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A new eutectic chloride molten salt, MgCl2-KCl-NaCl (wt% 45.98–38.91–15.11), has been
recognized as one of the most promising high-temperature heat transfer ﬂuids (HTF)
for both heat transfer and thermal storage for the third-generation concentrated solar
power (CSP) systems. For the ﬁrst time, some essential thermophysical properties of this
eutectic chloride molten salt needed for basic heat transfer and energy storage analysis
in the application of concentrating solar power systems have been experimentally tested
and provided as functions of temperature in the range from 450 °C to 700 °C. The
studied properties include heat capacity, melting point, heat of fusion, viscosity, vapor pressure, density, and thermal conductivity. The property equations provide essential database
for engineers to use to calculate convective heat transfer in concentrated solar receivers,
heat exchangers, and thermal storage for concentrated solar power plants.
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1 Introduction
As one of the major types of clean and renewable energy, solar
energy attracts more and more attention for the modern society to
meet the continuous and increasing demand of clean energy
rather than the traditional fossil fuels [1–4]. The combustion of
fossil fuels has the disadvantage of causing increased pollution of
air and increased global warming due to Green-house effect [5,6].
Photovoltaic (PV) and concentrated solar power (CSP) are the
two major solar energy technologies in the present time. Solar PV
is the most fast-growing technology that converts energy from
photons into electricity directly based on the photovoltaic effect
[7]. However, the energy conversion efﬁciency of commercial PV
is still relatively low and also providing electrical energy at nighttime or bad weather by PV systems is still restricted due to the difﬁculties and high cost of electrical energy storage [8]. As a very
good complementary technology to the PV power generation,
CSP has the advantages of higher solar-to-electrical energy conversion efﬁciency, and more importantly, its thermal storage capability
allows the extended baseload power generation at night and bad
weather conditions [9]. A CSP system can store a large quantity
of solar thermal energy to meet a longer time of energy demand
than just the period of daytime with sunlight.
To deliver the heat from a solar receiver to a heat exchanger and
thermal storage tank, a ﬂuid capable of operating at high temperature with desirable thermal and transport properties is needed for
a CSP system. Such a ﬂuid is often called as heat transfer ﬂuid
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(HTF), but it is also required to be able to store thermal energy.
This means that the HTF needs high density and heat capacity
and also should have relatively low cost and large reserve available
in nature. Low-cost heat-transfer ﬂuids such as water [10], air [11],
and supercritical CO2 [12,13] cannot meet the requirement for
energy storage at high temperatures. Materials like thermal conductive oils [14,15], molten salts, and liquid metals [16] have been
screened comprehensively for HTF and thermal storage media.
Thermal conductive oils could be used as HTF in commercial
solar thermal power plants with relatively low solar concentration
ratios and temperatures less than 400 °C [14,17]. For the most
advanced CSP system, high energy conversion efﬁciency is a
basic requirement, which needs high-temperature HTF and
thermal storage media. Therefore, molten salts are generally recognized as feasible materials to satisfy operating temperatures higher
than 400 °C. Composed of nitrate salts, NaNO3 and KNO3 in molar
ratio of 60% versus 40%, solar salt has been successfully used for
the working temperature ranges from 290 to 565 °C, which starts
to decompose at temperatures beyond [18]. Alkali carbonate eutectic molten salt has also been studied to serve as HTF and thermal
energy storage (TES) media by many researchers [19,20]. An
et al. [21] provided thermophysical properties of eutectic carbonate
salt Li2CO3-Na2CO3-K2CO3 in a weight ratio of 32.12–33.36–
34.52% studied through experimental tests. This eutectic carbonate
molten salt was found to be stable at a temperature below 658 °C
and has promising thermal physical properties. However, the
large demand and relative high cost of the component, Li2CO3,
restricts the application of this eutectic carbonate salt in CSP.
In the recent few years, eutectic chloride salts including MgCl2,
KCl, and NaCl have received a signiﬁcant attention in the CSP
society, where efforts are focused on increasing operating temperatures up to 800 °C for high energy conversion efﬁciency, and at the
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2 Experimental Setups and Tests
2.1 Differential Scanning Calorimetry Measurement for
Melting Point, Speciﬁc Heat Capacity, and Heat of Fusion.
The eutectic chloride salt melting point, speciﬁc 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 NETZSCH). Argon is
used as the protective gas. A great amount of effort has been
made to calibrate the STA449 F3 system and ensure that repeatability of tested data is rigorously maintained [24]. The systematic error
of the DSC signal is ±2% of reading; while the temperature measurement systematic error is 0.2 °C. It was interesting that the
molten salt in graphite crucibles did not show creeping effect,

which however is signiﬁcant in platinum crucibles. Thus, crucibles
made of high-density graphite were used in the test for speciﬁc heat
capacity. ASTM [25] deﬁned standard procedures and temperature
increasing steps for measurement of speciﬁc heat capacity were followed in all the tests [26].
2.2 Measurement of Viscosity. The viscosity of hightemperature molten salt was measured using a high-temperature
viscometer (Brookﬁeld viscometer). The instrument is customdesigned and manufactured by Theta Industrials Inc. Rigorous calibration to the viscometer was conducted using Cannon Certiﬁed
Viscosity Reference Standard Oil for comparison so that the
system error is negligible. The instrument was also checked by measuring the viscosity of a eutectic molten salt, NaCl-KCl-ZnCl2
(Mole: 20–20–60%), which has available viscosity data in literature
[27]. In our previous work for the calibration measurement [28], it
showed a deviation of less than ±2% between the measured mean
data (from multiple tests) and reported data in literature. In the measurement to the eutectic MgCl2-KCl-NaCl molten salt, three
samples of the same compositions were prepared, and each of the
sample was tested for two times. The repeatability of measured
data was checked, which showed a deviation of the tested data
from the tested mean data less than ±5% at any temperature point.
2.3 Vapor Pressure Test. The setup for high-temperature
eutectic molten salt vapor pressure test is shown in Fig. 1 schematically. The salt is enclosed in a sealed quartz test tube. A small condenser with circulated airﬂow is placed right above the liquid salt
surface to ensure that molten salt vapor is cooled into liquid and
drops back to the bulk liquid, which thus prevents the large
amount of salt vapor from solidifying in the tube or pressure transducer. A pair of K-type thermocouple protected by a thin quartz
tube is put into the molten salt to measure temperature. The
sealed quartz test tube is housed in a furnace (Bartlett, Model
3 K) to keep a desired stable temperature for the molten salt. A
vacuum pump was used to make the absolute pressure inside the
closed system to close to zero as much as possible at the beginning
of the test. A pressure transducer with an accuracy of ±0.08% of
reading and a full scale pressure of 50 psi (3.447 × 105 Pa) is connected to the test tube to measure the absolute pressure in the
system. The pressure and temperature data are recorded by a

Fig. 1 Schematic of the setup of vapor pressure measurement [28]
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same time to have reduced cost of thermal energy storage. These
chloride salts have abundant reserve in nature and have relatively
low cost. Low vapor pressure, good stability at temperatures up
to 800 °C, and good material compatibility have been reported
[22] about the binary eutectic salt of MgCl2 and KCl.
In the recent time, a new eutectic chloride salt comprised
MgCl2-KCl-NaCl (at wt% of 45.98–38.91–15.11) was reported in
Zhao and Vidal’s work [23]. This ternary eutectic chloride salt
has a melting point 40 °C lower than that of the binary chloride
eutectic salt by MgCl2 and KCl [22], which is an appreciable
beneﬁt regarding prevention of freezing of molten salt. Researchers
at National Renewable Energy Laboratory of U.S. have developed
processing technologies to obtain the designated eutectic compositions from natural mineral salts [23]. Whereas this ternary eutectic
chloride salt is widely considered in the USA as the third-generation
high-temperature heat transfer and thermal storage ﬂuid in the community of CSP [23], there have no studies and report about its basic
thermophysical properties.
To promote the understanding to this eutectic chloride salt
MgCl2-KCl-NaCl (at wt% of 45.98–38.91–15.11), the present
study will take experimental measurement about the essential thermophysical properties for the ﬁrst time in the world. These properties should include heat capacity, melting point, heat of fusion,
viscosity, vapor pressure, density, and thermal conductivity,
which are essentially needed for the calculation of convective
heat transfer in concentrated solar receivers, heat exchangers, as
well as thermal storage system for CSP plants.

LabVIEW supported data-acquisition system during the experiment. The reliability of this system was veriﬁed by Wang et al. in
a previous work [28] in the authors’ laboratory. In the calibration
test [28], the vapor pressure of ZnCl2 was measured using the
system. The results of measured vapor pressure of ZnCl2 were compared with literature-reported data, and a maximum discrepancy
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 be as high as 120 kPa. The overall measured curve of
the pressure versus temperature of the molten salt (ZnCl2) from
400 K to 1200 K matched with literature-reported data very well.

ρf =

ΔM
∗ ρM
M

(1)

Fig. 2 Speciﬁc heat capacity versus the temperature for the
molten salt

random error at a probability of 95% were obtained using Eqs.
(3) and (4) for the experimental data

where ΔM is the weight difference of the Nickel cylinder caused by
the buoyancy force of the molten salt, M is the weight of the Nickel
cylinder measured in the air, and ρM is the density of Nickel cylinder. The measurement system was calibrated in the previous work
and the results showed good reliability and accuracy [29,30].
Based on the systematic error of the balance, the systematic error
of measured density can be calculated referring to the basic equation
(Eq. (1)) using partial derivative error propagation method.
2.5 Thermal
Conductivity
Obtained
Through
Measurement of Thermal Diffusivity, Density, and Speciﬁc
Heat Capacity. The thermal conductivity of high-temperature
molten salt is determined through Eq. (2)
k = α ∗ ρ ∗ Cp

(2)

where ρ and Cp are density and the speciﬁc heat, respectively, which
are experimentally measured through the facilities and approaches
described in Secs. 2.1 and 2.4. The thermal diffusivity α was
directly measured by using a Laser Flash Analysis equipment
(Model LFA 457, MicroFlash, by NETZSCH), which can operate
at a temperature as high as 1000 °C. The systematic error of the diffusivity measurement is ±3% of reading. The series of measured
thermal diffusivity data was collected and recorded in the experiment. With the input of the separately tested density and heat capacity, the thermal conductivity is analyzed and calculated through the
NETZSCH LFA supported software. The uncertainty of the thermal
conductivity can be obtained using partial derivative error propagation method referring to Eq. (2) as the basic equation.

3 Experimental Data Reduction, Results and
Discussion
3.1 Speciﬁc Heat Capacity, Melting Point, and Heat of
Fusion. There were 18 measurements conducted for the speciﬁc
heat capacity (Cp) of the molten salt at each temperature. These
measurements were accomplished for a batch of six salt samples
each tested for three times. Figure 2 shows the 18 curves for the
tested speciﬁc heat capacity versus the temperatures. At every temperature point, there are 18 data of speciﬁc heat capacity. The mean
value of the speciﬁc heat capacity (Cp) at every temperature point is
calculated and uncertainty analysis was made for the measured
mean value of speciﬁc heat capacity. The standard deviation and
Journal of Solar Energy Engineering

SY =



N
2
 (Yi − Y)
i=1

(3)

N1 − 1

SY
u1 = tν1,95% √
N1

uY = u21 + u20

(4)
(5)

where the term Y in Eq. (3) can represent a measured parameter at
different temperatures, N1 is the number of measurements, which is
18 in this case, t is the adopted student-t number for a conﬁdence
interval of 95% and degree of freedom, v1 = N1 – 1. Equation (5)
gives the expression for measurement uncertainty, where u1 is the
random error and u0 is systematic error. The calculated results at
several chosen temperatures are shown in Table 1. The maximum
measurement uncertainty entailing systematic error (± 2% of
reading) and random errors for the mean value of Cp is obtained
as ±0.0358 J/g · K at a conﬁdence interval of 95%.
The curve of the mean value of measured speciﬁc heat capacity at
all the temperatures is shown in Fig. 2, which is used for regression
analysis to determine the correlation of the speciﬁc heat capacity
versus temperature. The regression equation in a linear form is
given in Eq. (6) in the temperature range of 450–630 °C
Cp = 1.30138 − 0.0005 ∗ T

(6)

where Cp is in the unit of J/g · K, and T is in °C. The uncertainty of
curving ﬁtting is calculated using Eq. (7)


N
 (Yi − Yc )2

Sc
(7)
uc = tv2 ,95% √ = tv2 ,95% i=1
v2 ∗ N2
N2
Table 1 Measured average values and the overall uncertainty of
speciﬁc heat capacity
T (°C)
Cp (J/g · K)
uCp (J/g · K)

450

500

550

600

628

1.0904
0.0305

1.0511
0.0348

1.0271
0.0358

1.004
0.0351

0.9936
0.0357
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2.4 Molten Salt Density Measurement. The density of
molten salt was measured by an in-house-developed density
meter designed based on Archimedes’ principle on buoyancy.
During the measurement, the weight of an object (high purity
Nickel cylinder) was measured before and after submerging in the
molten salt in a quartz container. A balance of systematic error of
±0.1% of full scale (50 g) was used to measure the masses. With
the obtained difference of the mass of the object staying in air
and in molten salt, the density of the molten salt at different temperatures can be calculated by the following equation:

Table 2 Measured average values and overall uncertainty of
melting point
Test ID

1

2

3

Tm (°C) 401.3 401.4 396.8
Test ID
9
10
11
Tm (°C) 401.5 401.8 406.8
Tm (◦ C) = 401.4; Tm (◦ C) = ±1.3

4

5

6

7

8

407.4
12
400.3

399.3
13
400.8

399
14
401

400.9
15
401.5

401.2

Table 3 Measured average values and overall uncertainty of
heat of fusion

Fig. 3 Measured viscosities at various temperatures

where N2 is the number of all the data for regression, Sc is the standard deviation between all the data from measurement and the calculated data using the regression equation, t is student-t number at
95% conﬁdence interval, v2 = N2 − (m + 1), m is the order of polynomial curve ﬁtting equation, Yi is the measured data, Yc is the calculated data from curve ﬁtted equation. The overall uncertainty of
the obtained correlation of Cp – T is calculated through Eq. (8),
which counts the uncertainty of measurement (systematic and
random errors) and the uncertainty from data ﬁtting

=
(umax
)2 + u2c
(8)
umax
total
Y
The uncertainty from curve ﬁtting is uc (4.28 × 10−4 J/g · K),
which is much less than the measurement uncertainty uCp , and
thus, the maximum overall uncertainty is still 0.0358 J/g · K.
As shown in Fig. 3, the regression equation of the measured mean
speciﬁc heat capacity at the University of Arizona is compared with
the measured data from another research team (authors at National
Renewable Energy Laboratory (NREL)) and also with the data
from theoretical prediction obtained using the software Factsage
[31,32]. The relative difference between the measured mean
values by the two teams is less 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 salt, including the same temperature program, type of graphite crucibles, protection gas, and ﬂowrate. 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 two teams, the systematic error
may cause the small discrepancy of the two group of 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, the magnitude of crucible surface oxidation
that inﬂuences the radiation heat transfer in the test process, etc.
Discussions about having a reliable measurement for heat capacity
has been reported in another work by the author’s team [29]. 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 the molten salt slightly decrease with the
increase of temperature. This has been demonstrated from the
experimental data as well as from the theoretical prediction.
The measured data for the melting point of the molten salt is given
in Table 2, where there are 15 measurements. The mean value and
the measurement uncertainty (including systematic error of 0.2 °C
and random error) at a conﬁdence interval of 95% for the melting
point (Tm) of the molten salt are given in the table. The 15 data
show the average melting point to be 401.4 °C, and the measurement
uncertainty at a probability of 95% is ±1.3 °C.
041005-4 / Vol. 143, AUGUST 2021

1

2

3

4

5

ΔH
265.3 259.4 248.3 256.6 245
(kJ/kg)
Test ID
9
10
11
12
13
ΔH
246.4 239.3 257 252.5 236.5
(kJ/kg)
ΔHm (kJ/kg) = 248.32; uΔHm (kJ/kg) = ±7.37

6

7

8

265.6

245.5

252.3

14
224.6

15
230.5

The measured values of heat of fusion (ΔH ) for the molten salt
are listed in Table 3. From the 15 measured data, the mean value
of the heat of fusion is 248.32 kJ/kg, which is slightly greater
than that of the binary salt of KCl-MgCl2 [29], and is three times
as large as that of the ternary chloride molten salt of
NaCl-KCl-ZnCl2 [33]. The measurement uncertainty (including
systematic and random errors) of the heat of fusion at a 95% conﬁdence interval is ±7.37 (kJ/kg).
3.2 Viscosity. As an important transport property for analysis
to heat transfer and pumping power, the dynamic viscosity of the
molten salt has been measured with ﬁve repetitions in the temperature range of 445 °C to 700 °C. The curves of the viscosity versus
temperature from the measurements are shown in Fig. 4. The repeatability of the ﬁve tests is acceptable, where the deviation of viscosity values at a temperature is within ±3.5% compared with the
average of the ﬁve measurements.
The viscosity decreases with the increase of the temperature.
With the range of the studied temperatures, the viscosity decreases
from 3.85 to 2.5 cP (10−3 Pa · s), which is lower than that of the
binary chloride salt KCl-MgCl2 (Mole: 68–32%) [29]. Table 4

Fig. 4 Comparison of two groups of measured speciﬁc heat
capacity to theoretical predictions
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Test ID

Table 4 Measured mean values and the overall uncertainties of
viscosities at several temperatures
T (°C)

450

500

550

600

650

700

μ
 (cP)
uμ (cP)

3.79
0.0853

3.36
0.1066

3.03
0.1138

2.79
0.0859

2.60
0.0872

2.5
0.0903

μ = Ae

B/T

(9)

where A is a pre-exponential coefﬁcient and B is the parameter
related to the energy barrier to viscous ﬂow with a unit of temperature. It can be rearranged as linear equation by applying natural logarithm on both sides, as shown in Eq. (10)
ln μ = ln A + B × T −1

(10)

Data regression was conducted for the average value of viscosity
(from the ﬁve measurements) at each temperature. Figure 5 shows
the curve of the natural logarithm of average viscosity (ln(μ))
versus the inverse of temperature (T −1), where μ 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 regression,
R 2, is 0.99128, which is close to 1.0. Therefore, the viscosity of
the molten salt indeed follows the thermally activated model and
the correlation of μ−T was obtained as:
μ = 0.70645e1204.11348/(T+273.15)

(11)

where μ has the unit of cP and T is in °C. From the same uncertainty
analysis approach shown in Eqs. (7) and (8), the total uncertainty of
the regression equations is composed of the uncertainty from the
measurement (including system and random errors) and the

Fig. 6 Measured vapor pressures against temperatures
Table 5 Measured average value and overall uncertainty of
vapor pressures at several temperatures
T (°C)
 (kPa)
P
uP (kPa)

500

550

600

650

700

725

0.247
0.111

0.576
0.188

1.078
0.281

1.825
0.391

2.910
0.520

3.484
0.589

uncertainty from data ﬁtting. The maximum uncertainty of the
regression equation was found to be ±0.1138 cP, while the uncertainty of curve ﬁtting is 0.0036 cP and thus negligible.
3.3 Vapor Pressure. Relatively low vapor pressure was
observed for the current ternary chloride salt MgCl2-KCl-NaCl.
The systematic error of the pressure measurement is ±0.08% of
reading. Figure 6 shows the curves of vapor pressure varying
against temperatures of the molten salt. There were seven measurements conducted from 420 °C to 725 °C in this experiment, which
showed an acceptable repeatability. It is seen that the vapor pressure
increases with the increase of temperature greater than linear correlation. The measured average vapor pressure from seven times of
tests, and the measurement uncertainty (including systematic error
and random error) at a probability of 95% at several temperatures
were listed in Table 5. At the temperature of 725 °C, the average
measured vapor pressure is 3.5 kPa.
The vapor pressure of the current ternary chloride salt is less than
that of binary molten salt KCl-MgCl2 (Mole: 68–32%) [29] and
much less than that of ternary molten salt NaCl-KCl-ZnCl2 [33].
The very low vapor pressure of MgCl2 compared with that of
ZnCl2 could be the major contribution factor for this low pressure
in these two MgCl2 containing salts [28,35,36]. For the average
vapor pressures at measured temperatures, a polynomial equation
was ﬁtted as given in Eq. (12), where P has a unit of kPa and T
is in °C. The uncertainty from curve ﬁtting is 2.8 × 10−3 kPa
which is negligible compared with the maximum measurement
uncertainty of ±0.589 kPa (including system error of ±0.08% of
reading, and random error). Considering the measurement uncertainty in Table 5 and the error from curve ﬁtting, the maximum
total uncertainty of the equation for pressure is ±0.589 kPa
P = 7.1320 ∗ 10−8 × T 3 − 7.909 × 10−5 × T 2
+ 0.030355 × T − 4.0966

Fig. 5 The linear relationship of ln(μ) versus T−1
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(12)

3.4 Density. The density of the current chloride molten
salt has been measured at temperatures ranging from 430 °C to
AUGUST 2021, Vol. 143 / 041005-5
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lists the measured mean viscosities and the measurement uncertainty at a probability of 95% at several points of temperatures.
The maximum measurement uncertainty is ±0.16 cP, which is
±6.4% relative to the lower viscosities at high temperatures. A
regression equation is also shown in Fig. 4, which is to be discussed
in the next paragraph.
Viscous ﬂow of substance made of atoms (e.g., molten metals)
and simple molecules (molten oxides and molten salts) can
usually be approximated by a thermally activated process in
classic mechanics. A potential barrier between neighboring atoms
needs to be overcome to make the relative motion of atoms,
which can be facilitated by high temperature. Therefore, the correlation of viscosity of a temperature dependence of viscous ﬂow and
temperature can be expressed by an Arrhenius-type equation [34]

Table 7 Measured average value and the uncertainty at a
probability of 95% for thermal diffusivity
T (°C)
 (mm2 /s)
α
uα (mm2 /s)

450

500

550

600

650

700

0.2571
0.0105

0.2556
0.0121

0.2564
0.0181

0.2609
0.0081

0.2653
0.0089

0.2730
0.0221

Table 8 Measured average value and overall uncertainty of
thermal conductivity
T (°C)

Fig. 7 The molten salt density versus temperature

700 °C, as shown in Fig. 7. The 6 times of measurement showed a
very good repeatability and the density linearly decreases with the
increase of the temperature. A linear regression was conducted
which resulted in Eq. (13), where ρ and T have the unit of kg/m3
and °C, respectively.
Given in Table 6 are the measured average value of density
(due to six tests) and the measurement uncertainty (including systematic and random errors) at a probability of 95% at several
points of temperatures. The density of the molten salt decreases
from 1706.7 kg/m3 to 1565.5 kg/m3 in the temperatures from 450
to 700 °C. The maximum measurement uncertainty is
±15.183 kg/m3, which is less than 1% of the density. The uncertainty of curve ﬁtting is obtained as ±1.667 kg/m3 using Eq. (7).
Therefore, the total maximum uncertainty for the density from
using Eq. (13) is ±15.27 kg/m3
ρ = 1958.8438 − 0.56355 × T

(13)

Table 6 Measured average value and overall uncertainty of
density
T (°C)
ρ (kg/m3 )
uρ (kg/m3 )

450

500

550

600

650

700

1706.7
14.757

1676.5
15.183

1648.3
14.729

1618.7
14.903

1593.1
14.502

1565.5
14.550

Fig. 8 The measured thermal diffusivity versus temperature
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500

550

600

650

700

0.4724
0.0239

0.4506
0.0263

0.4337
0.0344

0.4229
0.0202

0.4126
0.0209

0.4066
0.0364

3.5 Thermal Diffusivity. In order to measure the thermal conductivity of the molten salt, the thermal diffusivity was ﬁrst measured as described in Sec. 2.5. Figure 8 shows the obtained
thermal diffusivity for the current molten salt with a total of eight
measurements at a series of temperatures. The mean value and
the uncertainty of the measured thermal diffusivity were obtained
and listed in Table 7 for several points of temperatures. The measured thermal diffusivity slightly increases with the increase of temperature in the range of 450–700 °C. The maximum uncertainty of
measurement (including systematic error of ±3% of reading, and
random error) of the measured diffusivity is seen at 700 °C,
which is ±0.0221 mm2/s at a probability of 95%. Data regression
analysis for the mean values was conducted and a second-order
polynomial correlation (Eq. (14)) could show the best ﬁt for the
thermal diffusivity against temperature. In the equation, the diffusivity α has the unit of mm2/s and temperature T is in °C. The
uncertainty of the regression equation is ±0.00076 mm2/s. Therefore, the maximum uncertainty of using Eq. (14) is
±0.0221 mm2/s
α = 4.338 × 10−7 × T 2 − 4.353 × 10−4 × T + 0.365

(14)

3.6 Thermal Conductivity. The thermal conductivity (κ) of
the molten salt is calculated using Eq. (2) as determined by the
three measured independent variables—thermal diffusivity (α), speciﬁc heat capacity (Cp), and density (ρ). The uncertainty of thermal
conductivity κ is thus derived from Eq. (2), which is expressed as a

Fig. 9 Thermal conductivity of the molten salt at various
temperatures
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κ (W/m · K)
uκ (W/m · K)

450

Table 9 Summary of thermophysical properties of the current molten salt for Gen3 CSP
Property
Melting point (°C)
Heat of fusion (kJ/kg)
Heat capacity (J/g · K)
Viscosity (cP or 10−3 Pa · s)
Vapor pressure (kPa)
Density (kg/m3)
Thermal conductivity (W/m · K)

Values or correlations with T (°C)

Uncertainties @ probability of 95%

401.4
248.32
Cp = 1.30138 – 0.0005 * T
μ = 0.70645e1204.11348/(T + 273.15)
P = 7.1320 × 10−8 × T 3 – 7.909 × 10−5 × T 2 + 0.030355 × T − 4.0966
ρ = 1958.8438 – 0.56355 × T
κ = 0.5822 – 2.6 × 10−4 × T

± 1.3
± 7.37
± 0.0358
± 0.1138
± 0.589
± 15.27
± 0.037





∂κ 2
∂κ 2
∂κ 2
2
2
∗ uα +
∗ uρ +
∗ u2Cp
uκ =
∂α
∂ρ
∂Cp

= (ρ × Cp × uα )2 + (α × Cp × uρ )2 + (α × ρ × uCP )2

(15)

For every obtained thermal conductivity, the uncertainty of measurement is calculated and listed in Table 8. A linear regression
equation for the thermal conductivity was obtained as given in
Eq. (16), which has an uncertainty of ±0.0066 W/m · K from the
data ﬁtting with a probability of 95%. The units of thermal conductivity (κ) and temperature T in Eq. (16) are W/m · K and °C, respectively. Therefore, if Eq. (16) is used to calculate the thermal
conductivity, the total uncertainty at the measured temperatures is
obtained as the root of the sum of squares of the measurement
uncertainty and the uncertainty from data ﬁtting. The maximum
uncertainty for using Eq. (16) is ±0.037 W/m · K.
Figure 9 shows the measured thermal conductivity values of the
molten salt, which range from 0.4724 to 0.4066 W/m · K in the temperature range of 450 °C to 700 °C. The decrease of the thermal
conductivity versus the increase of temperature is not very signiﬁcant in the interested range of temperature. It has been compared
that the thermal conductivity of the current ternary chloride salt is
close to that of the binary salt KCl-MgCl2 (Mole: 68–32%) [29]
but greater than the thermal conductivity of three types of ternary
salts by NaCl, KCl, and ZnCl2 as given in literature [33] in the
similar temperature range
κ = 0.5822 − 0.00026 ∗ T

Extrapolation to the property equations was checked 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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(16)

Finally, a summary for the measured properties of the current
molten salt is given in Table 9. For each property, the maximum
overall uncertainty of the value obtained using the corresponding
equation is also listed.
It is also very important to mention that all the obtained regression equations for properties have been trialed for extended temperatures up to 800 °C. For every property, the calculated values
at temperatures beyond the tested range still follow the variation
trend of tested data very well. Therefore, authors are conﬁdent
that the use of these equations may be extended to the temperature
up to 800 °C if needed in engineering application.

4 Conclusion
In this paper, the ﬁrst comprehensive experimental measurements
were conducted to study the thermal and transport properties of a
new eutectic chloride molten salt, which is consisted of MgCl2–
KCl–NaCl at weight percentages of 45.98–38.91–15.11% correspondingly. The measured properties and their values of range are
summarized to serve the need of engineering designs for the thirdgeneration concentrated solar thermal power plants.
(1) The melting point and heat of fusion of the eutectic salt are
401.4 °C and 248.32 kJ/kg, respectively.
Journal of Solar Energy Engineering

(2) The speciﬁc heat of the liquid eutectic salt deceases linearly
from 1.0904 to 0.9936 J/g · K when the molten salt temperature increases from 450 to 625 °C.
(3) The viscosity of the eutectic liquid salt decreases from 3.79
to 2.5 cP when the molten salt temperature increases from
450 to 700 °C. At temperatures above 550 °C, the molten
salt viscosity is below 3 cP.
(4) The vapor pressure of this eutectic molten salt is less than
5 kPa at a temperature as high as 725 °C.
(5) The density of the current eutectic molten salt decrease from
1706.7 kg/m3 to 1565.5 kg/m3 when the temperature
increase from 450 °C to 700 °C. The density decreases linearly with the increase of temperature.
(6) The thermal conductivity of the eutectic molten salt has been
measured through measurement of its thermal diffusivity,
speciﬁc heat capacity, and density. The thermal conductivity
decreases from 0.4724 to 0.4066 W/(m · K) in the temperature range of 450 to 700 °C.
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