1420 1412 1935
Molar mass (g/mole) 58.44 7455 96.21 110.98
Heat capacity @ 820°C (kJ/(kg+°C)) 1.215 0.987 0.971 0.953
Vapor pressure @ 820jC (kPa) <0.8 <06 <1 <05
Viscosity @ 820;C(cp) 1.008 0.815 1.74 2.72
Density @ 820;C (kg/®) 1547 1512 1653 2066
Thermal conductivity @ 820°C (W/(m*K)) 1 0.856 0.55 0.54
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The thermodynamic evaluation of the binary molten salt systems from-K@&\gCl, -
CeaCl, was studied by mangcholas [223 261-265. The eutectic point of Na€KCl binary salt
was reprted to be from 634C to 668.6;C with themole fraction of NaCl in the range of 479
50.6% by differenkinds of literaturg263 264, 266]. Coleman and Lacj263 usedthehot-stage
microscope technique to study the phase equilibrium diagrahe blaCHKCI system and found
a eutecticcomposition witha meltingtemperaturef 645 jC. Pelton and Gabrig264] employed
the coupled thermodynamiphasediagram analysis method and found the lowest melting
temperature of tkibinary salt to be 657 jC abmposition with60.6 mol% of NaCl. Mohamad
et al.[266 found that their eutectic point is 634 jC when thele percentage of NaCl is 48%.

Kenisarin[267] investigated and listed the melting points of different eutectic compositions
for NaCFMgCl> molten salts. The eutectic temperature is in the range of 430 with the mole
percentage of NaCl frod8% to 56.2%. William$213 reported a phase diagram of binary NaCl
MgCl. salt, which showed a eutectic point when the mole fraction of NaCb®&&B6 with a
melting temperature of 44&.

The melting points of two different tactic compositions for Na€CaCl, molten salts were
reported by Kenisarif267]. Both of them are 500 ;C witinemole fraction of NaCl at 47.2% and
48.3%, sepately. lgarashi et al[268 constructed the phase diagrantted NaCFCaCl, binary
system by DTA measumgentand reported a eutectic temperature of 508 jC with 49.9 mol% of
NacCl.

A phase diagram dhe binary KCFCaCl, system with two eutecticsagreported by Perry
and Fletcherin 1993[269. The one with 74% KCI haslower melting temperature at 600 ;C.
Clark and Reinhard270 employedheDTA method to build the phase diagrantledKCI-CaCl>

binary system and found the lowest eutectic temperature at 594 jC with a mole percentag#of
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KCI.

Perry andFletcher[271] summarized the phase diagrams of KRICI, from different
publicationsand found the lowest eutectic temperature was located in the range -04326C
with around 69%mole fraction of KCI. Then the authors redetermined the phase diagram by
cooling curve analysis andeterminedthe lowest melting point at 427 jC when theolm
percentage of KCl is 69%. In 2000, thlease diagrarmof KCI-MgCl2> was optimized by Pelton et
al. by thermodynamic analysis usirmgmodified quasichmeical model and found the eutectic
temperature at 427.6 jC with 69.2 mol% of HE€¥2Z. The next year, Chartrand and Pel{2a3]
reported a lower melting point at 423 jC when the mole a#s68% KCI: 32% MdI2 in their

published paper.

Table2 eutectic melting temperature for six binary salts

Compodgion Eutectic temperature (jC) Mole fraction
NaCHKCI 634- 668.6 47%- 50.6% NaCl
NaCkFMgCls 430- 450 48%- 58.5% NacCl
NaCFCaCl2 500- 508 47.2- 49.9% NaCl
KCI-CaCl2 594- 600 74.3%- 74% KCI
KCI-MgCl» 423- 431 69%- 69.2% KCI
MgCl; -CeCl2 611- 621 39.1%- 47.2% MdCl>

The phase diagram of Milp-CaCl> binary salt vascalculated by Grjotheim et 4R65 using
severaimethods, which include thermal analysis, differential thermal analysis, microscopic, high
temperature Xay. The author found the eutectantperature othe MgCl,-CaCl> system was
620 jC with 52.8 mol% of M@Il> and the relative difference was within 2%ntpared to other

published results.
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The reported eutectic temperaturétafabove six binary chloride systemith corresponding
mole fractons are listed inTable2 andthe phase diagrasof the above six binary systesnwere
shown inFig. 4. Fromthe above investigatiorKCI-MgCl. binary systenwas found to hawthe
lowest eutectic melting point around 4&3 To further decrease the melting point and ddaCl
is introduced i the KCI-MgCl. binary systemto study the feasibility of ternary Na®ICI-
MgCl> molten salt to serve as heat transfer fluid and thiestoeage system mediurihe phase
diagram calculated by Chartraf2l3 and Factsag¢273 are shown irFig. 5. In Fig. 5a, there
are threecompositions withmelting poins at 383 jC, 388 jC, and390 C, respectively All of
thesethreetemperaturearelower than the lowest melting point KICI-MgCl. binary molten salt.
Later, a new phase diagram thie NaCFKCI-MgCl2 system vas found by the simulation of
Factsageoftware as shown ifrig. 5b. A new composition witla melting point at 382.0{C was
alsoselected and considered in this worke composition, remark namand theoretical melting
points of these five molten salt mixtures are liste@aible 3. Some of the thermalnd transport
properties of the bina¢Cl-MgCl> molten salt with similar composition were surveyed by Sohal
[215, those good properties indicate this binarytembkalt has the potential to servd-Ha$- and
TES media in CSP applicatiorlowever, those properties are given in values or the forms of
empirical equations without experimental resiMshan et a[274] found a eutectic melting point
at 383 jC forthe composition oNaCIFKCI-MgCl. with amolar ratio of 32.96%21.62%45.42%
by the smulation of Factsage. The auth@xperimentally studied its thermal stability at high
temperature Neverthelessthere is no published data# the thermophysical and transport
properties for thse candidateernay molten sak listed inTable3 ataliquid state yet. Therefore,
someessential thermophysicahd transporpropertiesof those candidate chloride molten salts

were studiedn the presentvork by experimental methodsr the first time These properties
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should include heat capacity, melting pothg heat of fusion, viscosity, vapor pressure, density,

and thermal conductivity, which are essentially needed for the calculattbe @dnvecive heat

transferperformancen CSP applicationand the designfdieat exchangers, as wellathermal

storage systenm theconcentrated solar power plants.

Table3 Composition®f binary and ternary mixtures

Chemical formula NacCl KCI MgCl>  Theoretical melting point (jC
Molar fraction 0% 68.0% 32.0%

KM _ 423
Mass fraction 0% 62.5% 37.5%
Molar fraction 27.50% 32.50% 40.00%

NKM -#1 . 383
Mass fraction 20.50% 30.91% 48.59%
Molar fraction 30.9% 21.2% 47.9%

NKM -#2 . 390
Mass fraction 22.72% 19.89% 57.39%
Molar fraction 28.39% 27.25% 44.36%

NKM -#3 . 382
Mass fraction 20.96% 25.67% 53.37%
Molar fraction 20.0% 52.5% 27.5%

NKM -#4 . 388
Mass fraction 15.18% 50.82% 34.0%
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After the determination of the composition of each candidate molten salt, a simple cost

comparison was conductehe unit price of each pure chloride saétsobtained from Alfa Aesar

with the lowest priceThe cost in the unit $/kg is calculated fromg@einit prices depending on

the mass fractiotistedin Table3. The energy cost in the unit\$J is calculated by thealue of

thecost of mass dividely the heat ofusion. The comparisaresultof costbetweerall candidate

molten salts and Na€{Cl-ZnCl> (mole: 8.09%31.33%60.58%)and commercial Solar salt is

shown inFig. 6. It can beseen thgtcompared to the Na€Cl-ZnCl, ternary molten salts and

commercial Solar salthe cost of KCI-MgCl, binary molten salts redusssignificantly. The

ternary NaGIKCI-MgCl2> molten saltsare cheapethan KCkMgClz. NKM-#2 (NaCFKCI-MgCl»

with the molar ratioof 30.96-21.246-47.9%) hasthe lowest cost during all candidate molten salts

consideredn this work.
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From the previous experiment tests, condensed water wasirsgda the top of the
measurement system during the vapor predssite Meanwhile, the results of some tests showed
a little highdeviation which is caused by the existence of water. The we&sialso reported as
one of the most important factors that result in the increment of corrosion rate of chloride molten
salt b the alloy materials, which means the presence of water kindly reduce the performance of
chloride molten salt to serve as haainsfer fluids and materials of the thermal storage system
[279. The results of the tensile strengtst of two different alloys after exposing to eutectic
chloride molten salts under different environments indicate that the existence of water and oxygen
increass the corrosion ratg276, 277]. ZnCl, and MgC} are both easy to absorb water fréme
surrounding atmosphere due to their hygroscopic prof2rg. During the dehydration process,
hydrolysisreaction mayhapperfor the chloride saltg the existence akaterin the form ofEgs.
(4) and(5) [279 28(. Therefore, it is necessary to study and understand the kinetic process of
water uptake and removal from the catade chloride molten salt mixtures to design how to
protect the eutectic molten saftsring storage away from water or remove contained water from
thepre-melted salt mixture before being used in CSP pldatvever, therés no available relevant

literature for reference

ZnCh + H,0 =Zn(OH)CI + HCI )

MgCl> « n H.O + H,O — MgOHCI + (n-1) H20 + HCI 5)

Another possible concern to use chloride eutectic molten salts as HTes esnission of
chlorine. However, as these chloride salts are very highly stable chemicals, there is a very low

intention to cause the production of chlorine, and leakage to the atmosphere will not produce Cl at
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low temperatures.
Fromtheabove review anthvestigation, thenajor objectives and tasks are listedhianext

section.

1.6 Objectives of this work

a) Design and improve the procedure of molten salt preparation;

b) Experimental study on the kinetic process of water uptake and removal from candidate
chloride salts;

c) Improve the reliability and accuracy of the experiments for thermophysical properties
measurement;

d) Measure the essential thermophysical and transport properties of candidate chloride salts by
experimental methods;

e) Predict the heat transfer performance of these candidate chloride salts.
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Chapter 2 Experimental study on the Kinetic
process of water uptake and removal from

chloride molten salts

2.1 Details of experimental setup andprocedures

In additionto the salts of KM, NKM#1, NKM-#2, NKM-#4 listed in Table 3, six ternary
chloride salt mixtures fronNaCFKCI-MgCl> and NaCIKCI-MgClz> systems with different
compositionswere also considered in this chapter. The marked names, compos#iahs

theoreical melting point ardisted inTable4.

Table4 Composition®f binary and ternary mixtures

. MgCl  MgCl . . . :
Chemical formula NaCl KCI gc gC Theoretical melting point (jC
2 2
Molar fraction 0% 61.3% 15.0% 23.7%
KMZ-#1 356

Mass fraction 0% 49.4% 15.5% 35.1%

Molar fraction 0% 64.0% 16.0% 20.0%
KMZ -#2 _ 363
Mass fraction 0% 52.9% 16.9% 30.2%

Molar fraction 0% 67.5% 15.0% 17.5%
KMZ -#3 _ 367
Mass fraction 0% 56.9% 16.1% 27.0%

Molar fraction 13.8% 41.9% 0% 44.3%
NKZ-#1 _ 229
Mass fraction 8.1% 31.3% 0% 60.6%

Molar fraction 18.6% 21.9% 0% 59.5%
NKZ-#2 _ 213
Mass fraction 10.0% 15.1% 0% 74.9%

Molar fraction 13.4% 33.7% 0% 52.9%
NKZ-#3 _ 204
Mass fraction 7.5% 23.9% 0% 68.6%
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2.1.1Molten salt preparation

In this work,molten salt samples were prepared by high purity anhydrous salts NaCl (>99%),
KCI (>99%), McCl2 (>99%), and ZrCl> (>98%) All single chloride salts were purchased from
Alfa Aesar. To prepare binary salts KMIgCl, and ternary salts Na®CI-MgCl», thoseneeded
single components were weighed using a balance (model M3QB48&y Mettler Toledo) based
on the mass compositigamovidedin Table3 andTable4. All weighted single dés were put into
a mortar to be grund and mixed. T procedure of weighting, grindingnd mixing were operated
inside a glove box, where the relative humidity (RH) was controlled to be less thamBétntize
the absorption of moisture by salts. A psyameter (Model 69008 by Yellow Jacket) was
employedto monitor the relative humidity inside the glove bétter mixing well, a glass flask
(Pyrex, 500 mL) wasused to hold the and moved frdhe glove boxinto the furnace(Model 3K
by Bartlett) quickly. Then a quartz tube with sealing joint was connectdd the flask The
schematic of thanprovedsetup is shown ifig. 7. The top side of the quartz tube is closed by a
rubber stopper with two quartz tubes. Onéhafm is connected wittiry ultra-high purity (UTP)
argon (purity > 99.999%) tank and able to be etbup and down. The other one is linked to a
water bath and fixed tgerveas the path of exhaust gasere are two functions of the water bath:
to absorbpossible acidic products generated durthg premelt process and to ensure the
continuous passags argon gas through the systdBefore hedhg the furnace, the longer quartz
tube was moved to make its lower end above the surfaite eblid salt mixtire and condued
the UHP argon to flow through the space to remove oxggdmoisturdor 30 minues. Then the
temperature of the furnaeeasincreased to 120 jC and hdidr 2 hours. After this process, the
salt samplesvereheated to 500 {C and the lgar quartz tube was moved downstdimergeits

lower end into the liquid salts after the salts futiglted. The liquid salta/eretreating for two
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hours by sparging method with argon to remove bounded water argeRi&atedrom hydrolysis
reaction. Wherthe holding timewas over, the longer tube was lifted up to mogddattom out of
liquid samplesThe samples were then naturally cooled down and covered by UHP argon gas by
keeping the bottom of the longer tube above the sample sufaeethe samplesvere ground
into small size and stored ira drying oven for further useThe grinding process was aldone

insidetheglove boxwith RH lower than 3%.

i » dadand

water

~~

furnace

Fig. 7 Improved design of experiment setup for molten salt preparation

2.1.2 Experimental setufor water uptake and removal

In the watemptake experiment, all the samples were weith g usinga high-resolution
balancgMettler Toledo MS104S withreadability of 0.0001 ggand put intalifferentglass dishes
with the same gface areaf 32.76 cm. The thickness of each sample was less than 0.15 cm,
which wasa smallvaluecompared to the surface area, so the mass transfer of water in salt on the
thickness direction was neglected. To eliminate the effect of particle sizeexperimental result

the particle sizef samplesvasselected in the range of 25600 micronsFor comparison on the
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same basis, all sample holders were placed on a desk surface to expose to air and tested at the same
time. The humidity ofthe working areawas not controfible during the experimentut it was
monitored. The weight of eacket sample was measured by MS104S balance.pEneentage

change in maswas calculated biq. (6).

Am
percentage change in mass (%) = — *100% (6)

1

where Am = mm — m;, mm = measured weiglat a differentexposingime, and m = initial weight.
In thewater removal studyyetsamples were put into a tube furnace dned attwo different
temperaturesl 20 jC and 150 jCrespectivelyPredried high purity nitogengas was utilized to
pass through the tube to protect the samples from oxygen and water. Samplevasigbasued
every byMS104S balarneat differentdrying times in the furnaceFig. 8 shows the schematic
diagramof the water remaad experiment. Th@ercentage change of masas also calculated by
Eq. (6), butAm = mm - my and m» is themeasured mass at different drying tswaad my is the

mass othewet sample fronthewater uptake experiment.

Salt
Flowmeter  pmmSampiessm
—_;\ = —
g = Fume Hoods
9]

Drierite

Tube Furnace

Fig. 8 Schematic of water removing experiment setup
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Theresolution uncertainty and lineancertaintyof the balance arer = 0.0001 g andu=

0.0002 g, respectivelii.he overall system uncertainty was calculatedhiefollowing equation:

u ==+ /u§+u{ =+0.00022 g (7)

The uncertainty ofAm and overall uncertainty in this study werlculated byeq. (8) and(9),

respectively.

0Am\? oA
=822 (2 ®

(9)

whereup, = upy, = ug = £0.00022 g.

1

2.2 Resuls and discussiors

2.2.1 Waterabsorptionby salts

2.2.11 Puresingle chloride salts

Thephotographs of four pure single chloride salts during exposure to ambient air captured at
differentexposurdimes are shown irfFig. 9. It can be seen that theseno obvious changa the
powder samples of NaCl and KCI saltsth increasng exposurdime, as shown ifrig. 9a and
Fig. 9b. the photos atheMgCl. sample at differergxposingime are shavn in Fig. 9c. A “bump”

surfaceis generated and enlarged witke increase ahe amount of absorbed watérhe reason
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should be the increase of mass #rechange of solid structure that causetbmechange orhe
surface tensiomcreasedue to absorbed watd281]. The kinetic changeof ZnCl, salt powder

with theincrement of absorloewaterareshown inFig. 9d. It was obvious that most of the salts
changed from solid powder to aqueatesteafter being exposet air for 13.5 hours anthe solid
powder samples @rethen fully dissolved in absorbed watsr shown in the picture taken at the
time of exposing to air fa24 hours. This recorded phenomenon reflects the high hygroscopic and

deliquescent property of Tt salt.

a OH 13.5H 24H b OH 13.5H 24H

c OH 13.5H 24 H d OH 13.5H 24 H

31H 48 H 72H 31H 48 H 72 H

Fig. 9 Photographs of single chloride sadtkenat differentexposurdime
a) NaCl, b) KClI, c) M@l», d) ZrCl
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The percentagéncreaseof massvaried withexposurdime for four single chloride saltre
shown inFig. 10. As mentioned above, the relative humidityas not controllable but being
monitored. The RH vaed from 30.1% to 31.7% during the period of experiméiisepercentage
mass change dflaCl and KCI saltss 0.026% and 0.03%, respectively. This result explains the
phenomenon observed kg. 9, whichis also in accordance with the fact that the hygroscopic
property of both NaCl and KCI areery small. 2.83 g water §6.6% of the dry samplaveight)
was absorbed by the 5 g @i saltsand the sample became satedaafterbeingexpogdto the
ambient air for 52 hours, which can bbservedfrom the curvefor ZnCl; in Fig. 10. The
percentageariation inthe massof MgCl, salt was 97.12% afteaxposing72 hours, whichs 1.7
timesof the increment of Z@l» salt. We can see that even thoutjte water absorption rate of
ZnCl; salt isfaster than M@I. salt atthe first 10 hours, M@I> salt absorbed more water than
ZnCl; salt after expagreto ambient air for 72 hourReferringto thephenomenon seen Fig. 9,
the sample of MGl salt absorbed more water but was stithsolid-state. One reasonable reason
is that the solubility of Z8l> (1 g / 0.258 g wateiiy higher than M@l> (1 g /1.81g water). Based
on the experimental resuthe amount of water absorbed by 1 g o€Ersaltis 1.765 g and 1.030
g by 1 g of Ml salt. Therefore, the absorbed water is enough to dissolve @l} Zalt. But it
was not enough to dissoltiee MgCl; salt. The ZnC} salt is moredeliqguescent than Mggkalt
but less hygroscopid@he highest value of overall uncertainty in the measurement of single salt

wascalculated to be®00741%.

2.2.1.2Binary salts

To study the effect of particle size on thedkin process of waterptake, four KGIMgCl; salt
samples with different particle sizes were selected in this work. The samples were narfdd KM

KM-P2, KM-P3 and KM-P4 with the particle size in the range of fewer than 125 microns, 125 to
%('



250 microns, 256 500 microns, andd® to 1000 microns, respectively. The curves of percentage
increase in mass versus exposure time are showig.idl. It is clear to observe that the sample

with alarger particle size absorbenore moisture and faster. This is becaafshe surface area
exposed to wet air decrease with the increase of particle size. The highest value of uncertainty for

this part is £00642%.

100 Single salt

97.12%

4 30
80

60
56.65%{ 20

40

Percentage change in mass (%)
1
&
(%) Aupiwuny annejay

0.03% |
0 HESE-BE-8-—— SO 8- ae | 0
0 10 20 30 40 50 60 70 80
Time (Hour)

Fig. 10 Percentagencrease in masgaried with exposurdaime for four single chloride satt

temperature =23;C.

To compare the resslof premeltedmolten sal$ with simply mechanicallymixed salts, the

data of theoretical mechanical mixing based on the experimental results of fdarctitogide

salts and the mass ratio of each molten salt mixture can be calculd&egd(bg).
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n
b.
y = —Lxwhxm, (10)
n 14
14

where bis the percentag@crease irmassof each dry single satibtained in section 2.2.1.6n

is the mass of each dry single saifb is the mass fractioof each compoentin eutectic molten
salt samples, anddis the mass of these sampl&ge results of the calculated value are named
with a symbol “ ' ”. From Fig. 11, It is can be seen th#te results of the calculated valué o

theoreticalmechanical mixingare similar to those obtained from the experimerfittbe KM-P3

sample

4o KCI-MgCl, (Mole:68%-32%)

37.31%
36.15%
34.49%

30+

22.89%
20

—s— <125 microns
—e— 125-250 microns
—a— 250-500 microns
—v— 500-1000 microns
- 4 - KM-P3'

0 10 20 30 40 50 60 70 80
Time (Hour)

10

Percentage change in mass (%)

Fig. 11 Percentage increase in mass varied with exposure timG6MgCl> binary salts with

different particle sizes at tgrarature =23C.
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2.2.1.3Ternary salts

The experiment of water uptake dfaCFKCI-MgCl. ternary eutectic salts (named as NKM
#1, NKM-#2, and NKM-#4, separately) with different molar ratio listedliable3 were canducted.
Theresults ofthe percentage increase in mass varied with exposureatieshown inFig. 12. It
can be seen that the sample containing more Mg@$orbed more moisture with faster
absorption rateRefaring to the resu#t of single chloride sadt the absorption of water by NacCl
and KCI salts is neglectable, and then@ligsalt is the major component that absadrbater in
thisternary molten salkystem Therefore, the experimental results are readen@hecalculated
values ofthe mechanical mixture are very close tperimental resultfor NKM-#1 and NKM-

#2 saltwithin the first55 hoursof exposureand slightly lower aftethat, as shown ifig. 12. The
percentagdncreasdan mass i45.12%, 54.32%and 26.38% for KM -#1, NKM-#2, and NKM-

#4 samples, separately aftezingexposed to aifor 72 hours. The highest value of uncertainty for
this part ist0.00661%.

The comparison of variation of percentage chaingmass of wet NaGKCI-ZnCl, ternary
eutectic molten salts with different mass ratio 8.3%3%60.6% (NKZ#1), 10%15.1%74.9%
(NKZ-#2) and 7.5%23.9%68.6% (NKZ#4) are shown iifrig. 13. NKZ-#2 sample absorbeld
most moisture from the surrounding and had the highest rate of water absorption. It is reasonable
due to the amount of absorbed water mostly resulted from the hygroscopic properGi-ofatin
in the NaCIKCI-ZnCl, systemand NKZ#2 has the highest Zfv mass fraction. Compared to the
NaCIFKCI-MgCl> molten salts, NaGKCI-ZnCl> ternary salts absorbed less moisture. The results
based on the calculation of theoretical mechanical mixture from the experimental resultseof singl
chloride salts are much highinan experimental data, as showrFig. 13. The highest value of

uncertainty for this part was found to be £0.0063%.
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Fig. 14 shows the resudiof the percentageariation inweight for KCFMgCl>-ZnCl; eutectic
salts.The total amount of water absorption and water absorption rate of three of the samples were
close Compaed to other eutectic molten salts studied in this work,-MIGCl>-ZnCl, eutectic
salts absorbed the least water. It is easy to see that all three curves are much lower than the curves
of the calculated value of mechanical mixifige structure of NaGKCI-ZnCl2 and KCiMgCl2-
ZnClI2 eutectic salts magstrict thenygroscopic of ZnGlsalt, which needs to be verified by other
characterization methods in the future. Fhighest value of uncertaintyf the water absorption

experimenfor KCI-MgCl,-ZnCl, saltwas calculatedo be+0.00619%by Eq. (7) to Eq. (9).
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Fig. 14 Percentage increase in mass varied with exposure tinteriaary KCI-MgCl>-ZnCl>

moltensalts with different compositions at temperaturg3C.
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2.2.2 Water removdtom salts

2.2.2.1 Dried at 120 iC

To study the effect of drying temperature on the process of removing water from wet salts,
two heating temperatures 120 jC and 150 jC vemlectedFig. 15 shows the effect of drying
time on water removal of single chloride salts. The curves for NaCl and KClI salts were almost flat
even after dryingor 30 hours, which reflected that these two sampta#aineda very small
amount of moisture after expoe to wet ambient. This result is consistent with the conclusion
obtained fromthe water uptake study in secti¢h2.1.1. The weight othe wet ZrnCl, sample
dropped very fast in the first drying hourdathenthe mass reduction wagry slowly after that,
as shown irFig. 15. Therewas still 0.64 ¢(12.8% of the dry sample masx)the absorbedvater
remainingin the ZnCl> sample after drying 22 hours. This becaaisfilm’ was observed on the
sample surface after the first drying hour, as shown inFig. 16, which is formed by the
crystallization of ZI€Il, andcaused the remaining water hard to evaporate. Figni5, it can be
seen that th&inetic process ofvater removbhon MgClz salt is smoother than that of €h salt
However,a wateramount of 13.6% ofhe initial sample massvas still residual irthe MgCl.
sample aftebeingdriedfor 22 hoursThis is because the bonded wateMgCl, salt need more
energy and time tbe removed than L., where the water is easy to be removed famaqueous
solution Ferchaud et a[282 studied the process of thermal dewatering folldnydrateand
found the mass kept constant at 120 C. praeluct of MdCl> =2H20 from dewatering of MGl2
*4H>0O washard to decomposition thermally at 120 C.

The curves ofhe percentag decrease in masswet NaCIFKCI-MgCl» ternary salsamples
with different mole fractioavaried with drying time dried at 13C are shown ifFig. 17a. NKM-

#3 sample hathefastest water removal rate and lowest relative percentagereimaining water,
&%



while NKM-#2 has the lowestehydrated rate, as shownRig. 17a. Since NKM#2 salt hathe

highest fraction of M@l2, which kept most crystallization ater ina hydratel state that was hard

to beremovel at 120 {C[26(Q.

single chloride salt - Dried at 12€C
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Fig. 15 Percentage change mass varied with drying tinfer wetsingle chloridesalts dried at

120 ;C.

Fig. 16 Photograph of Z€I, salt sample aftebeingdried 1 hour at 12QC
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Fig. 17 Percentage change in mass varied with drying fionevetternary sals dried at 120 ;C.

The resultsof the percentagehangeof massof wet samples oKCI-MgCl>-ZnCl; ternary
eutectic saltslried at 120 jGare shown irFig. 17b, the rates of dehydration are similaall three
samples with differertomposition The curves iifrig. 17b indicates that the water can be removed
very fast in theifst 8 hours then slowly. Afte24 hours, there is still around 0.15 g water left in
KCI-MgCl2 -ZnCl> sample.

Fig. 17c shows thevariationof mass change of NKi&-KCI-ZnCl> samples dried at 120 jThe
mass of samples for all three GlaKCl-ZnCl, eutectic salts dropped very fast in the first hour
compared to other eutectic salts but then decreasgdslowly after that. This phenomenon is
very similarto that observed ifrig. 15for pure single Z€l» salt. Hence, the dehydration process
of NaCl-KCI-zZnCl; salts was dominated by the property ofZfnsalt. From the results shown in

Fig. 15andFig. 17, it canbeseen that the abrbed water is hard to be remoeeinpletelyfrom
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all wet samplesvhenthey aredewatered at 120 jC.

2.2.22 Dried at 150 C

Thecurvesof the percentagelecrease imeight varied witithetime of wet single salts dried
at 150 jC are showin Fig. 18. Compared to the results of being dried at f20more amount of
mass loss in the first hour can be observed frosaatiplesexcept NaCl ad KCI. This is because
a higher temperature providenore energy that makevater evaporate much easier at 360
Thereis almost nanass change of NaCl and KCI salis shown iifrig. 18. Referring to the results
from the experimentsf water uptake and dried at 120, we can conclude & NaCl and KClI
salts don’t contribute to the water uptake from pre-melted molten salt miyres. A similar kinetic
process can be seen for Zp&&lt as a result of the sample being dried at 120 jC. There is still
11.2 percent of water after being dried 3@ hours that is not extracted from the Zrg@llt sample,
which is significantly lowetthan that dried at 120 jGComparedwvith the resultsof the MgCl»
sample inFig. 18to thoseshown in Fig. 15, the rate of water removalas faster withirthe first
14 hours and theneas anadditional 9.3 % of water evaporated froime MgCl> sampledried at
150 iC.

Fig. 19 shows the comparison tife percentageariation in masvaried with drying timeat
150 C of binary KCFMgCl. salt samplesvith four differentparticle sizes. The rate of water
removalis almost the same for four samples in the first 4 hours. Afterttiatyater removal rate
on KM-P4 is the most slowly, which is because of its biggest particle size. The mass of four
samples wsdried back tats initial weight after 10 hours. However, the percentdgerease in
mass was less than 0 % after being dited®3 hours. This obseationindicatesthe massis less
thantheinitial dry sampleOne reasonable explanation is that the samples are not totally dry before

the experiments due to the absorption of moisture dutiegtorage or preparation process.
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Another possible reason tise happeningf the hydrolysis reaction of MGl> during thedrying
process. B. Smeets et f279 reporteal this reaction would happen where drying temperature

is higher than 150 jC. The reason will be figured out in further characterization study.
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Fig. 18 Percentage change in mass varied with drying fionevetsingle chloridesalts dried at

150 iC

Fig. 20a shows the effect of drying time dhne change of sample mass for KRIgCl>-ZnCl»
eutectic salts at 150 jC. The curves of threesaetples with different molar ragare similar and
the results indicatamost oftheobserved water asremoved from three K@gCl>-ZnCl> samples.
The remaining water asless than 3% athedry sample mass after being drigd150 jCfor 10
hours.

Fig. 20b showsthe percentagdecrease imass for NaGKCI-ZnCl; ternary eutectic molten
salt changed with drying time at 150 jC. From tbeves, it can b seen that most of the watesisv
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removed in the first hourdMore water was removed frothe NKZ-#1 sample, whiclhas the
lowest fraction of Z€I> content. The remaining amount of water is 2.31%, 3,998 4.21% of
theinitial samplemassseparately. This observation means the water can’t be removed completely
from wet NaCIKCI-ZnCl> ternary eutectic molten sakgen they arelried at 150 jC. The main
reason is the ‘film’ generated and covered on the surface dheaqueous solution, whidimits the
evaporation of remaining water

There is a drawback of water remoirathe experiment due to the mass of the santpego
be measured by taking the sample holders out of the tube furnace, which caused two issues. The
first one is that the aacacy is affected because the salts are exposed to air during the process. The
other one is the increasethe difficulty to ogerate at a temperature higher than 150 jC. Therefore,

the water removal experiment was improved and the results are discus=adeixt section.
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KCI+MgCl+ZnCl, eutectic molten sak Dried at 150¢C
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2.3 Improvemert of the experiment for water removal

2.3.1 Improvenent on theexperimendl setup

Nitrogen Gas Salt PH
Flow Sam le RHand T probes and logger  meter
meter ,
%_I-Ii-—k/ Drierite
Drierite Tube Furnace Heating tape

Fig. 21 Schematic of improved design of water removing experiment setup

The Schematic diagram of theproved setup for the water removal expent is shown in
Fig. 21. A relative humidity meter and pH meteereaddedo the experimensetup The relative
humidity meter (Made by Vaisala with the model number of HMT337) has two probes, ses
to measte relative humidity and the other one is used to measure the corresponding temperature.
Theywereinserted into a quartz chamber whigbs connected with the outlet of the tube furnace
to monitorthe variation of relative humidity and tenmpture of exhast gas. The chamber and the
tube linked the chamber with the outlet of the tube furnaeee heated by heating tape and
protected by thermal insulation material from heat loss. The temperature inside the chamber and
tube were maintained aflQ jC to avoidthe condensing of water. The data of relative humidity
and temperature were recorded by an analog data logger (made by HOBO with model number
UX120) every 10 seconds. The exhaust gas was then delivered into the buffer solution with a PH

arownd 5.1 after mmoving the moisture by a Drierite drying unit. The variation of the pH value of



the buffer solution was monitored laypH meter(Made by Hanna with the model number of

H15221-01).

2.3.2 Results and discuss®n
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Fig. 22 Variation of the relative humidity of exhaust gas with time for dryCMgalt dried at

different temperature

The water removal process of single Mgszlt, KCFMgCl. binary saltandNaCFKCI-MgCl2
ternary salt was studied by using the improved experiment Jé¢tapesult otherelative humidity
of exhaust gas varied with drying time at different temperatoredry single McCl> saltsample
is shown inFig. 22. The red dash line is the temperature prognath four drying temperatures
depending on the decompositi(ig. (11) to (13)) and hydrolysigEq. (14) and(15)) reactions of

MgClz salt and holding timeT he curve otherelative percentageersusdryingtime indicates that



there is onlyavery small amount of water exists in thg t8gCl. salt which can be ignored his

observation implies that the sa#tmpleis totally dry.

MgCla*6H0 — MgCla*6H;0 + 2H0 120iC (11
MgClo*4H20 — MgClo+2H,0 + 2H,0 180iC (12
MgCla2H0 — MgClasHz0 + 2H0 240iC (13
MgCl+2H20 — MgOHCI + HCI + H,0 182iC  (14)
MgCla+H20 — MgOHCI + HCI 350iC (15

The result of the relative humidity of exhaust gagaried withdrying time for wet MgCb
sample with 74.6% absorbed wateshown inFig. 23a. The red dash line denotes the temperature
program. The holding time depends on the readintheRH meter. When the relative humidity
of theexhaust gas was lower than 0.3%, the holding step wggeskandhe furnace was heated
to thenext temperature stephe four peaks indicate the water removed at different tempesature
The observation impliethat the water can’t be totally removed at 120 jC and 180;C because
there are two more peaks appeared at 24and 350 jC, which agree with the results discussed
in section2.2.2. FromFig. 23a, it can be seen ost of the water asremoved at 180 C.

The pH of the buffer solution started to decrease when the tempearbthieesample reached
240 jC, as shown iRkig. 23b, which indicates the happeninfthe hydrolysis reaction. The pH of
the buffer solution drop suddenly means the increase of acidity of the buffer solution, which

indicates the generation of HCI from the hydrolysis reaction.
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The experiments of water removal from dry and wet KM binary salt samplasvbysetup
were conducted with the results showirig. 24. There are two tine peaks in the curve shown in
Fig. 24a. The first one indicates the removal of water during the sampleated to 12QC, this
small amount of water is absorbed by the sample dutiregprocess of weighting and
transformation to tube furnacéhe second peak impli@stiny amount ofvater contained by the
samples but is neglectable. This observation proves that the rmmedpre of molten salt
preparation effectivelyemoveshe water during the pmmelt processkig. 24b shows the result
of variation of RH of exhaust gas versus time at different drying tisrfer a sample of binary
KCI-MgCl> salt with 41% of absorbed water. It can be seen that mts¢whater wasremoved at
the drying temperature of20 jC and bok a much longer time thathe wet MgChk sample.
Absorbed water was removed completely at 240 jC.

Theresults of variatiorf therelative humidity of exhaust gas versus time at diffedeying
temperaturefor dry and wet NKM#2 samples arshown inFig. 25. It can be seen that the ‘dry’
samples contained a small amount of wateat may be from the preparation, storage, or
transportation process, which can be remove®@i, as shown irFig. 25a. To minimize the
effect of preexisting water, the NK¥2 salts were dried aBQ jC for two hours beforexposure
to wet surroundingto absorkdifferent amounts of water. The variation curve of RH of exhaust
gas withdrying time for NKM#2 salt with different amount of absorbed water are shovigin
25b-d. We can see that the holding time of the first drying step (@0increases with the
increment of absorbed water. Mosttbé water was removed at 180 jC and ahsorbedvater
wasremoved totally athe drying temperature @40 iC

Depending on the results discussed abovhe redesigned water removal experiment

successfully improved the study of the water removal proeedn chloride molten salts
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containingMgCl.. For the samptawith a small amount of absorbed watedrying temperature
of 180iC is needed The water can be removed totally from Na(@I-MgCl> molten salt with
50% absorbed water at 240 jC. Thedesigned experiment proved that the generation ofacid
producsfrom the drying process of chloride molten salt containing MgThe existence of ad

producs will increase the risk of corrosion to the material of the piping and storage tank.
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NKM#2 with 36.5% water
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Chapter 3 Investigation of thermophysical
and transport properties of candidate

chloride molten salts

3.1 Correlations and prediction for thermal and transport properties

In this section, the prediction mettppublishedempirical correlations for heat capacity,

density, viscosityand thermal conductivity are surveyed.
3.1.1 Heat capacity

The DulongPetit equationwas considered to be a very good method to predict the heat
capaciy of the liquid molten salts mixture of alkali and alkalinetlednalides salt$214]. The

equation is in the forrof Eq. (16) [283,

(16)

where g is the heat capacity of the molten salt mixture, in a unit of e&lJ(d\i is the number of
atoms per salt constituent i (g/mole),iMmolecular weight (g/mol) of the ith componeqis the

mole fraction of the ith component. The heat capacity factor 8 (cal/mol K) represents a contribution
of 8 cal/K per mole of eachan inthe salt mixture. This equation shows,aalue that is constant

and independent of the temperature.

Another prediction method is the calculation of molar fraction average based on the additive
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principle, which is introduced by Khokhlov to calc@aheproperties of the molten salt mixture

[284]. The expression is shown as folew

Cp = z XiCpi (17

where g is the heat capacity of the molten salt mixture, in a unit of J#hok; is the mole
fraction of the ith componenand ¢ is the heat capacity of the ith component. The valueg,of ¢
can found and calculatdbm the equations colled by Chartrand and Peltp223.

Sohal et al[215 reported a constant value of heat capaaityinary KCFMgCl, saltat1.15

J/(rK).
3.1.2 Density

The approximatin prediction of density for molten saftixture can be found by the additive

each pure chloride salt. The equation can be writt¢ A8

where p is the density of the molten salt mixture, w and pi is the mass fraction and density of
individual molten salt, respectively.

Another method is the quasihemical model (QCM), which has been studied to predict the
density for binay and ternary molten salt mixtur¢®61, 286-288. The expression of mixture

density is given irkEqg. (19):

¢



p= Y T (19

whereM; and n; are themolar massandthe number of moles of each salt, separately. V is the

volume of the molten mixture ardn be calculated yq. (1)(20):

V= Z ni/ClV,,il/Cl(T) + Z Z(nkl/a/z) * (0AGki/c1/IP) (20)
7 X

>k

where i, k, Irepresentsations, fici denotes the number of moles of each pure molten gsaltj
the number of moles &-(Cl)-I secondnearesineighbor catiorcationpairs,Aguici is the Gibbs

free energy change for the secam@hresieighbor catiofcation pair exchange. It is composed of

two parts: independence of the hydrostatic pressurethengressurelependent parVT,il/ Cl(T) is

the molar volume aemperature T for each pure salt and can be compytEd. (21):

Vil NT) = Vi (Tyef) * exp ( J a(T)dT> (21
Trer

where Tet is the referece temperature of 298.15 K, o(T) is the thermal expansion in the form as:
a(T)=a+ bT +cT™1+dT? (22)

the value of Ter and expression of a(T) can be found in the reference [287].

There are two correlations for thensity (kg/ml) of KCI-MgClz binary molten saltvith
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temperature (Krollected by SohdPR15, whichareexpressed a&q. (23) and(24), separately.

p=2363.84 - 0.474 x T(K) (23)

p =2000.7 - 0.45709 x T(K) (29

3.1.3 viscosity

The roughhardsphere (RHS) modetan beused to predict the viscosity of singe salts
introduced by Wang and T¢R89. The model depends on the relationsififhe rediced viscosity

of rough hard spheres (RHS) and smooth hard spheres (SHS) derived by JRadlas shown

in Eq.(25).

NRHs = Gy NsHs (29)

where C, represents the coupling translationatational parameter that contributions to

thetransport propertiesf spheres, which can be found by the following equation:

C,=A+B— (26)

where A and B are two parameters thatfoand in Wang’s work for each chloride salt component

[289. In addition,ngys andngys can be expressed as:
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0.5

I
* _ S 2/3
N = 6-035%10°(2=) ¥’ (27)
V-V
log (3us) = Fy | = F©) (29
S

where M is the molecular wght of pure component (kg/mol), R is the gas constant (X))ol
T is the temperature (K), 1 is the viscosity (Pass), V is the molar volume (ffimol), Vm and \k are
the molten salt molarolume (n¥/mol) and solid salt molar volume ffmol) at the meltingoint,

respectively. Argon was used as the smooth-kglieire fluid to obtain the function F(&), which is

given by:
F(&) = 147196 - 2.97429¢ + 6.49614¢ - 8.795808 + 5.13859¢ (29)
The viscosity of molten salt mixtes can be found by the polynomial expression, which is

one earlier model that is used to predict the viscosity for the mixture of eutectic molten salts. It is

expressed biq. (30) [291]:

n=[> G| (@0

where x and n; are the mole fraction and dynamic viscosity of every single component,

respectively.

Katti and Chaudhri’s method [297] is another approach to predict the viscosity of eutectic

molten salt mixtures, whitcould be expressed by the following equation:
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In(nvV) = z x; * In() V; + Z Z X x] RT (31)

N ICAS )]

where xand x are the mole fraction of each pure compongrand \ are the viscosity and molar
volume of the ith camponent, AG; is the interaction energy for the interaction of the fluid between
i and j component. This expression considers not only the viscosity of pure salt but also the
interaction within binary mixtwes.

The variation of viscosity for molten salt xtures also is similar to that of nonelectrolyte
solution, so the viscosity of eutectic molten salt can be obtained by the quadratic equations of

mobility [293.

B =zzxixmi}1 (32)
T

in(ny/m}) =-2.11+ (217 x T;/T) - 0.06 < (1/1})" (33
1 - 34
i =5 |+ ()] (39
Vi-v; (39
T:= /T;“TT“ 1-0.37 % ( .- )l
ij J l ViV

where x is the mole fraction of every single component. T*, V& are the characteristic
parameters of percomponent and could be obtained by fitting experimental data of viscosity of
individual molten salt.

There are two equations that can be employed tolesdctine viscosity (Ra) of KCFMgCl»

binary molten salat different temperature (K the formsof Eq.(36) and(37), respectivelyj294,
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295.
©=9.3463x107 - 2.2533%107 x T+ 2.5006*10°% x T° - 10.455%10"% x T° (36)

2262.979 (37)

w=1.408x10" exp —

3.1.4 Thermal conductivity

Average ionic weight (IW) correlation was introduced by Cornwetiglzulate the thermal
conductivity of different families of molten salts. The equation for pure chloride salt is given in

the form ofEq. (38).

A = 1.81M; 045 (39

Where M is the mean ionic weight (molecular weight divided by the number of ions) for the ith
component. Since the effect of temperatureas gonsidered in IW correlation, the calculated
thermal conductivity is not accurate and can only be used to checkrelgeinge of the value
[285.

Another method that can be used ttcokate the thermal conductivity of molten salt is the
Roughhardsphere (RHS) model, which is proposediguilio [296 andHossain[297]. The
reduced thermal conductivity of rough haphergA;ys) can be calculated by the product of a
translationalrotational coupling parameté€,) and the reduced thermal conductivity of smooth

hard spheréAsys), as shown irEq. (39).
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AI?HS = C/l)[:ksHs (39

The value oflg,s can be dund by correlating the properties of argon that is employed as the

smooth hard spheres. The expression is showai(40).

Asps = F(E) = 0.68285 - 0.84286& + 0.6637E - 0.210158 (40)

where & = (V - Vm)/Vs. V is the molar volume (#mol), Vim and 4 are the molten salt molar
volume (n¥/mol) and solid salt molar volume $fmol) at the melting pointespectively. Then the

reduced thermal conductivity of molten salt is cilted by the following equation:

Ai
Ilk = 05 — CAF(f)

=7/3 41
N ST z

wherei is the thermal conductivity (M#heK)) for a molten saltB is a constanthat is equal to
13.28,Ris theuniversalgas constan(tlJ{moleK)), Na is the Avogadro’s number (mol™), Tmis
themelting emperaturg¢K), My is the molecwdr weight (kg/mol)nis the number of ions in each
pure molten salymis the specific volume at the melting point3(kg). Then the thermal

conductivity of molten salt mixture can be found from the additive principle:

\ A
Ai = 0.5 = CAF(E)

-7/3
B(R3/2N;'/?) le (%) v 3]

(42)

m
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Janz[29§ providedthe following correlatiorto calculatehethermal conductivity of the

binary KCFMgCI> molten salf wherel and Tarein the unit of W/(mK) and K, separately.

A =0.2469 +5.025 % 107+ * T (43

In this work, the thermophysical properties of a binary mixtur&®l-MgCl. and three
ternary mixtures oNaCFKCI-MgCl. with different mde ratios were experimentally investigated

and compared to the data predicted by the above models.

3.2 Experimental setupand procedures

3.2.1 Measurement of melting point, specific heapacity and heat of fusion

The eutectic chloride salt melting paqirgpecific heat capacity, and heat of fusion were
measured by using a simultaneous differential scanning calorimetry (DSC) and thermogravimetric
analysis (TG) system (Model STA449 F3 made by NETHA} Argon is employed as the
protective gas. A great amouontt effort has been made to calibrate the STA449 F3 system and
ensure thathe repeatability of tested data is rigorously maintaifZ2]. The systematic error of
the DSC signal is +2% of reading; while the temperature measureystematic error is 0.Z.

It was interesting that the molten salt in graphite crusiblied not shova creeping effect, which
however is significant in platinum crucibles. Thus, cruabieade of higfdensity graphite were

used in the test for specific heat capacity. ASTBO(Q defined standard procedures and
temperature increasing steps for measurement of specific heat capacity were followed in all the
tests[301]. Each specific heat capacity measurement was condogtie following steps:

1. The test for two empty graphite crucibles was conducted to find the baseline of the test;
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2. The measurement for a standard sapphire sample as a reference material was conducted;

3. The test for the molten salt sample was examined.

All the steps above were conducted under the same conditions: the same temperature program,
same protection gasame flow rateand same @phite crucibles. Theample of each eutectic
moltensaltwas selected to hawssimilar mass witlihestandard sappte sample, which is around
23 mg. The specific heat capacity of molten salt was calculatdtebgtio method usingq. (44)

[30Q and the data was recorded and analyzed by the Netzsch Proteus program.

Ds e Wst
CP(S) = CP(St)m (44)

where

Cr(s) = specific heat capacity of the specimen,*Bl\g

Cr(s) = specific heatapacity of the sapphire standard, 9{(g

Ds = vertical displacement between specimen holder and the specimen DSC thermal curves
at a given temperature, mW,

Dst = vertical displacement between the specimen holder and the sapphire DSCcineesal
at a given temperature, mwW

Ws = mass ahespecimen, mg

Wst = mass afapphire standard, mg.

3.2.2 Measurement afiensity

The density of molten salt was measured by d@momsedeveloped density meter designed

based orArchimedes' principle fadbuoyancy which is expressed &%. (45).
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Fo=p*V (49

where I is the buoyancy force experienced by the object, p is the density of the fluid and V is

the volume of fluiddisplaced bythe objectEq. (45) can be riormulaed asEq. (46):

AM
Py =——*py (46)

where pr is the density of the fluid, pm is the density of thebject M is theweightof the object
measured in aiind AM is the weightdifferenceof the object caused by the buoyancy force of
the molten salt

The schematic of an improved density measurement setup is shdvign 26. A bottomt
ended quartz tube was used to hahdolten salt sampl(around 50 g each test). After loading salt,
the tubewas put into a furnace which was used to heat the samptbls tiesired temperatuse
An object (high purity Nickel cylinder) was used as the object and connected to a gauge by thin
platinum wire. Tancrease thgariation ofmasschangedue to buoyancy force and minimize the
uncertainty, a new Nickel rod withlarge sizevas employed. A balance of systematic error of +
0.1% of full scale (50g) was employed to measure the initial mass of the Nidk®l m Eq.(46))
in the air After the salt was fully melted, the object was immersed into liquid salt and the mass
of the rod was measured and recdrdeeach temperature. Ultrahigh purity Argon gas was passed
into the container to keep oxygen and moisture away from the salt during the heating process.
Sinceathermal drift of the baseline of tlierce gauge was observed when the furnacestéat

high temperature durinthe previousexperimersl process, a sall fan was introduced to cool
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down the force gaugeé data recording program was used to record the data for 10 seconds
because the value displayed in the force gauge was not constant. Thesraaye avalue was

calculated.

Fan

\
L
-
o
a
(0]
I
s3]
c
Q
)

| Quartz Salt

Container

Furnace

Fig. 26 Schematic of the density measurement setup

To validatethe effect of the wind generated by the introduced famthe result of mass
measuremena stability test was conducted with and without the existence of the famNichel
rodwas hung on theabance with Pt wir@at room temperature 23C) and its mass was measured
every 5 minsThe resuls areshown inFig. 27. It can be seen that the measurement of mass is very
stable carried by this experimahsetup And theaddtion of the fan will not affect the accuracy
of the measurement. The mass at each measured point is very close to the data measured without
afan. The average measured mias$2.455 g and 42.465 g withstandard dviation of 0.011 g
and 0.@9 g for the caswith and withouta fan, respectively. The relative difference is 0.02%.

The reliability of the system was checked by conducting the density measurement for water and

y



oil at room 22;C. The measurement density and relative error comgar#teoretical vale are
listed inTable5. The relative error is 1.1% and 1.69% for water and oil, separately. It implies the

reliability and accuracy of the density mesmment system are very good.

45
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44 | o— With Fan
43 |
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Fig. 27 Result of thestability test

Table5 Measured density of water and oil at &2

p (kg/m?) Relative Error
Theoretical Experiment
water 997.77 986.79 1.1%
Ol 875.7 860.9174 1.69%

3.2.3 Measurement of viscosity

The viscosity of highemperature molten salt was measured using a-teigperature

viscometer (Brookfield viscometerThe instrument is custolesigned and manufactured by
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Theta Industrials Inc. Rigorous calibration to the viscometer was conducted @amwn
Certified Viscosity Reference Standard Oil for comparison so that the system error is negligible.
The instrumentvas also checked by measuring the viscosity of a eutectic molten sakKIS&CI
ZnCl (Mole: 20%20% 60%), which has available viscosiiata inthe literature[302. In our
previous work for the calibration measuremgs@3, it showed a deviation of less than +2%
between the measuredean data (from multiple tests) and reported dataetiterature. In the
measuremerdf the eutectic NaGKCIl-MgCl> molten salt, three samples of the same compositions
were prepared, and each of the sasplas tested tige. The repeatability of measutelata was
checked, which showed a deviation of the tested data from the testesidaealess than +5% at

any tempertre point.

3.2.4 Thermal conductivity obtained through measurement of thermal diffusivity, density, and

specific heat capacity

Thethermal conductivity of higltemperature molten salt is determined throegh(47).

A= a*p*Cp (47)

where p and Cp are density and the specific heat, respectively, which are experimentally measured

through the facilities and approaches described in Se@&i@risand3.22. The thermal diffusivity

a was directly measured by using Laser Flash Anadysgupment (Model LFA 457, MicroFlash,

by NETZSCH), which can operate at a temperature as high as 1000 jC. The systematic error of
the diffusivity measurement is £3% of reading. The series of measured thermavitifidasta

was collected and recorded in tveperiment. With the input of the separately tested density and

heat capacity, the thermal conductivity is analyzed and calculated through the NETZSCH LFA
y'$"



supported software. The uncertainty of the thermal coindty can be obtained usirthe partial

derivative error propagation method referringgq. (47) as the basic equation.

3.2.5 Measurement ofapor pressure

Vapor pressure of the molten stdt thermal storage naa is an important factor for the
operation of a CSP plant. The value of vapor pressure larger than 1.0 atm will cause risk to the
pipes and containgngarticularly at high temperaturehein-housedeveloped setufor thehigh-
temperature eutectic mah salt vapor pressure test is showRim 28 schematically. The salt is
enclosed in a sealed quartz test tube. A small condensgecirculated airflow is placed right
above the liquid salt surface to ensure tinalten salt vapor is cooled intbeliquid and drops
back to the bulk liquid, which thus prevemttarge amount of salt vapor from solidifying in the
tube or pressure transducer. A pair efyie thermocouple protected by a thin quartz tube is put
into the molten salt to measure temperature. The sealed quartabiess housed in a furnace
(Bartlett,Model 3K) to keep a desired stable temperature for the molten salt. A vacuum pump was
employed to make the absolute pressure inside the closed systdomsddo zero as much as
possible at the beginning of the test. A pressure transducer with an aafuxrd®8% of reading
and a fullscale pressure of 50 Psi (3.447!105 Pa) is connected to the test tube to measure the
absolute pressure in the systemeTinessure and temperature data are recorded by a LABVIEW
supported datacquisition system during thexperiment. The reliability of this system was
verified by Wang et al. in a previous workPB3 in the authors’ laboratory. In the calibration
test[303, the vapor pressure of Zn@as measured using the system. Theltesfthemeasured
vapor pressure of Zngere compared with literature reported data, and a mamichscrepancy
was found to be less than +5 kPa when the pressure is below 100 kPa. For a pressure as high as

1200 kPa, the maximum discrepancy could bkigis as 120 kPa. The overall measured curve of
)%



the pressure versus temperature of the molten satl{Zzfrom 400 K to 1200 K matched with

literaturereported data very well.
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Fig. 28 Schematic of vapor pressure measuremenpset

3.3 Results and discussiors

3.3.1 KCI-MgCl binary moltersalt

In this section, the thermal propertadK Cl-MgCl binary eutectic molten salt were discussed.
The considered thermal propertiesludespecificheat capacity, melting poirtheheat @ fusion,
viscosity, vapor pressure, densityiermal diffusivity, and thermal conductivity, which are
essentially needed for the calculation of convective heat transfer in concentrated solar receivers,

heat exchangers, as well as thermal storagersy&r concentrated solar power plants.
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3.31.1 Specific heat capacity, melting point, and heat of fusid¢CI-MgCl2 binary salt

The theoretical melting point of eutectic salt mixtures was obtained assuming that the
individual salts have 100% purity. Mever,commercidly available salts have more tawer
impurities, anchenceatest for the melting point is needed.

The curves from the TGA signal varying with temperature in the range of7d® jC are
shown inFig. 29 for the KCFMgCl2 molten salt. Ten separate measurements each with fresh salts
were conducted. There is an obvious mass loss in the temperature range 2000, which is
likely to result from the vaporization of a minor amount of water and othauritigs (less than
1.0%). A small variation of the specific heat capacity caused by this minor mass loss in the same
temperature range can be also seefrigh 29. The mas loss was less than 1%, which was
reasonald if the purity of constituent salts of 99% is considered. All the TG profiles of ten tests
indicate that the mass loss in the K@Y Cl» eutectic molten salt in the temperature range of 200
- 710;C is very small which is less than 2%.

Thetest results ofieat capacity against the temperature for binaryM@CI, molten salt are
shown inFig. 30. The curves from ten repeated tests are similar, which implies the good
repeatability of the Cp measurement. The small “hump” on the Cp-T curve in the temperature
range of 100 200 iC is due to the vaporization of water. This also can be used to exipdain
phenomenon observed kig. 29. The peaks between 400 and 500;C give us tke information
about the melting point and heat of fusion. The meltioigtas determined by the ongabsition
of the peak and the heat of fusion is calculated as the area between the peak and the baseline.
Theoretically, the salt gets melted only at thelting temperature, but in the experiment, the
melting of the salt tads a certain amount of time in a small range of temperature. Fiiec@pes

in Fig. 30indicate that the salt sample can be considered fulliethatthe temperature of 45C.
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The details of the liquid state Gpcurves in the temperature range of 5dQ0;C are shown
in Fig. 31. All the experimental data from ten curves were used to make a lineeolitain a Cp

T correlation in the following form:

Cp = 0.98764 1.046! 10*! T (49)

where Cp has a unit of J#) and T is injC. Eq. (48) shows that the Gy correlation has a vg
small slope, which suggests that the heat capati/Gd-MgCl. eutectic salt has a very weak
temperaturaependency in the liquid state region. Therefee,(48) should beapplicablein the
temperatur@ange fom 450;C to 800;C.

KCI-MgCl, (Mole:68%-32%)
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Fig. 29 Mass loss vs teperature
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The measurement unceniies from the ten tested data at each temperature poent
calculated. The standard deviation and the uncertainty of the mean value are calculated using the

following equations, respectively,

_ S P —)?

o = = 49
Sy 7N N1 (49
Uy = ty1,950 * Sy (50

uy = [u? +ul (51

where the term Yn Eq.(49) can repesent a measured parameter at different temperaturées, N
the number of measurements, which is 10 in this case, t is the adopted-studg@ber for a
confidence interval of 95% and degree @ffilom, v= Ni-1. Equation(50) gives the expression

of measurement uncertainty, whergisithe random error andg s the systematic errorTable6
shows the calculated mdss at several chosen temperatures. The maximum measdiremen
uncertainty involving systematic errord% of readingnd random errors for the mean value of

Cp is obtaned as £0.923J/(g*K) at a confidence interval &5%.

Table6 Measured average values and uncertaisibf the specificheat capacity

T(C) 500 550 600 650 666 700
Cp(J/g*K) 1.003 0.9874 0.9973 1.004 1.0(8 1.013
St (/g K) 0.0139 0.0108 0.0185 0.0212 0.217 0.177
ug; (J/g+K) 0.0370 0.08311 0.457 0.0612 0.0623 0.0443

The uncertainty of the curve fittingan becalculated as
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Ue = tv2,95%_c = tv2,95%\/ =l . (52

\/Fz v, * N,

where N is the number of all the data for regressianisShe standard deviation between all the
data from measurement and the calculated data using the regression equattmstudenit
number at 95% confidence intervab=> - (m + 1), m is the order of polynomial curve fitting
equation, Yis the masured data, is the calculated data from curve fitted equatibme overall
uncertainty of the obtained correlation aFCwas calculated througkg. (53), which counts the

uncertainty of measurement (systematic and random errors) and the uncertainty from data fitting.

Ufotal = /(urymx)z + ug (53

Theuncertainty from curve fitting isc (0.118J/g+K)), which is hidner than the measurement
uncertaintyugz;, and thus, the maximum overall uncertpainé 0.129J/(g*K). The overall
uncertainty indicates the upper and lower bound of thefdtgd correlation and curve as shown
in Fig. 31

The comparison ofthe specifc heat capacityof KM binary molten salt dfained from
experimental measurement in this work witte values calculated from predicted equations
discussed in sectionB31 and referencesreshown inFig. 32. It can be seen that the data from
Sohal’s report [215 is overpredictedand the data published by Ander$864 is undeestimated
to thespecificheat capacity of binary K&MgCl: salt atthe liquid state.The calculatedvalues
from the Dulong-Petit methodshow good agreement with measured results, whiehslightly

lower than the experimental results, as showFign32. The heat capaty wasalso calculated by
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theadditive principle fronEq. (17) at different temperatures. There are two curves, marked with
Molar fraction 1 and Molar fraatn 2 inFig. 32, with the differencedue tothe different heat
capacity values or equations for pure components given in different referdfeesn se¢hat

the molar fraction 1 shows better agreement to the empetl dataand the data frorthe Molar
fraction 2 method slightly increasavith the increase of temperature. Both the Dul&wagit
method and additiverincipalmethod are good pastto predict the specific heat capaaitybinary

KCI-MgClz molten salt
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Fig. 32 Comparison of Cp between experiment and predicted results feMigCl. salt

For the melting point and heat of fusion, the averaged value, standard deviation, and
uncertainty at a 95% confidence interval of each ptgpeere @lculated based dags.(49) and
(50). The measured average valune standard deviation ahe mean andthe uncertainty of

melting points are listed imable7. The averaged experimental melting temperature is 424.4
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for the KCFMgCI> eutectic salt, where the relative error is 1.3% against the theoretical melting
pointof 430{C. This difference is caused due to the imipes from constituent salts. Compared
to the ternary NaGKCI-ZnCl, molten salt studied in our previous wd256|, the meltingpoint
is around 2.1 times of the B&KCI-ZnCl, salt and the heat of fusion is around 3 times. Hence
this binary salt has less temperature operation range, but it will provide better performance to serve
as a thermal storage media due to the higher hgmtcitp. The overall uncertainty dhe
experiment for melting point measurement is found to8@5;C based orkEq. (53), wherethe
systematic error is 0.&.

The average value of heat of fusAH,, is 207.01 kJ/kg from the ten measuremgatsl the

standard deviatiofz— and uncertainty wta (defined byEgs. (49) and (53), respectively) at a

probability of 95% are given imable8.

Table7 Measured average values and overall uncertainty of melting fmitCI-MgCl, salt

TestiD 1 2 3 4 5 6 7 8 9 10
Tm(iC) 425.7 425.1 4225 423.9 422.2 423.4 4257 423.9 4255 426.0
T (°C) = 424.4;S7— (°C) = 0.442; ugoa (°C) = +1.005

Table8 Measured average values and uncertainty analysis of heat of fasiKCI-MgCl> salt

Test ID 1 2 3 4 5 6 7 8 9 10
AH,, (kJ/kg) 217.8 190.9 202.6 225.3 211.8 196.6 209.9 200.4 200.8 214.0
AHy, (kJ/kg) = 207.01;Sam; (KJ/kg) = 2.72; ugorar (kI /kg) = +4.32
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3.3.1.2Vapor pressuref KCI-MgCl> binary salt

The curves of vapor pressure emwith temperature for binary KEMgClI, salt are shown in
Fig. 33. Four measurements each with fresh salt were conducted in this vapor presswiediest
shows good repeatability attemperature lower than 7QC. The vapormpressure of this binary
moltensaltincrease with the increment of temperature and the valess than 20 kPa when the
temperature as high as 10 which is much lower than 1 atm and the vapor pressure of-NacCl
KCI-zZnCl; ternary salt studied in thegqvious work in our tearf256, 303. The major reason is
the higher vapor pressure of pure Zn€alt thanpure MdCl> salt. This low vapor pressure also
implies that the mass loss of k@IgCl> molten salts in an open container is very snidlefitted
polynomial curve has a format shownknq. (54), where P and T are in theitsof kPa andC,

respectively.

P=-4.1011 108! T3+1.22 10*! T2-0.0846! T +22.11787 (59

Table9 The measured average, standard deviation, and uncertaivMgpor pressure

T (iC) 450 500 600 700 800 900 989
P(kPa) 3.834 4.164 552 7.556 10.608 13.887 17.252
Sp(kPa) 0.219 0.245 0245 0.391 0683 1.049 1.340
up (kPa) 0.425 0475 0476 0760 1.327 2.038  2.66

Theaverage of vapor pressustandard deviatigrand uncertairyt of measurement (based on
Eqgs.(49) and(50)) at each temperature were calculated.
Table9 shows the data at several chosen tentpezs. The unceainty of the datditted P-T

correlation Eq.(54)) is calculated to b£0.013 kPa fronkq. (52), which is neglectable compared
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to the measurement uncertainfTherefore, the overall efficiency #2.66 kPa Similarly, the
overall uncertainty gives the lower and upper bounds of thefitteth correlation and curve in

Fig. 33.

e KCI-MgCl, (Mole:68%-32%)
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Fig. 33 Vaporpressure variation with temperatufer binary KCFMgCl, salt

3.3.1.3 Viscosity of KCIMgClz binary salt

Four measurements, each with fresh salt, were conducted in this test. The result of viscosity
variation with temperature indicated satisfactory régahty, as shown irfFig. 34. It could be
seen that the viscosity exponentially decreases with the increase of the temperature, and the value
is less than 4 cP (10° Pas) when the temperature is higher than @0 The datditted
polynomial curve has the format shownHqg. (55), wherep and T are in the units of cP afd,

respectively. The standard deviation and uncertainty of measurement at each temperature were
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calculated, as given in

Table 10 at some chosen temperatures. The overall unogrtaf the correlation is mainly
due to the uncertainty of measurement, as the uncertainty of curve fitting is very small, which is

only £0.004 cP. The maximum overall uncertainty-@s441 cP.

KCI-MgCl, (Mole:68%-32%)
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Fig. 34 Viscosity variation withémperature for binary KEMgCl, salt.

p=1535"10"1 003744 M4 6011 0001244 ) (55)

Table1l0 The measuredverageand uncertaintyanalysisof viscosityfor KCI-MgCl. salt

T(GC) 450 500 550 600 650 700 750
u(cP) 5.883 3475 3.108 2.85 2642 2525 2.433
Sy (cP) 0.176 0.175 0.113 0.05 0.052 0.066 0.058

ug; (cP) 0.323 0.321 0.207 0.092 0.096 0.122 0.106
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Fig. 35shows theconparisonof the viscosity oKCI-MgCl, (mole: 68%32%) salt obtained
from experiments with different prediction methods. Both oftteelictions fronkq.(36) and(37)
are much lower than the experiment results. We can seththpredicted valuesom the Poly
method are close to the measured data in the temperature range 60076 but the deviation

being larger when the temperature is higher thanj600he RHS method gives better agreement

to experimental results athigher temperaturamge (higher than 57&).

KCI-MgCl, (Mole:68%-32%)
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Fig. 35 Comparison ofiiscositybetween experiment and predicted resultiGi-MgCl» salt

3.3.1.4 Densityof KCI-MgCl; binary salt

The curves of five measurements fbe densty (p) of KCI-MgCl> eutectic salt varied with
temperature show very good repeatability, as givefign36. It could be seen that the density of

molten KCFMgCI; salt decreasdmearly from 1675kg/m? to 1471 kg/m® with the increasing of
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temperatureAll tested data were put together to make aaliffit and obtain the p-T correlation,
which is given inEg. (56), where p and T are in the units of kg/m® and iC, respectively. The
uncertainty of cure fitting is+16.584kg/m? according tcEqg. (52). The averagdensity measured
at different temperatuseand the result of uncertainty analysis includstgndard deviation,
measurement uncert&yr(Including random erroyand overall unaainty ataconfidence interval
of 95% were given in

Table 11. The overall uncertainty gives the lower and upper bouwfdsurves of p-T

correlationin Fig. 36.

p =1903.6675#0.55201! T (56)

Tablell The measured average and uncertaatyalysisof density forKCI-MgCl, sdt

T (iC) 450 500 550 600 650 700 750 800
p(ke/m3)  1675.6 16208 1594.3 1557.3 15416 1513.6 14% 1471
S, (kg/m3)  39.34 21.85 2246 17.79 1469 195 17.82 16.89
uy (kg/m3)  42.056 26.402 26.884 23.100 20.761 24.370 23.012 22.267
Uotal (ke/m3)  45.208 31.178 31.587 28.434 26.572 29.477 28.365 27.764

Fig. 37 shows the eamparison of density obtained from experiments and calculated from
predicted methods for KEMgCl, salt at different @mperatures. It is easy to see that all the
prediction results are higher than the data obtained from the experimels. é2@) gives a very
bad prediction to the density of this binary salt. The data calcdtated=q. (24) is similar to that
obtained from the QCM method, as smoin Fig. 37. The results from both of those two methods
are close to tested values with the highesttingd difference of 3.3% and 1.7% fig. (24) and

QCM method, respectively. The numbers from the mass fraction method are a littestovated
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with the largest deviation of 6.7%. QCM methiech better way to pdict the density of binary
KCI-MgClz salt at liquid state.
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Fig. 36 Density variation with temperature for binary k®IgCl, salt
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Fig. 37 Comparison of density betweexperiment and predicted results KCI-MgCl, salt

3.3.1.5 Thermal diffusivity and thermal conductivity KCI-MgCl. binary salt

The measured thermal diffusivify) data were shown ifig. 38. Under each temperature,
there are ten measurements. The average, standard deviation, and measurement uncartainty at
confidence interval of 95% are givenTiable12. It is seen that the thermal diffusivity has a rather

small variation between 0.27 and 0.29 ffsiin the temperature range fre¥60;C to 800 jC.
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Fig. 38 Thermal diffusivity variation with temperaturer floinary KCI-MgCl, salt

The curve of calculated thermal conductivity varied with temperagigieown inFig. 39. It
can be seen that the thermal conductivity of HLJCl> salt decreases with the increase of
tempeature. From the definition i&qg. (47), the measurement uncertainty of thermal conductivity

can be derived in the form &f. (57) based on error propagation analysis, wictelated to the
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uncertainties of, p, and Cp. The calculated values for thermal conductivity A and its measurement
uncertaintyusy at several temgrature, pointsaregiven inTable13. A linear datéfitted equation

is obtained and shown Ex. (58). where the unit of A and T are W/(meK) and;C, separatelyFrom

the definition inEq. (47), the measurement uncertainty of thermal conductivity can be derived in
the form of Eq.(57) based on error propagation analysis, which is related to the uncertaintjes of

p, and Cp.

Table12 The measured average and uncertainty analysis of thermal diffusiviiCleMgCl.

T (iC) 450 500 550 600 700 800
o(mm?/s) 0.276 0.28 0.284 0.281 0.288 0.277
Sz (mm?/s) 1.757107° 2.369!10°% 7.64210° 3.69710° 8.452!10° 1.567!10°
uz (mm?/s) 8.92710°2 9.552!110° 8.627!10° 8.464!10° 8.790!10° 1.82010°

oK\ 2 5 oK\ 5 ax \ 5
w = |(5a) *“a*(%) “u *\ac,) * e

(57)
=\/(p><Cp><ua)2+(a><Cp><up)2+(a><p><ucp)2

J=-1.3 10*! T+0.52168 (58)

The uncertainty of curve fitting for thermal conductivitycaculated to be:0.013W/(meK)
based orkEq. (52). The overall uncertainties of theT correlationwere obtainedfrom Eg. (53)
andlistedin Table13.

The thermal conductivity of K&@MgCl. (68 mol%32 mol%) obtaing from the correlation
of Eq. (58) are compared with the values calculated by the prediction method discussed in section

3.1.4 and the results are shownHig. 40. All the values from the three prediction methods are
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lower than the experimentaksults. The calculated values froiime Average ionic weight
correlation are constant and much lower than those from experimemtgréticted thermal
conductivity from both moldraction average and RHS methods show the same tendency as the
experimentakesults. However, the deviation increases with the ineresemperature in the
studied range in this work. The largest deviai®®.93% at 80GC. The thermal conductivity
calculated fromEg. (43) increass with the decrease of temperature, which is oppdsite
observation of experimental investigation. Therefore, RHS metreddetter way to predict the

thermal conductivity obinary KCFMgCl, molten salts

Table13 The measuredverage and uncertainty analysis of therroahductivityfor KCI-MgCl,

TGC) 450 500 550 600 700 800
A(W/(meK)) 0479 0.455 0446 0437 0.442 0.436
up (W/(meK)) 0.0219 0.0179 0.0221 0.0234 0.024 0.0231
Uotat (W/(meK))  0.0255 0.0221 0.0257 0.0267 0.0273 0.0265

All the thermophysical properties the KCFMgCI: eutectic salt witlamolar ratio 0f68%:32%
are summarized imable14. The provided uncertainties at a confidence interval of 95% for heat
capacity, vapor pressure, viscosity, density, and thezoraductivity are the maximum of all the
tested poird For the uncertainties of properties at a specific temperature, readers can refer to the
corresponding figures isection 5.2.1.2 5.2.1.5 The figureof-merit analysig305 about the
thermophysical properties of ben saltKCl-MgCl> and other molten salts such as N&Tll-
ZnCl> have demonstrated thCI-MgCl2 can serve as an excellent heat transfer fluid exXoept

its high melting point, which may be a concern.
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Table14 Summary of thermophysical properties of K@l-MgCl> salt

Property Values or correlations with T C) Uncertainties
@ probability of 95%

Melting point (C) 424 .4 +1.005

Heat offusion kJ/kg) 207.01 +4.3D

Heat capacityJ(g-K)) Cp =0.98764 1.04&! 10*! T +0.129
Viscosity (cP or 18 Pas) W= 15.351 107003744 T § 91 0001244 *T) +0.441

Vapor pressure (kPa) P =-4.101210%! T3+ 1.22 10*! T?-0.0846! T +22.11787 +2.660
Density kg/n) p = 1903.66757 0.55201! T +31.587
Thermal conductivity (W(m-K)) L=-1.310%! T+052168 +0.0273
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3.32 ThreeNaCIKCI-MgCl; ternary molten sadtdetermined in this study

Based ortheabove results and discussion for the thermophysical and transport properties of
binary KCFMgClI. eutectic mtiensalts withamolar ratio of 68%32%, ths binary salt haagood
and csrable performance to be employed to serve as the heatdardluid andmedia inthe
thermal energy storage systemmodern CSP planHowever, the melting point is a little higher
which might cause therézenissue wherthe salts runing in the pipe. As nm@ioned in section
1.5 NaCl is introduced to build NaCFKCI-MgCl» ternary molten salt system due to its low cost,
which has large resees and easto obtain fromthe natual source.In this section, the
thermophysial and transport properties of NalkCI-MgCl. ternary molta saltwith different
mole ratic listed inTable3 arestudied by experimentatethodsandthe feasibility to be working
asHTFs arediscusseds well The experimental data are also compared to the predicted results

from different methods nméioned in section 3.

3.32.1Melting point, the heat of fusigand the heat capaciof NaCFKCI-MgCl» ternary salt

Fig. 41 shows he overviews of the specific heat capacity changed with temperature for the

four ternary NaCGKCI-MgCl> molten saltsvith different molar ratis. The CpT curve for NKM

#1 salt withacomposition of 27.5 mol% Na€32.5 mol% KCi40 mol% MdCIz is stown inFig.

41a. Themelting point is determined by the ongefsitionof the peak, and the heat of fusion is
calculated as the area between the peak and the ba3éleeutectic melting poinand heat of
fusion for theNKM-#1 sample are aroud®2.2°C and Z0kJ/kg, respectivelyThe results ofhe
melting point and heat of fusion from multiply measurements are discussed heteneasured
values of Cp varied with temperatui@ NaCFKCI-MgCl> molten saltswith a molar ratio of

30.9%21.2%47.9% isshown inFig. 41b. It can be seen that the specific heat capacity of this salt
)%



before the beginning of melting is almost constant. It has a melting gdfoambund 389C and
heat of fusion around 221.45 kJ/lgg. 41c showstheoverallcurve of Cp varied with temperature
for NKM#3 salt, which has the values of around 28C and270.3kJ/kg for melting point and
heat of fusion, sepasedy.

It is easy to see that there are two continuous peaks in the curveldb€NKM-#4 sampe,
as shown irFig. 41d. It means the Na@KCl-MgCl> salt with the molar ratio of 20%52.5%
27.5% does not have a ectie melting point.Similar phenomeawere also observed by Vidal
and Klammer[30€6 from the experiments dhe DSC test. Thereforeghis molten salt sampis
not considered in later work.

The measured melting point, average vahral uncertainty analysis of NK¥1, NKM-#2,
and NKM-#3 samples are listed Trable26 to Table28, repectively. The average melting point
is 4(.28°C, 38669 °C, and 387.84C, separately, which are calculated from ten testes for each
ternary salt. The relative error compared with theoretical meltingp@ +5% for NKM#1 salt,
-0.33% for NKM#2 salt, and +1.5% for NKM3 salt (‘“+” and ‘-° signs indicate the average of
measired melting point is higher and lower thtre theoretical alue, respectively). Vidal and
Klammer [306] repoted a value of 383C for the melting point of Na@KCI-MgCl, ternary
molten salt witracomposition close to NKM¢3 salt. The melg points of all three ternalyaCFk
KCI-MgCl> salts are lower than that tife KCFMgCI2 binary molten salwith the difference of
21.12°C, 37.71°C, and 36.56C with NKM-#1 to NKM-#3, separately. Therefore, the additive of
NacCl salt will effectively derease the melting point and thus will increase the operating range of
HTFs in CSP technology. The standard deviation and overall uncertainty (obtaineofr()

and(51))) of melting point measuremeydre fiown inTable26to Table28for each composition.
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Table1l5 Measured average values and overall uncertainty of melting poilNKdA#1 salt

Test ID 1 2 3 4 5 6 7 8 9 10

Tm(iC) 402 401.6 4029 403 4025 403.4 404.2 404.2 4045 4045

T (°C) = 403.28:51— (°C) = 1.05; Ugor; (°C) = +0.519

Table16 Measured average values and overall uncertainty of melting poilNKdA#2 salt

Test ID 1 2 3 4 5 6 7 8 9 10

Tm(iC) 386.6 386.9 386.4 386.4 386.4 386.8 386.9 386.9 386.8 386.8

T (°C) = 38669; St (°C) = 0.218; Uyyry (°C) = £0.223

Table17 Measured average values and ovétalcertainty of melting point fakKM#3 salt

Test ID 1 2 3 4 5 6 7 8 9 10

Tm(iC) 387.2 387.3 387.4 3874 387.4 3885 388.4 388.3 388.3 388.2

T (°C) = 387.84:51— (°C) = 0.536; Uyory (°C) = +0.315

Table18 Measured average values and uncertainty analysis of heat of fusibilKid#1 salt

Test ID 1 2 3 4 5 6 7 8 9 10

AH,, (kJ/kg 286.2 2855 282.8 281.8 272.8 269.9 261.3 259.7 259.1 257.5

AH,, (K/kg) = 271.68 Sz (kJ/kg) = 11.752 Urorar (K]/kg) = £7.62

Table19 Measured average values and uncertainty analysis ofdfdasion forNKM#2 salt

Test ID 1 2 3 4 5 6 7 8 9 10

AH,, (kJ/kg 281.4 281.2 280.1 280 279.4 2779 276.6 2754 306.5 305.3

AH,, (kJ/kg) = 284.38 San; (KI/kg) =11.506 uioa (KI/kg) =+7.73

or



Table20 Measured average values and uncertainty analysis of heat of fusidikfiai3 salt

TestID 1 2 3 4 5 6 7 8 9 10
AHp, (kJ/kg 2729 271.3 2709 270.3 271.6 270.1 271.7 270.7 2705 271
AHp (K/kg) = 271.%; Sxm,, (KJ/kg) = 0.823 Uorar (KJ/kg) = £5.43

Table29, Table30, andTable31 show the measured results, average vakrmas uncertainty
analysisof heat of fusiorfor NKM-#1, NKM-#2, and NKM-#3, respectively. The averages of
measured heat of fusion were calculated from the results of ten measurements for each salt. The
heat of fusion of NKM#1 is close to that of NKM3 and both are lower than NKKR. All these
three ternary molten salts haafigher heat of fusion than the K®gCl, binary salt. The overall
uncertainty of heat of fusion (frofqg. (51)) measurement for Na@& CI-MgCl; salt can be found
in Table29to Table31

Thecurvesof Cp-T for NKM-#1 salt are shown iRig. 42a. 11 results collected from 3 tests
each with fresh samples show good regabity. The Cp of NKM#1 salt decreaseslightly with
the increase of temperature. Turecertainty of curve fitting is found to B€.0008J/(g*K), which
is much smaller than the uncertainty of measurement and can be neglected. Therafoesathe
uncertaintyis +£0.086 J/(g*K) (from Eg. (53)) and used to calculate the upper bound and lower
bound ak95% confidence interval. The comparison of experimental results with fioedialues
is shown inFig. 42b. The difference between Molar fraction 1 and Molar fraction 2 is from the
sources of dataf pure single chloride salts. It can be seen that all three prediction methods give
values with good agreement to the experinmestilts. The maximum error is aroubti% at 450
°C. However, the Cp calculated fravolar fraction 2 increases with the temperature increasing,
which is different from the observation of measured data.

Fig. 43a shows the results of Cyaried with temperature for NKM2 salt. Its specific heat
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capacitydecreases with the increment of temperature. 5 tests eaclaish sample were
conducted to get6 results. The deviation is larger when the temperature isrhigguwe 600°C.
But the increasa thenumbes of measurements lowers the overall uncertawtyich is found to
be £0.053J/(g*K). The Dulong-Petit and Molar fraction 1 methqgatovide similar predictios
which is independent ofhe temperaturef the Cpfor NKM-#2 salt, as shown iRig. 43b. The
trend fromtheMolar fraction 2 method is opposite that of experimental results.

Fig. 44a shows the variation of Cp k&us temprature for NKM#3 salt. 15 testsdm 5 fresh
samples were conducted. The specific heat capacity of thisyesadtwithacomposition of 28.39
mol% NaCt27.25 mol% KCl44.36 mol% MgC] decrease from 1.078gK to 0.951 J/eK in the
temperature rangef @50 °C to 730°C. Similarly, the upper and lower bound were calculated
depending on theverall unceinty, which is+0.069J/(g*K) from Eg. (53). The predicted values
of the Dulong-Petit method are different fino thase obtained fronthe Molar fraction 1 method,
as shown inFig. 44b. But they can be used tstimate the range of Cp for NKWB in the

temperature range considered in this work.

Cp=FA-A!' T (59

Table21 Coefficients in Eq59) for Cp (J(g*K)) of NaCtKCI-MgCl; salts

as a function of T°C)

Coefficients inEq. (59) NKM -#1 NKM -#2 NKM -#3
Ao 1.2263 1.3145 1.3402

A1*10% 3.1539 5.0239 5.3945
uncertaintyat 95%confidencanterval (J(g*K)) +0.036 +0.053 +0.069
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Thecorrelationof Cp-T for all three ternary salts are obtained in the forreef(59), where
the units of Cp and T até(g*K) and °C, respectivelyThecoefficients and the maximum overall
uncertainty at a 95% confidence interval for the three ternary salts considered in this work are

listed inTable21.

3.3.2.2 Density of NaGKCI-MgCl2 ternary salt

The density of NaGKCI-MgCl: ternary molten salts with different mole ratioasemeasured
in the temperature range of 430 to 800°C and compared to estimated results from different
prediction methodsnultiple tests from 3 or 4 fresh samples were conducted in the experiment.
We can see that they showed very good repeatability. The facts show that the enhancement of
design decreaselsd chance of failure in this experiment.

The emgrical equationsof density versus temperatuege obtained from datffétting of
accumulated data from multiple measuremenkte correlation op-T has the form shown igq.
(60), which indicates a linear change of the density against temperaheeainit of temperature
is °C and the unit ofp is kg/m®. The coefficients of the equations and uncertainties with a

confidenceinterval of 95% for salt NKIM#1-3 are provided iTable22.

p=Ao-Al T (60)

Thevariation of density versus temperature for N&CII-MgClI; salt (Mole: 27.5%32.5%
40%) is shownn Fig. 45a. The density of NKM#1 salt decreases froh722 kg/nito 1538 kg/m
with the increase of temperature from 4600 750°C, as seen ifig. 45a. The overallncerginty
of the curvefitting equations with the coefficients givém Table22 is +15.587kg/m" at a 95%

confidence interval.
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)!# n



NaCl-KCI-MgCl, (Mole:30.9%-21.2%-47.9%)

1.2
10
=081 . . :
X Data-Fit equation: G, = 1.3145 - 5.0239*16* T
5 L
Sogp — TSI ——Tis2 T1S3
o T2S1 —T2S2 T2S3
© | 1381 ——T3s2 —T3S3
04k ——T4S1 ——T4S2 ——T4S3
—T581 —T582 ——T5S3 T5S4
| =— Average
0.2} == =Linear Fit
Upper Bound (95% Confidence Interval)
Lower Bound (95% Confidence Interval)
00 1 L 1 L 1 L 1 L 1 L 1 L 1 L
450 500 550 600 650 700 750 800
T (iC)
(a) CpT curves from experiments
NaCI—KCI—MgCI2 (Mole:30.9%-21.2%-47.9%)
1.2}
L ‘\A*.\‘» e o U e
10 - «\
=08
X
*
2
306}
8— This Work
—e— Dulong-Petit
0.4 —A— Molar fraction 1
Molar fraction 2
0.2+
OO 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1
450 500 550 600 650 700 750 800
T (iC)

(b) Comparson of Cp between experent and prediction
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The tests of densitipr molten salt at liquid sate depended on the same procedure aticepra
were condcted for NKM-#1 and 2Similarly, the density measured at different temperatiae
NKM-#2 and NKM#3 salts decreaseavith the increment of temperature, as showirign 46a
and Fig. 47a, respectively Multiple tests were conducted for each eutectic salt to demonstrate
repeatability The measurediensity is in the range of 15611758kg/m® for NKM-#2 salt from
450°C to 750°C and 1541- 1760kg/m? for NKM-#3 salt from 450C to 800°C. Therefore, the
densities of these three ternary salts are higher than th#I§Cl> binary saltsThis has the cost
benefit to decrease the size of the tahK©BS and to simplify the constructiofhe uncertainty of
datafitting with coefficients listed irmTable22 are +15.851 and +18.085 kg/mespectivelyThe
standard eviation (kg/nt) of the density measurement &2, 5.7, 11.5 for NKM#1-3,
respectively which are much lower than 19.5 kg/fior KM binary salt. It proves that the
improvements successfully increases the accuracy andiligliab the experimental setup for
density measurement.

The @mmparison of desity between experiments and prediction methods is shokig.id5b.
Fig. 46b andFig. 47b for NKM-#1, NKM-#2, and NKM#3, separatg. It is apparent that the
RHS method provides a better prediction than the Neon average method for all three salts
with the maximum deviatioof 3.8%, 2.56%, and 1.45% for NK#L, NKM-#2, and NKM#3,
respectively. The data from the Molar fractiaverage method is slightly overestimated to NKM
#1 salt, as shown iRig. 45b.

Table22 Coefficients in E¢60) for density (kg/rf) of ternarysalts as a functioof T C)

Coefficients inEq(60) NKM -#1 NKM -#2 NKM -#3
Ao 1992.73 2010.60 1993.38
A1 0.60843 0.5862 0.55663
uncertaintyat 95%confidencenterval kg/m°) +15.587 +15.851 +18.085
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3.3.2.3 Viscosityof NaCFKCI-MgCl» ternary salt

The variation of measured viscosity against temperature for three RGEMgCl, ternary
molten saltss shown in Fig. 48a, Fig. 49a, Fig. 50a, respectiely. Fours tests each with fresh
sample were conducted for both NK#1 and NKM#2 salt. Thenaximumdeviation of the data
from the average of the four repeategasurements is withi®.14% and 6.67%, separatehvhich
reflectsthe goodrepeatabilies Similarly, the highest eviaion is 5% for averaged measured
viscosity to five tests with three fresh samptaINKM -#1 salt In Fig. 50a, theletter “S” and “T”
in S1T1 indicate sample and test, correspondingly. The measurement conducted for S1T2 used the
same sample as S1T1, khe difference is that the sample was bdaip to 750°C to run the
second measurement after the completion of the first test without repllaesgmple with fresh
salt.It can be seen that the viscosities decrease with the increase of temperatilithriee king
of NaCFKCI-MgCl» ternarysalts. The viscosity varied from 2.3.4 cP, 3.98 2.44 cP, 3.932.3
cP in the temperature range of 45060°C for NKM-#1 to NKM-#3 salt, respectively.

The \vscous flow of substance made of atoms (e.g., molten metals) and simple molecules
(molten xides and molten salts) can usually be approximated by a thermally activated process in
classi@l mechanics. A potential barrier between neighboring atoms needs to be overcome to make
the relative motion of atoms, which can be facilitated by hignperatve. Therefore, the
correlation of viscosity of temperature dependence of viscous flow and temperature can be

expressed by an Arrhenkiygoe equation307].

u = AeB/T (61)

where A is a preexponential coefficient and B is the parameter related to the energy barrier to
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viscous flow with a unit of temperature. It can be rearrangedliasar equation by applying

natural logarithm on both sides, as showk(62).

Inu=ImA+BxT! (62

The curve of the natural logarithm of average viscosity (In(n)) versus the inverse of
temperature (F) is shownin Fig. 48b, where p and T have the unit of cP and K, respectively. It
can be seen that the curve is fairly linear and the coefficient of determination of the regréssion, R
is 0.98812, which is clos@ t1.0. A similar observation can be seen fieig. 4% and Fig. 50b
with R? is 0.97465 and 0.99513 for NK#2 and 3 salts, respectiveljherebre, a curvditting

equation for viscosity versus temperature is obtained in the form of

1= A% eB/T+27319) (63)

whereyp is in the unit of ¢cP and T has the unit of °C. The coefficients and overall uncertainty (from
Eq.(593)) are given irnrable23.

Table23 Coefficients in Eq(63) for viscosity (cP) oNKM salts as a function of P)

Coefficients inEq. (63) NKM-#1 NKM -#2 NKM-#3
A 0.65086 0.61102 0.8583
B 1247.3222  1327.2088 1102.4207
uncertainty at 95% confidence interviaty(m?) +0.181 +0.191 +0.173
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Fig. 50 The variation ofCp vs temperature for NK¥3 salt at liquid state.

The experimet results are compared the values from two prediction metho&er NKM-
#1 salt, the predicted values frahetwo methods are close and overestimated to the experimental
results from 45(°C to 600°C, as shown irFig. 48c. But the estinated results are close to
experimental at higllemperature range (660750°C). A similar prenomenorcan be observed

from Fig. 49c, Fig. 50c for NKM-#2 and 3 salts, specively.

3.32.4 Vapor pressuref NaCFKCI-MgCl» ternary salt

Absolute saturatedr equilibrium vapor pressure is defined as the pressure exerted by the
vapor in thermodynamic equilibrium with its condensed phases (liquid) at a given temperature in
a dosal system. Generally, the vapor pressure of a substance increases nonlineathe with

increment oftemperature. Vapor pressure of the new generation HTF is required to be less than

Y&



1.0 atm at a temperature higher than @00

Fig. 51shows the curves of vapor pressure versus temperature torabternary NaGIKClI-
MgCl. salts.Four testsfrom two fresh samplesere conducted foNKM-#1 salt to checkhe
repeatability ad control the random error in this experirhdrhe curves of measured and averaged
vapor pressure against tpenature are shown Iig. 51a. The datdfitting analysis was conducted
from the four measurements, and a fotottler polynomial equation was fouraltiest fit the data

in the form ofEq. (64).

P=Co+Ci!T+C 2! T2+ Cs! T3+ Cy! T* (64)

where the unit of P and T are kPa &g respectivelyThe overall uncertainties of gcurve
fitting equation with the coefficients ofoCG C4 listedin Table 24 were calculated based @&m.
(53) with neglected systeatic error (0.8% of reading, whidh muchsmaller thararandom error)
The largest overall uncertainty 44.28kPa af 95% confidence intervallt can be seen that the
vapor pressure of NKM1 salt is less than IdPa ata temperature as high as 8890, which is
much lower than theapor pressue of NaCtKCI-ZnCl; salts (aroun@0kPa at 800C).

The experiments of vapor pressure measurement were conducted fo#RIKNI NKM#3
salts using the same proceBgy. 51b shows the variation dhevapor presse of NKM-#2 salt
from the running of six tests. The deviatimtrease with temperatur&€he overall uncertainty
with a 95% confidence iterval (obtaired fromEqg. (53)) of the polynomial equation from data
fitting (with the coefficients listed imable24) is+1.26 kPa.

Six measurements were conducted to obtain the suofevapor pressure varied with

temperature for NKM#3 salt. The results and averaged vapor pressure ixaesss are shown in
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Fig. 51c. The overall uncertainty of the curfitting equation with the coefficient listed ifable
24is £1.38 kPa at a confidence of 95%.

Mohan[274] simulated the vapor pressure of NaII-MgCl, salts by using simulation
softwae— Fadstage and the value is less than 2 kPa at XD0Dhe experimental results are much
higher than the simulated value. The reason should be the presence of absorbed and/or
crystallization water. Since the vapor pressure was measured in a clasead aggwater has a
very high vapor pressure at high temperature. It also can explain the high deviation of vapor
pressure at high temperatures and the reason is the different content of water in different samples.

The water may be absorbed during the gimQ, sbring, or preparation process.

Table24 Coefficients in Eq(64) for vapor pressure (kPa) of Na®ICI-MgCl. salts

as a function of T°C)

Coefficients inEq. (64) NKM-#1 NKM -#2 NKM -#3
Co -81.752 -31.799 -24.950
C 0.46321 0.24877 0.12967
Cz -9.6292*10*  -7.2405*10*  -2.3513*10°
Cs 8.7788*10’ 9.0479*10’ 1.6046*10’
Cs -2.7378*10'° -3.8678*10% 0
uncertaintyat 95%confidencantervd (kP9 +1.28 +1.26 +1.38
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Fig. 51 The variation ofCp vs temperature faiaCl-KCI-MgCl. salt at liquid state.

3.3.25 Thermaldiffusivity and thermatonductivityof NaCFKCI-MgCl» ternary salt

Similar to the measurement of K@NgCl> binary molten salts discussed in sect®©B1.5
the thermal conductivity can be calculated by the product of specific heat, density, and thermal
diffusivity. The specific heatapacityand dengy of the three kindof ternary NaGIKCI-MgCl>
molten salts werdiscussed in sectigr8.3.2.1and3.3.2.2 and the thermal diffusivities of liquid
molten salts were measured by the equipment of Laser Flash Analysis.

Eight runs of tests were conductediteasure the thermal diffusivity for both Nk&L and
NKM-#2 salts from 450C to 700°C in the interval of 8 °C. The resultsfrom multiple
measirements with the averaged thermal diffusivity are showfign52a. It can be seen that the

eight tests provide very good repeatability during the studied temperature range except the
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measuement runat 550°C and 600°C. Theuncertainty of thermal diffusity measurement
involving systematic error (3% of reading) is +0.0806¥/s and +0.013 for NKM#1 and NKM
#2 salt, respectively. The thermal diffusivity of NK#8 saltis not included in this work due to
the mainenance of LFA equipment. The experiments wik conducted when the device is
avalable in the future.
The themal conductivity calculated frofag. (47) based on the measured value of £pand
a at different temperatures for NKM-#1 salt is shown irFig. 54a. It is clear that the tmmal
conductivity of NKM#1 decreases with the increase of temperature. The thermal conductivity of
NaCHKCI-MgClz ternary salt is in the range of 0.48.57W/(m+K) from 450°C to 700°C. It has
higher thermal conductivity than the ternary NalQCI-ZnCl, salts. Therefore, the heat will
conduct faster from the receiver to this kind of molten salts if served as heat transfer fluid in CSP.
The correlation of-T was obtained from the curfigting method in the temperature range

of 450- 700°C, which has a linear form as showrlg. (67).

A= A+B! T (65)

where) is in the unit of W/(m<K) and T is in the unit of antC.

The uncertaintycalculated frontq. (57)) of the datditted equation othermal conductivity
with the coefficients given ifable25is £0.040 W/(nK) and +0.032 W/(irK) for NKM -#1 salt
and NKM-#2 salt, separately.

The comparison of thermal conductivity between experiment and prediction for#IKddlt
is shown inFig. 54b. Since the average IWbaelation method is independent of temperature, it

can only be used to estimate the rough range of thermal conductivity for binary and ternary chloride
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salts. The RH®1ethod and mole fraction method show similar predictions fronf@36 600°C
and the esults are close to data obtained from the experiments, as shé&wgn bdb. However,
the prediction from the mole fraction average method is slightly-esttmated to the thermal
conductivity of NKM-#1 from 600°C to 700°C with the largest deviation of 3.8% at 7A@ All
the three methods undestimated the therah conductivity of NKM#2 salt, as shown ig. 54b.
RHS method provides the best prediction of the thernmradwctivity for the molten saltsixture

of NaCl, KCl MgCbk and CaCl

Table25 Coefficients in Eq(65) for thermal conductivityW/(m«K)) of NaCtKCI-MgCl salts

as a function of T°C)

Codficients inEq. (65) NKM-#1 NKM -#2
Ao 0.573 0.7993
A1*10* -2.16 -5

uncertaintyat 95%confidencanterval (W{m<K)) +0.040 +0.032

Because of the lack of data of thermal conductivity for NK®1salt from exp@mental
measurements. Its thermal conductivity can be roughly estimated from the three methods discussed
in section 3.3.4. The estimated results are showmgirbs. It predicts the thermal conductivity of

NKM-#3 slt is in the range of 0.420.52 W[(m+K) from 450 to 700C.
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NaCl-KCI-MgCl, (Mole: 30.9%-21.2%-47.9%)
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NaCl-KCI-MgCl, (Mole:28.39%-27.25%-44.36%)
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Fig. 55 Prediction of the thermal conductivity of Nk¥B salt

3.4.3 NREL’s NaCl-KCI-MgCl. ternary molten salt

In the recent time, a new eutectic chloride salt comprised @IMgCI-NaCl (at wt.% of
45.9838.9%115.11) was reported in Zhao’s work [308. This ternary eutectic chie salt has a
melting pointof 20 °C lower than that of the binary chloride eutectic salt byCMand KCI[285,
which is an appreciable benefit regarding prevention of freezing of neaieResearchers #he
National Renewable Energy Laborato(WNREL) of the U.S. have developed processing
technologies to obtain the designated eutemtimpositions from natural mineral sa[30§.
Whereas this ternary eutectic chloride salt is widely considerttee USAas the3 Generation
high-temperaturéneat transfer and thermal storage fluid in the community of concentrated solar
thermal power (CSP)308, there have no studies and rgpabout its basic thermopsical

properties.
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To promote the understandirg this eutectic chloride salt MgJ>-KCI-NaCl (at wt.% of
45.9838.9%15.11), the essential thermophysi@aid transporpropertiesof this ternary chloride

salt will be studied by experimental measuremeititig sectiorfor the first time in the world.

3.4.3.1 Specific heat capacity, melting point, and heat of fusiOfREL’s salt

Therewere 18 measurements conducted for the gpduat capacity (Cp) of the molten salt
at each temperature. These measer@mwere accomplished for a batch of 6 salt samples each
tested 3 timesFig. 56 shows the 18 curves for the tested specific heat capacity versus the
temperatures. At every temperature pgoinere are 18 data opscific heat capacity. The mean
value of the specific heat capacity (Cp) at every temperature point is calculatedcanthinty
analysis was made for the measured mean value of specific heat capacity. The standard deviation
and random error at a probatyil of 95% were obtained usinggs. (49) and (50) for the
experimental data. The calculated results at several chosen temgseeaishown ifable 26.
The maximum measurement uncertainty entailing systematic e@%s ¢f readingland random

errors for the mean value of Cp istained as +0.0358(g*K) at a confidence interval &5%.

Table26 Measured agrage values and the overall uncertainty of specific heat capacity

T (iC) 450 500 550 600 628
Cr (/(g* K)) 1.0904 1.0511 1.0271 1.004 0.9936
us; J/(g+K))  0.0305 0.0348 0.0358 0.0351 0.0357

The curve of the mean value of measuredifipdeat capacity at all the temperatures is shown
in Fig. 56, which is used for regression analysis to determine the correlation of the specific heat

capacity versus temperature. The regression equation in afimeais given inEq. (66) in the
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temperature range of 4530 C.

where G is in the unit of J/geK, and T is in jC. The uncertainty of curving fitting is calculated

Cp=1.3014-4.9628 10%! T

(66)

usingEg. (52). The overall uncertainty of the obtained correlation gfTGs calculated through

Eq. (53), which counts the uncertainty of measurement (systematic and random errors) and the

uncertainty from data fitting. The uncertainty from curve fittingd+4.28!10 J/(g*K)), which

is muchless than the measurement uncertaigty, and thus, the maximum overall uncertainty is

still +0.0358J/(g*K).

Fig. 56 Specific heat capacity versus the temperature foNfREL salt

As shown inFig. 57, the regressiorquation of the measured mean specific heat capacity
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the University of Arizona is compared with the measured data from another research team (authors
at National Renewable Energy LaboratdfREL) and also with the data from theoretical
prediction obtaied using the software Factsd@&3 309. The relative difference between the
measured mean values by the two teamiess than 5%. To minimize the random effect of
experimental conditions, both of the two teams used the same procedure to measure the heat
capacity of this ternary molten saltcinding the same temperature program, type of graphite
crucibles, protectionag and flow rate. However, different models of the equipment of Differential
Scanning Calorimetry (STA449 F3 versus DSC 404 F3 Pegasus both made by NETZSCH) were
used by the twteams, the systematic error may cause the small discrepancy of the tweajroup
data. A number of random factors can also affect the results in heat capacity measurement, which
include errors due to positioning of crucibles in the sample holder, theitodeymf crucible
surface oxidation that influences the radiation heat tramsfthe test process, etc. Discussions
about having a reliable measurement for heat capacity has been reported in another work by the
author’s team [276]. The current agreement of the measured data and the predicted data are also
less than 5%, which is satisfactory. It is important to note that the heat capacity of thregalblte
slightly decrease with the increase of temperature. This has been dstraded from the
experimental data as well as from the theoretical prediction.

The measured data for the melting point of the molten salt is givEahle27, where there
are 15 measurements. The mean value anchbasurement uncertainty (includihg systematic
error of 0.2°C and random error) at a confidencterval of 95% for the melting point §) of the
molten salt are given in the table. The 15 data show the average melting point to h€4aid4
the measurement uncertainty at a probability of 95%1i3+C.

The measured values of heat of fusiaii) for the molten salt are listed ifable28. From
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the 15 measured data, the mean value of the heat of fusi®.82RJ/kg, which is slightly greater
than that of the binary salt of K&AgCl. discussed in section 5.2.Jafd is three times as large as
that of the ternary chloride molten salt of Na&CTI-ZnCl, [256. The measureant uncertainty
(including systematic and random errors) of the heat of fusien%i% confidence interval is

+7.37 (kJ/kg).
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Fig. 57 Comparison of two groups of measuredcsiie heat capacity to theoreticaredictions

3.4.3.2 Viscosityof NREL’s salt

As an important transport property for analysis to heat transfer and pumping power, the
dynamic viscosity of the molten salt has been measured with 5 repetitions in theatenepange
of 445iC to 700;C. The curves of the viscosity versus temperature from the measurements are

shown inFig. 58. The repeatability of the five tests is acceptable, where the deviation of viscosity
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valuesat a temperature is within £3.5% compared to the average of the 5 measurements.

Table27 Measured average values and overall uncertaaitynelting point

Test ID 1 2 3 4 5 6 7 8
Tm (jC) 401.3 401.4 396.8 407.4 399.3 399 400.9 4012
Test ID 9 10 11 12 13 14 15

Tm(iC) | 4015 | 401.8 | 406.8 | 400.3 | 400.8 | 401 | 401.5
T (°C) = 401.4; ur- (°C) = +1.224

Table28 Measured average values and overall uncertainty of heat of fusion

Test ID 1 2 3 4 5 6 7 8
AH (kJ/kg) | 265.3 259.4 248.3 256.6 245 265.6 2455 252.3
Test ID 9 10 11 12 13 14 15

AH (kJ/kg | 246.4 | 2393 | 257 | 2525 | 2365 | 224.6 | 230.5
A, (KJ/kg) = 248.32; ugp— (KJ/kg) = +7.37

As an important transport property for analysis tatheansfer and pumping power, the
dynamic viscosity of the molten salt has been measured with 5 repetitions in the temperature range
of 445iC to 700;C. The curves of the viscosity versus temperattom fthe measurements are
shown inFig. 58. The repeatability of the five tests is acceptable, where the deviation of viscosity
values at a temperaturewithin £3.5% compared to the average of the 5 measurements.

The viscosity decreases with the increase of the teatype. With the range of the studied
temperatures, the viscosity decreases from-3.8%£P (1& Pas), which is lower than that of the
binary chloride salt KGMgCl> (Mole:68%32%) studied in section 5.2.1.Bable 29 lists the

measured mean viscosities and the measurement uncertamiy@bability of 95% at several
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points of temperatures. The maximum measurement uncertainty is £0.16 cP, which is +6.4%
relative to the lower viscosities at high temperaturesgkassion equation is also showrfig.

58, which is to be discussed in the next paragraph.
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Fig. 58 Measured viscosities at various temperatdfmrNREL salt

Table29 Measured mean values and the overall uncertainties of viscosities at several

temperatures
T (iC) 450 500 550 600 650 700
i (cP) 3.79 3.36 3.03 2.79 2.60 2.5
uj; (cP) 0.0853 0.1066 0.1138 0.0859 0.0872 0.0903

Data regression was conducted for the average value of viscosity (from the 5 measurements)

at each temperaturEig. 59 shows the curve of the naturaghrithm of average viscosity (In(j))
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versus the inverse of temperature*(Twhere p and T have the unit of cP and K, respectively. It
can be seen that the curve is fairly linear and the coefficient of determinatiorregitbssion, R
is 0.99128, whih is close to 1.0. Therefore, the viscosity of the molten salt indeed follows the

thermally activated modeind the correlation of u-T was obtained as:

u= 0. 70645e1204.11348/(T+273.15) (67)

where p has the unit of cP and T is in C. From the same uncertainty analysis approach shown in
Eqgs.(49) and(50), the total uncertainty of the regression equatsoeasomposed of the uncertainty

from the measurement (including system and random errors) @andd¢krtainty from data fitting.

The maximum uncertainty of the regression equation was found to be +0.1138 cP, while the

uncertainty of curve fitting is 0.003f° and thus negligible.
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3.4.3.3 Vapor pressuref NREL’s salt

Relatively low vapor pressure was observed for the current ternary chloride €AitKAGI-
NaCl. The systematic error of the pressure measurement is +0.GBe¢edding.Fig. 60 shows
the curves of vapor pressure varying against temperatures of the molten salt. There were 7
measurements conducted from 4ZDto 725;C in this experiment, which showed acceptable
repeatability. It is seen that the vapor pressucesases with the increase of temperature greater
than linear correlationThe measured average vapor pressure from 7 times of tests and the
measurement uncertayntincluding systematic error and random error) at a probability of 95% at
several temperatas were listed in

Table30. At the temperature of 72%, the average measured vapor pressure is 3.5 kPa.

Data-Fit equation: P = 7.132018* T° - 7.909*10° * T*
= SIT1 +0.030355* T - 4.0966
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S3T1
S3T2
S3T3
S3T4
- =mmm Average
= = Polynomial Fit
i Upper Bound (95% Confidence Interval
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Fig. 60 Measured vapor pressures against temperattoedlREL salt

The vapormressure of the current ternary chloride salt is less than tléady molten salt
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KCI-MgCl2 (Mole:68% 32%) where the resultareshown in section 5.2.1&nd much less than
that of ternary molten salt Na®ICI-ZnCl, [256]. The very low vapor pressure of Kb
compared to that of ZI» could be the major contribuiy factor for this low pressure in these two
MgCl. containing saltf274, 303 31(0. For the average vapor pressures at measured temperatures,
a polynomial egation was fitted as givemm Eq. (68), where P has a unit of kPa and T i@
The uncertainty from curve fitting is 2.8!1%0kPa which is negligible compared to the maximum
measurement uncertainty of £0.589 kipal(iding systen error of £0.08% of reading, and random
error). Considering the measurement uncertainty in

Table30 and the error from curve fitting, the maximum total uncertainty of the equation for

pressure is £689 kPa.

P =7.1320*10°!T 3-7.909!10-5!T 2+ 0.030355!T - 4.0966 (68)

Table30 Measured average value and overall uncertainty of vapor pressures at several

temperatures
T(C) 500 550 600 650 700 725
P (kPa) 0.247 0.576 1.078 1.825 2.910 3.484
up (kPa) 0.111 0.188 0.281 0.391 0.520 0.589

3.4.3.4 Densityof NREL’s salt

The density of the current chloride molten salt has been measured at temperatures ranging
from 450 {C to 700{C, as shown irFig. 61. The 6 times of measuremsrshowed very good
repeatability and the density linearly decreases with the increase of the tempdéraieae.

regression was conducted which resulteBdn(69), where p and T have the unit of kg/m® and;C,
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respectively.
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Fig. 61 The molten salt density versus temperature for NREL salt

Given in Table 31 are the measured average value of den@ltie to 6 tests) and the
measurement uncertainty (including systematic and random errors) at a probability of 95% at
several points of temperatureshél density of the molten salt decreaffiesn 1706.7 kg/r to
1565.5 kg/min temperatures from 45@ to 700;C. The maximum measurement uncertainty is
+15.183kg/nm?, which is less than 1% of the density. The uncertainty of curve fitting is obtained
as +1.667kg/nm? usingEq. (52). Therefore, the total maximum unceénty for the density from

usingEq. (53) is +15.27kg/m?.

p =1958.8438 - 0.56355 T (69)
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Table31 Measured average value and overall uncertainty of density

T (iC) 450 500 550 600 650 700
p (kg/m?) 1706.7 1676.5 1648.3 1618.7 1593.1 1565.5
uz (kg/m?) 14.757 15.183 14.729 14.903 14.502 14.550

3.4.3.5 Thermaldiffusivity of NREL’s salt

In order to measure the thermal conductivity of the moltén tb@ thermal diffusivity was
firstly measured as described in Sectioh.4 Fig. 62 shows the obtained thermal diffusivity for
the current molten salt withtotal of 8 measurements at a series of temperaflinesnean value
and the uncertainty of the measured thermal diffusivity were obtained and listed in

Table 32 for several points of temperatures. The measured thermal diffusivity slightly
increases with the increasktemperature in the range450- 700;C. The maximum uncertainty
of measurement rfcluding the systematic error o£3% of readingand random error) of the
measured diffusivity is seen at 7§G, which is £0.0221 mffs at a probability of 95%. Data
regression analysis for the mean values was conducted dham@rpolynomial correlation&q.

(70)) could show the best fit for the thermal diffusivity against temperature. In the equation, the
diffusivity o has the unt of mn¥/s, and temperature T is §C. The uncertainty of the regression
equation is +0.00076 nmis. Therefore, the maximum uncertaimtfyusing Eq. (70) is +0.0221

mn¥/s.

a=4.338 x 10771T 2~ 4.353 x 10"IT + 0.365 (70)
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Table32 Measured average value and the uncertainty for thermal diffusivity

T (iC) 450 500 550 600 650 700
@ (mm?/s) 0.2571 0.2556 0.2564 0.2609 0.2653 0.2730
uz (mm?/s) 0.0105 0.0121 0.0181 0.0081 0.0089 0.0221

3.4.3.6 Thermal conductivitgf NREL’s salt

The thermal conductivityA] of the molten salt is calculated usigg. (47) as determined by
the three measured independent variabllesmal diffusivity (a), specific heat capacity (Cpand
density (p). The uncertainty of thermal conductivity A is thus derived fronkq. (57), which is
expressed as a function of the measured variables a, p, and Cp, in EQ. (47).

For every obtmed thermal conductivity, the uncertainty of measurement is calculated and

listed inTable33. A linear regression equation for the thermal conductivity was obtainetes gi
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in Eqg.(71), which has an uncertainty 60.0066W/(m<K) from the dataifting with a probability

of 95%. The units of thermal conductivity (A) and temperature T in Eq. Eq. (71) are W(m*K)

and;C, respectivelyTherefore, fi Eq. (71) is used tacalculate the thermal conductivity, the total
uncertainty at the measured temperatusesbtained as the root of the sum of squares of the
measurement uncertainty and the uncertainty from data fitting. The maximum uncertainty for using

Eq.(71) is £0.037 W(meK).

A=0.5822-0.00026! T (71

Table33 Measured average value and overall uncertainty of thermal conductivity

T (iC) 450 500 550 600 650 700
A (W/(meK)) 0.4724  0.4506  0.4337  0.4229 0.4126  0.4066
w (W/(meK)) 00239 0.0263 00344  0.0202 0.0209  0.0364

Fig. 63 shows the measured thermal conductivity values of the molten salt, which range from
0.4724 to 0.4066 Wih+K) in the temperature range of 450 to 700;C. The decreasm the
thermal conductiy versus the increasa temperature is not very significant in the interesgt
range of temperature. It has been compared that the thermal conductivity of the current ternary
chloride salt i<lose to that of theinary saltK CI-MgCl2 (Mole:68%32%)[276 but greater than
the thermal conductivity of three types of ternary salts by NaCl, KCI, atibAs given in the

literature[25€] in the similar temperature range.
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Fig. 63 Thermal conductivity of the molten salt at various temperatioreSREL salt

Finally, a summaryf the measured properties of the current molten salt is giveahle34.
For each property, the maximum overall uncertainty of the value obtainedhsiogrresponding
equation is ko listed.

It is also very important to mention that all the obtained regression equations for properties
have been trialed for extended temperatures up t8@deor every property, the calculated values
at tem@ratures beyond the tested range stllbfe the variation trend of tested data very well.

Thereforeijt is confident that the use of these equations may be extended to the temperature up to

800°C if needed in engineering application
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Table34 Summary of thermophysicaloperties of the current molten salt for Gen3 CSP

Property

Values or correlations with T C)

Uncertainties
@ probability of 95%

Melting point (C)

Heat of fusion KJ/kg)
Heatcapacity §/(g-K))
Viscosity (cP or 18 Pas)
Vapor pressure (kPa)
Density kg/m®)

Thermal conductivity
(WI(meK))

401.4
248.32
Cp=1.3014-4.962310%! T
1= 0.70645¢1204-11348/(T+273.5)
P=7.1320!110°! T3-7.909 ! 105! T2+ 0.030355 ! T- 4.0966
p =1958.8438-0.56355!T

A=0.5822-2.6!10*!'T

+1224
+7.37
+0.0358
+0.1138
+0.589
+15.27

+0.037
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3.5 Comparison of thermophysical and transport properties of eutectic chloridemolten

salts to other commecial molten salts

In this sectionthe comparison adhosethernophysicaland transport propees of binary and
ternary chloride molten saltwith other commecial molten salt heat treafer fluids will be
discussed, which inctle Solar salf311], Hitec salf312 313, alkali (Li-Na-K) carbonatg212],
alkali (Li-Na-K) fluoride [314], NaCFMgCl>-CaCk [229, and NaGIKCI-ZnCl2 [256.

Fig. 64 shows thecomparison of specific heat capacity. It can be seen that the spesatfic
capacity of the binari(CI-MgCl> salt and four ternary Na@{CI-MgCl> salts are close and in the
range of 0.9 1.2J/grK from 425°C to 800°C. The values are higher thdre specific heat capacity
of NaCFKCI-ZnCl; salts and slightly lower than NaClaGl-MgCl, salts. The comaercial
nitrate/nitrite molten salt heat transfer flinds 0.30.5J/grK higher specific heat capacity than the
molten silts studied in this work.

The comparison of density is shownFig. 65. The density of the ni@n salts shown ifig.

65 decrease with the temperatureThe decrease rates are close for the five chloride salts
considered in this work. The density of the four ternary N&CI-MgCl; saltsis higherthan KC}
MgCl (Mole:68%30%) but lower than Na€KCIl-ZnCl. due to the higher mass fraction and
higher density of pure single ZnGalt.

Fig. 66 displays theresults otthe comparison of viscosityit can be seen that theseosity of
all four ternary NaGKCI-MgCl; salsis close to KGIMgCl2 (Mole:68%30%) molten salt in the
temperature range of 500750°C. But the viscosity of KEMgCI; binary salt is a little higher
than NaCIKCI-MgCl> salts from 450C to 500°C due toclose to its melting poinCompared to
NaCFKCI-ZnCl2 ternary molten salts, KaMgClz. molten saltsand NaCIKCI-MgCl2 saltshave

37%47% lower viscosity in the tempeuaé range of 600C - 750°C. The reason is pure liquid
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ZnCl> salts have very high wssity at low temperature and decreasgnificantly as the
temperature increases. And the mass fraction @flzim NaCFKCI-ZnCl> molten salts is high,
which hasamaja effect on the viscosity of this ternary molten salt.

Fig. 67 shows the comparison tfie vapor pressure of chloride molten salts studied in this
work and NaGIKCI-ZnCl; ternary molten saltdt can be seen that the vapor pressure of NKM
#1-3 is similarand a little lower than KEMgClI2 binary sals. However, all five binary or ternary
chloride molten salts have much lower vapor pressure than-K@CZnCl, salts. This good
performance will reduce the risk when the salts run in the CSP plant to seeat tatmsfer fluids.

The comparison result$ thermal conductivity are shown iRig. 68. The alkali fuoride salt
has the highest thermal conductivity during molten salts displayedign 68. The thermal
conductivty of the binary and ternary mixture of NaCl, K@&hd MgC} considered in this work
is in the range of 0.440.56W/(m+K) from 450°C to 800°C, which are highethan the thermal
conductivity of NaCIKCI-ZnCl; ternary molten salts and Helic salt and #@ielitower than Solar
salt.

The thermal stability of KM and NKM¢1-3 salts were conducted from room temperature up
to 1000°C under argon as protection gas withaafrate of 50 ml/min. The results and comparison
are shown irFig. 69. It can be seen that the mass loss for all ternary is less than 3% even the
temperature is as high as 10@ For KM salt, the mass loss is a little higher than 3%. Therefore,
all four candidate chloride molten salts are good to sexVeat transfer fldiat a temperature up
to 1000°C. These observations also can prove that the measurements of the above essential
thermophysical and transport properties were conducted without big mass losses of salt samples,
which means there is no pdigal or chemical cdnge on the sample.

The correlation of thermophysical and transport properties with temperature studied in this
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work by experimental methods are summarized and listethbie 34 to Table 40. For each
correlation equation, the applicable temperature range, the maximum overall uncertainty of the
value obained using the corresponding equation is also given.

It is also very important to mention that the aoféa regression equations for properties with
applicable temperature less than 86thave been trialed for extended temperatures up t6@&50
For evey property, the calculated values at temperatures beyond the tested range still follow the
variation trend of tested data very well. Therefore, it is confident that the use of these equations

may be extended to the temperature up to°850 needed in egineering applications.
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Comparison of density
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Comparison of Vapor pressure
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Comparison of thermal stability
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Table35 Summary omeltingpoint (jC) and heat of fusiofkJ/kg) of the current molten salts

Salt D KM NKM#L  NKM#2  NKM-#3 __ NREL
Melting point (C) 424.4 403.28 3867 387.84 401.4
Uncertainties @

. +1.005  +0.519 0223  +0.315  +1.224
probability of 95%
Heat of fusionkJ/kg)  207.01 271.66 284.38 2711 248.32
Uncertainties @ +4.32 +7.62 +7.73 +5.43 +7.37

probability of 95%
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Table36 Summaryof heat capacityJ/(g+K)) of the current molten salt

Applicable range

Uncertainties @

SaltID Correlations with T{(C) .
T(C) probability of 95%
KM Cp=0.9876-1.0462 10%! T 500- 710 +0.129
NKM-#1  Cp=1.2263-3.1539 10*! T 450- 725 +0.036
NKM-#2  Cp=1.31455.023910%! T 450- 780 +0.053
NKM-#3  Cp=1.3402-5.3943 10%! T 450- 730 +0.069
NREL Cp=1.3014-4.9623 10*! T 450- 625 +0.037
Table37 Summary of densitkg/n?) of the current molten salts
' _ Applicable range Uncertainties @
SaltID Correlations with Tj(C) N
T(GC) probability of 95%
KM p=-0.55201' T + 1903.67 450- 800 +31.587
NKM -#1 p=-0.60843 T + 1992.73 450- 750 +15.587
NKM -#2 p=-0.58620 T +2010.60 450- 750 +15.851
NKM -#3 p=-0.55663 T + 1993.38 450- 800 +18.085
NREL p =-0.56355 T + 1958.84 450- 700 +15.270

Table38 Summary of thermal conductivitv/(meK)) of the current molten salts

Applicable range

Uncertainties @

Salt ID Correlations with T{(C) N

T (GO probability of 95%
KM A=-1.310*! T +0.5217 450- 800 +0.027
NKM-#1 A =-2.16 10*! T+ 0.573 450- 700 +0.040
NKM-#2 L=-5110%! T +0.7993 450- 700 +0.032
NREL L=-2.6!10%!T + 0.5822 450- 700 +0.037
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Table39 Summary of viscosifgP) of the current molten salts

Salt ID Correlations wih T (jC) Applicable rangd (jC) Uncertainties @ probability of 959
KM L=5.35!107e0-03744" Ty g 010001244 T) 450- 750 +0.441
NKM -#1 = 0.6508@!247-3222 (T+273.15) 450- 750 +0.181
NKM -#2 = 0.61102'327:2088 (T+273.15) 450- 750 +0.191
NKM-#3 i = 0.8585@!102:4207 (T+273.15) 450- 750 +0.173
NREL 1= 0.70645¢1204.11348 (T+273.15) 450- 700 +0.114
Table40 Summary of vapor pressure (kPa) of the current molten salts
_ _ Applicable range  Uncertainties @
Salt ID Correlations with Tj(C) .
T(C) probability of 95%
KM P=-4.101110%! T3+ 1.22 10%! T2-0.0846! T +22.11787 430- 1000 +2.60
NKM-#1 P =-2.737810%°! T4+8.7788 10! T®-9.6292 10*! T?
+0.46321! T -81.752 #30-800 +1.28
NKM-#2 P =-3.8678 10%°! T*+9.0479 107! T3-7.2408 10*! T? 430- 800 +1.26
+0.24877 T-31.799
NKM-#3 P =1.6046 107! T3-2.351310%! T?+0.12967! T - 24.950 430- 800 +1.38
NREL P =7.1320!110°1 T 3-7.909!10°! T 2+ 0.030355 ! T- 4.096 430- 730 +15.27
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Chapter 4 Prediction of the heat transfer
coefficient using the currently measured

properties

Convection heatransfercoefficientis anotherimportant parameter of heat transfer flula.
enhance the performance and ensure thegadeation of these molten salts, it is necessary to
understand the flow and heat transfer features of these molten salts fluids in the commonly used
round pipeg315. In this section, the convection heat transfer coefficient of the five candidate
eutectic chloride molten salispredicted by empirical equations at different condisio

In practice the heat transfer coefficie(it) can be calculated dyq. (72).

_Nu*l

=

(72

where Nu is the Nusselt nunbgis thethermal conductivity ofhefluid and d is theharacteristic
length.

The correlation oNusselt number is underdeveloped by marseaehers. The empirical
correlation of DittusBoelter has been widely accepted to predict the Nusselt numhebulent

pipe flow withthesmooth surfacg316-318. It has the form oEq(73),

Nu = 0.023R&5Pr" (73
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where Re is the Reynolds number and Pr is the Prandtl number. n is 0.4 for liqui@itiwish.
Boelter correlation is valid for Re larger tharf 80d Pr in the range of 3150. Another classic
correlation is calletheGnielinskicorrelation[319, 320, which isvalid for Re and Pr in the range

of (3000, 510°) and (0.5, 2000), resptvely. It can beexpressedh the form ofEq(74).

(é) (Re — 1000) * Pr

Nu = f (74)
1+12.7 % (g)% * (Pr3/2 — 1)
where f is the Darch fraction factor and can be calculated by Eq fro smooth tubes.
f = ((0.79* In(Re)- 1.64)? (75

Wu et al[32]] obtained two empirical equations for transition flow and turbulent flow based
on the experimental study of the heat tranperformance from multipl@olten salts, as expressed

in Eq. (76) andEq. (77).

Nu = 0.00154Re'Pri3 (76)

Nu = 0.02948R¥"87Prl/3 77

where 2300 < Re <fdor Eq.(76) and 16< Re < 4.6 10* and 1.6< Pr< 23.9.
Dawid Taler and Jan Tal¢B22 drovean equation to calcalte Nusselt numbdrom the
data of Nusselas a function of the Reynolds aRdandtl numbers obtained from the solution of

the energyconservatn equation for fully developed turbulent flow tubes with constant wall
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heat flux it is in the form ofEq. (78) and validfor Re in the range 3000 to 16 and Pr in the

range of 3 to 1000

Nu = 0.00881RB9p0-3911 (79

The Reynolds number and Prandtl number can be calculatedEfoffi9) andEq. (80) based on

the thermophysical and transport properties of molten salts.

* vV *d

e="P ; (79
C

pr — pa*ﬂ (80)

wherep is the density, d isharacteristic length, p is the viscosity, Cp is the specific heat capacity,
A is the thermal conductivity andis theflow rate of heat transfer fluid

The heat transfer coeffent of the five chloride molten salts considered in this waak w
calculatedin the temperature range of 45@50 jC using the correlations shown x(73),
Eq(74), Eq.(77), andEq. (78) based on the thermal and transport propedigsussed in Chapter
3. Forthe properties exceew 850; C, they are calculated from the correlatitisted inTable34
to Table40 by extending the temperature 860 jC. The thermal conductivity of NKM3 salt
was calcuhted by the RHS method due to the lack of experimental data.

Fig. 70 shows the curves of calculated Re varied with temperature forviaedndidate

eutectic chloride molten salts. It can be seen that the vafuee mcrease with the increase of

temperature and are in the range of 8000 to 24D08 flow rate and pipe diameter were selected
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as 1.2 m/s and 0.025 m, which are the paramatethe design of the experiment to test the heat
transfer performance of rtten salt in our team. The calculated value of the Re is in the range of
8110° - 2.4110% thus all four correlations are applicab®he values of Re are close at low

temperature, 450600 C.

2.4x1d
2.0x1d |
o 1.6x1d
14
—a— KM
1.2x10 —e— NKM#1
—A— NKM#2
—v— NKM#3
+
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Temperature )

Fig. 70 Re Variedemperatureat v=1.2m/s and d=0.025 m

Fig. 71 shows the results of heat transfer coefficient varied with temperétues be seen
that the heat transfer coefficient of KMIgCl. salt is the lowesthanthe other four ternarjNaCF
KCI-MgCl saltsin the considered temperature rangee strange of the point at 450 for KM
salt is due to the sudden increase of its viscosity at@50he heat transfer coefficient of KM

salt increase with fluid working temperature and reaelmaximum at 600650 C.
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(d) Taler’s correlation

Fig. 71 Heat transfer coefficient varied with temperature for different molten salts fiftenett

correlationsat v=1.2m/s and d=0.025 m
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For NKM-#1 saltjts heat transfer coefficieis in the range of 20382167W/m?K, 2068
- 2157W/m?+K, 2063- 2161W/m?sK, and 2201 2305W/m?K with small varation and increases
with temperature tamaximum at 55QC, 550; C, 650; C, 600; C for correlationof Dittus-Boelter,
Gnielinski, Talerand Wuy respectivelyFor NKM-#2 chloride salt, heacles the highest value at
450iC or 500; C then decreases with the decrease of working fluid temperahedrend of heat
transfer coefficient varied with temperature for NREL salt is similar to N&KIMsalt but lowerln

the range of 500600 ;C, theheat transfer coefficient has the highest value.
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Fig. 72 Heat transfer coefficiet varied with temperature for NK¥1 salt with different flow
rate from different correlations. d = 0.025m; (solid line + solid symbol: v = 0.6 m/s, solid line +

open symbol: v = 1.2 m/dash line + open symbol: v = 2 m/s)

The curves of variation of harsus T forthe different velocity ofthe working fluid are

shown inFig. 72. The Reynoldsiumberis in the range o7.11103%- 1.1!10% 1.410%-2.210%
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and 2.4104 - 3.7110* when velocity is 0.6 m/s,1.2 m/and2 m/s, separately. THerandtlis in
the range of 4.98.3, which is independent of velocifijhe heat transfer coefficient increases with
the increase of flow rafer NKM-#1 molten saltsas shown iffrig. 72. It can also be seen thae
values of heat transfer coefficient from different correlations show good agreenseloagr
velocity (v = 0.6m/s) and thedifference among théeat transfer coefficient frordifferent
correlationsincrease with the imease b working fluid velocity. Another observation is the

variation of h versus temperature decrease with the decretisflofv rate of NKM-#1 chloride

moltensalt
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Fig. 73 Heat transfer coefficient varied with temperature for Nilsalt with different flow
rate from different correlations. v = 1.2 m/s. (solid line + solid symbol: d = 0.025 m, solid line +

open symbol: d = 0.05 pdash line + open symbol: d = 0.1 m)

Fig. 73showsthe compason oftheeffect of pipe diameter on the heat transfer coefficient
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for NKM-#1 salt at different temperatsrdhe Re numbers are the rage ofl.4104 - 2.2104,
2.810%-4.5910% and 56!104 - 9110 * for the pipe diameter equal to 0.025 m, 0.0&nd0.1 m,
respectively Since the value is over the applicable range of Wu’s correlation, the heat transfer
coefficient calculated b¥q. (77) was not shown iffrig. 73. It canbe seen that the heat transfer
coefficient of NKM#1 salt decrease with the increment of pipe diameter from 0.025 m to 0.1 m.
One morenteresting observation is the change of pipe diameter and molten salt flow rate will not

affect the corresponding tempéuire with the highest heat transfer coefficient.
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Fig. 74 Comparison of &at transfer coefficierdt different temperaturesiVi s correlation, at

v=1.2m/s and d=0.025 m

Fig. 74 shows the comparisori the heat transfer coefficient of candidate chloride molten
salts with other HTFs in the temperature range of 4880 °C. The Nu is calculated by Wu’s

correlation Eq.(77)), the velocity and pipe diametaresdected ay = 1.2m/s and &= 0.025 m
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FromFig. 74, it can be seen that the heat transfer coefficient of the five candidate molten salts is
lower than commercial Hitec salt from 48Dto 500°C and much higher than {NaK carborate
salt (450- 600°C) and NaK-Zn chloride salt450°C to 750°C).

From the above discussion, the Re was found to increase with the increase of temperature
for the five candidate chloride eutectic molten salts in the temperature range- 8608C. There
is a pe& value of the heat transfer coefficient for each candidate molten salt in the considered
temperature range, which means h increases with temperature fré@ @ reaches the highest
value at some temperature, then decreases with the secodatemperia. The heat transfer
coefficient of the ternary NK-Mg chloride molten salts is in the range of 20@500W/(m<K),
which are calculated when the velocity and pipe diameter set as 1.2 m/s and 0.025m, and higher
than the binary KEMgCl> molten salt from450- 800°C. The heat transfer coefficient increase
with the increment of velocity and the agreement of values from the different correlations of Nu
becomes worse when the velocity increases. Increasing the pipe size will cause a redtiaion i
heat tansfer coefficient. In the temperature range of 4880 °C, the five chloride molten salts

have better heat transfer performance thamNé@H-KCI-MgCl, and Alkali carbonate salts.
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Chapter 5 Conclusion and remarks for future

works

5.1 Conclusion

Investigation of the thermophysi@nd transpomnproperties for binargnd ternary molten salt
mixture of NaCl, KCIl, MgCl wereconductedn this work includingKCI-MgCl. (KM) with molar
ratio 6&86:32%, NaCFKCI-MgCl> with mole ratio 27.5%:32.5%:40%NKM-#1), mole ratio
30.90:21.20:47.9% (NKM-#2), NaCiKCI-MgCl, with mole ratio 28.39%:27.25%:44.36%
(NKM-#3) and NaGKCI-MgCl> with mass ratio 45.98%:38.91%:15.11% (NREA). the five
kinds of molten salts are constituted by the candidatgle saltsvhich are the majomorganic
components ofeawaterThey have more cosenefit to serve as HTFs than the N&TI-ZnCl»
molten salts and commercial ‘solar salt’.

The hygroscopic property of both NaCl and KClI are little. The amouwbtdr absorbed by
MgClz salts is 2.7 timesf ZnCl; salts. The amount of water absorbed by NKCI-MgCl. ternary
molten salts is higher than that absorbed by-KIQICl> molten salts due to the higher mass ratio
of MgClz. The results frontheimproved experiment for watermmval indicate that the water can
be removed effectively at 24C from binary and ternary molten salts considered in this study,
even when the sample absorbed around 50% of water. Howibeacidc gas product will
generate from the hydrolysis reactiohMgCl. in the presence of moisture, which will increase
the corrosion rate of piping maital. Therefore, the sample should be aedifrom moisture or be
pretreated before usetine CSP plant.

In this study, the experimental setup of thermophysicalteansport properties measurement
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wasimprovedand the accuracy and reliability were enhanced proven by experiment results.

All five salts have good thermal and transport properties to serve as HTFs and TES media.
The measured properties and their vabfaange are summarized to serve the need of engineering
designs for the 3rd Generation Concentrated Solar Thermal Power planisveisdo
1) The melting point of bina{CI-MgClz salts is 422.2C. The heat of fusion and average specific
heat of binay KCI-MgCl. salts is207 kJ/kg and 0.999 JAg), respectively. Both of these two
properties are better than the Na&CQTI-ZnCl> molten salts. Thdour kinds of NaCIKCI-MgCl>
eutectic molten saltwith different molar ratidhave lower cost, lower meltingpmt (in the range
of 386.7°C to 403.3°C), andhigher specific heatapacity(in the range of 04.2 J/(gK)) and
higher heat of fusiofin the range of 248.3284.4 kJ/kgYhan theKCIl-MgCl, molten salts.

2) The densitie®f all molten salts studieth this work dcreaseinearly with the increase of
temperature. The densitieENaCFKCI-MgCl, ternarymolten sal@re in the range df537- 1751
kg/m?, which is higher thaKCI-MgCl. binary salt with densitin the range 0f471to 1675kg/m®

from 450- 750°C, and close to the density of commercidbSsalt and ktec salt TheNaCFKCI-
MgCl. salts witha moleratio of 30.9%:21.2%:47.9%ave the highest density.

3) The viscosities adll kinds of molten saltstudied in this worlare lower than 3.5 cRhen the
temperature is higher than 580, which is 2 cP lower thatNaCFKCI-ZnCl; salts.

4) The thermal condiivity of thefive candidate eutectic molten salts decreases with the increase
of temperature. fie thermal conductivity dkCI-MgCl> molten sés is in the range of 0.440.48
W/(meK). The thermal conductivity of NKMt1 and NKM#2 is higher than KM in #range of
450°C - 550°C and 450C - 600°C, separately. Then the values of the two ternary molten salts
are lower than that of the binaglts. NKM-#2 salts have higher thermal conductivity (0-89%58

W/(meK)) than NKM-#1 salt (0.32 0.55 W/(mK)).
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5) The vapor pressure of tKe&I-MgCl> molten salts idess than 20 kPa at a temperature as high
as 1000C, which is a good performance teduce the risk of serving as heat transfer fluithen
CSP plant. The vapor pressure of terrautectic molten salts is lower tha@ kPaunder800 °C
but was affected by the presence of watewill effectively reduce the vapor pressure afising
animproved molten salt preparationopedure.

It is also very important to mention that all the obtained regression equations for properties
havebeentrialed for extended temperatures up 50 8C. Foreachproperty, the calculated values
at temperaturesdyond the tested range still follow the variation trend of tested data very well.
Therefore, it is confident that the use of these equations maydralegtto the temperature up to
850 °C if needed in engineering application

The prediction of heat trafer coefficient(h) from four correlations of Nusselt number
indicateswere conducted in this work.h€ Reynolds number was found to increase with the
increase of temperature for the five candidate chloride eutectic molten salts in the temperature
range of450 - 850°C. There is a peak value of the heat transfer coefficient for each candidate
molten salt in the considered temperature range, which maanshses with temperature from
450 °C and reaches the highest value at some temperature, then deuwrgiaghe increase of
temperateThe correspondingemperature is in the range of 606860°C, 550- 650°C, 450- 500
°C, 500- 600°C for KM, NKM-#1, NKM-#2, and NREL salt, sepaely. The heat transfer
coefficient of the ternary NK-Mg chloride moltersalts is in the range of 200@500W/(m*K),
which are calculated when the velocity and pipe diameter set as 1.2 m/s and 0.025m, and higher
than the binary KGIMgCl> molten salt from 450 800°C. For NKM-#1 salt, the heat transfer
coefficient increase ith the increment of working fluid velocitifom 0.6 m/s to 2 m/sand the

agreement of values from the different correlations of Nu becomes wdren the velocity
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increases. Increasing the pipe dioen 0.025 m to 0.1 nwill cause a reduction in the hlaeansfer
coefficient. In the temperature range of 45060 °C, the five chloride molten salts have better

heat transfer performance than th@Q¥KCI-MgCl> and Alkali carbonate salts.
5.2 Remarks for future works

1) Study the thermal stability of thos®lten salts foalong-term period at different temperatare
and the limitation of heat charglscharge cycles.
2) Theoretically analyze the quaternary NaQTI-MgCl,-CaCl> system to find a eutectic
composition with a lower melting point than currenhtey eutectic molten salend the new
compositions will be xgperimentally validatedThenthe thermal and transport properties of the
guaternary eutectic molten saltdl be experimentally studied

To find the eutectic composition with a low meltingadf molten salts mixture, it is critical
to find theexpression of Gibbs free energy (G). At the equilibrium, G is at a minj828n For

a mixing liquid, the total Gibbs free energy can be exgedsas:
G = Z(xiGl-@) + RTZ(xi Inx;) + GE (81

where x is the mole fraction of each pure compon@it,is the Gibbs free energyf the ith

component, which is given by:

T

T
Cp(T)AT — T f <CP (T)> dT (82)

GP = AHSog 15 — T - SSog 15k + f T
298.15K

298.15K

J# "



GE is the excess Gibbs free energy andlmaoomputed by Koler equation:

n—-1 n
GE = (xi + Xj)z . GlE] : ; ] (83)
X + x] X + x]

i j=i+l

The excess Gibbs free ener@,gl from the interaction of any two comportgemran be obtained by
the following two models.
a) Modified quasichemical (MOC) model

The modified quasthemical model was introduced for shmahge order in liquids in the pair
approximation by Pelton et {288 324-326. In the model, the composition of maximum short
range ordering in a binary system can be chosen freely. The energy of pair formatlms can
expressed as a function of composition and be employed to evaluate multicomponent systems.

The Gibbsenergy of the solution can be computed by
G = Z n;g? — TAS®™V'9 4 GE (84)

where g? is the molar Gibbs energy of pure component i, ASE6P™ is an approximate
expression for the configurational entropy of mixing, which is given by randomly mixing of the

(m-n) pairs:

ASconfig — _RZ n; InX; — R Z ng; ln(Xl-i/Yiz) + ZZ n;j ln(Xij/ZYin) (85

i>)
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where n is the number of moles of component i, 20d Y, are the overall mole fraction and

coordinationequivalent fractn, respectively. The excess Gibbs free energy has the form as

n;;
Gij = —"4gy; (86)

where ) is the number of moles of{) pairs and Agjj is the norconfigurational Gibbs free energy

change for the fonation of two moles of {j) pair.

WhenAg;; = Agap + X(i+j)»1 qi{éYAiYg, GE, in the quaternary system is given by

i

Y Y, Nqy i Y Y, J
sl e 3 ) )
2\y, +v,'Y,+v,) 2 \“912 (i+j)21q12 Y, +Y,) \Y, +Y, (87

WhenAg,s = AgSs + Z(Hj)agilngAXéB, GE, can be computed by

GE ( X11 _ X2 > _
2\X11 + X1z + Xo ' X11 + X1z + Xop

(89

e Y o) )
2 12 (a1 12\X11 + X12 + Xon/ \Xq1 + X10 + X,

b) Conformal ionic solutiofCIS) model
TheConformalionic solution model is based on statistical mechanical calculation and utilizes
a standard perturbation techniq{@27-33(0. The reé& solution is considered as a standard

perturbation system of the ideal solution. In this theory, the excess Gibbs free energy of mixing of

)(%"



any two components can be expressed as

where Xi is the equivalent cation fractions of component i, which is given by

qiXi
Xi = 90
bOXiqix (0
where gis the chargen the ith ion andixs the mole fraction of the ith component.
Ajj in equation (9) is the characteristic size parameters and can be computed by
ij = 2
q:X;
(91
_ (4H;/T;)T = RT InX; — AH; + ACy(j5(T; — T = T In(T;/T))
- 2
q;(1- X))
Then Gf(X;;1 - X;) in a quaternary sysm
X; X; X; X;
et w2 02

After obtaining the expression O‘ﬁ , the total Gibbs free energy of the teol salt mixture can be

obtained by substituting all the expressions for binary systems into the Kohler equation.
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