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Using isothermal thermogravimetric data of alkali metal salts (CsNO3, CsCl, LiCl, and NaCl), we conducted kinetic analysis
on atmospheric evaporation to investigate the effect of meniscus on determining the condensation coefficient. In the process of
evaporation into an atmospheric gas, molten salt decomposed at the interface between molten salt and an atmospheric gas reacts
with chemical compositions of the atmospheric gas to be an equilibrium state. In this atmospheric evaporation, the interface shape
of molten salts is affected by the container diameter and the contact angle at the container wall. In the analysis results, the formed
concave/convex meniscus led to underestimating the condensation coefficient of molten salts. However, whether the values of
the condensation coefficient of molten salts were affected by menisci, the range of the predicted values was still low from 10−3 to
10−5. This result means that the presence of the foreign gas (air and Ar) is a dominant parameter in determining the condensation
coefficient of atmospheric evaporation.

1. Introduction

There have been various researches on using molten salts
as reaction and energy transfer medium for macro- and
microscales of potential applications, because of the fascinat-
ing thermophysical and electrochemical properties of molten
salts. Molten salts have relatively higher thermal stability
and lower vapor pressure, compared to common solvents.
These attractive properties have provided a wide and high
operating temperature range, suppressing relevant mass loss
with evaporation or decomposition at operating temperature.
Examples include pyrochemical reprocessing of spent nuclear
fuel [1, 2], molten salt electrolysis [3], heat transfer fluid in
nuclear plant [4, 5], coolingmedium for quenching process of
alloys [6], alternative electrolytes in batteries [7], and thermal
storage in solar thermal power plants [8, 9]. However, in
spite of low vapor pressure of molten salts, there is inevitable
loss with evaporation of metal species at higher operating
temperature, which consequently affects the overall efficiency
of the process.

To accurately predict this evaporation of molten salts,
the kinetic theory of gas [10] has been widely used. In

the kinetic theory of gas, the evaporation rate under the
nonequilibrium condition is determined by the number of
the gas molecules striking the surface from the equilibrium
vapor and the actual gas pressure acting on the surface of
the liquid phase. However, classic experimental studies [11–
13] measuring the evaporation rate at the surface reported
that the measured evaporation rate was lower than the value
theoretically predicted by the kinetic theory of gas. To address
this discrepancy between the theoretical predictions and
experimental measurements with a correction coefficient, the
Hertz-Knudsen equation [14–17] was suggested. As expressed
in (1), the evaporation rate in the nonequilibrium condition is
calculated by the pressure difference between the equilibrium
vapor pressure, 𝑃∗, at temperature,𝑇, and the pressure acting
on the surface of the liquid phase, 𝑃, with the condensation
coefficient, 𝛼.

𝑑𝑁𝑑𝑡 = 𝛼 (𝑃∗ − 𝑃)√2𝜋𝑀𝑅𝑇𝐴. (1)

𝑑𝑁/𝑑𝑡 is the evaporated molecular moles per unit of
time, 𝐴 is the cross-sectional area of the container, 𝑀
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Figure 1: Schematic of the formed concave (a) and convex (b) meniscus of molten salts.

is molar mass, and 𝑅 is the universal gas constant. The
condensation coefficient used in the equation is effective
for empirically correcting the predicted rate of evaporation
into vacuum [16, 18, 19] or a gas atmosphere [1, 20–23].
However, determination of the coefficient values in numerous
experimental studies on the evaporation process has pro-
duced inconsistency. In the case of water evaporation, for an
example, the reported coefficient values varied from an order
of 10−3 to 1 [24].

From the theoretical investigation on the inconsistency
of the condensation coefficient [7, 25–30], it was suggested
that the presence of a very thin layer above the surface of
the condensed phase, known as the Knudsen layer, resulted
from evaporation of the condensed phase. This very thin
layer may work like diffusional resistance, reflecting gas
molecules from the thin layer into the bulk gas phase. An
equilibrium, therefore, cannot occur at the surface of the
condensed phase but is achieved within the thin layer. This
nonequilibrium within the Knudsen layer may cause the
thermophysical properties of the layer, including density,
pressure, and temperature, to diverge from those of the bulk
gas phase, and consequently disturb determining the accurate
condensation coefficient.

Based on this hypothesis that the condensation coefficient
is the result of nonequilibrium within the Knudsen layer,
several research groups have developed complicated models
by modifying the Maxwell-Boltzmann distribution [25, 27]
or by applying transition state theory [26]. These theoretical
approaches for dealing with the effect of the Knudsen layer
on the evaporation havemanaged to reduce the inconsistency
of the condensation coefficient in the reported experimental
results. However, the inconsistency of the condensation
coefficient has not been fully resolved yet, because the
analysis may leave behind unevaluated parameters, such as
the meniscus.

This paper therefore examines experimental measure-
ments of vaporization of alkalimetal salts into an atmospheric
gas in an attempt to quantify the effect of ameniscus on deter-
mining the evaporation flux and the condensation coefficient.

The actual evaporation area associated with morphological
changes of the meniscus in various diameters of cylindrical
containers was predicted and characterized by using an
analytical equation derived from the Young-Laplace law [31,
32]. The equilibrium vapor pressure at the surface used in
the kinetic analysis of evaporation was also predicted by
using the commercial thermodynamic equilibrium software,
HSC chemistry 7.1 (Outotec) [33].The predicted values of the
condensation coefficient in various sizes of a cylindrical con-
tainer were compared. Inconsistent values in the determined
condensation coefficient revealed the effect of the meniscus
on evaporation of the molten salts.

2. Materials and Methods

2.1. Evaporation Area of Molten Salts. The interface sepa-
rating a molten salt and an atmospheric gas in a small
container is not a flat interface but should be either concave
or convex meniscus (Figure 1) due to the force balance
along the interface. In the Young-Laplace law, the interfacial
tension force, the normal force associated with the local
curvature of the interface, is equated to the difference in the
pressure exerted onto the interface by the molten salt and the
atmospheric gas. The force balance is thus given as

𝛾∇ ⋅ 𝑛 = Δ𝑃. (2)

From the principle of the hydrostatic equilibrium, the
term for the pressure jump across the interface in (2) can
be replaced by the hydrostatic pressure of the molten salt
and the atmospheric pressure. In the hydrostatic equilibrium
state of the molten salt illustrated in Figures 1(a) and 1(b),
the vertical gradient of the interface associated with the
interfacial tension is equated to the hydrostatic pressure of
the molten salt. Therefore, the curvature of the interface in
(2) is rewritten as a function of the interface height from
the horizontal reference plane where the hydrostatic pressure
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equals the atmospheric pressure. The interface profile is
finally expressed by the next equation.

∇ ⋅ 𝑛 = 𝑑2ℎ/𝑑𝑟2
(1 + (𝑑ℎ/𝑑𝑟)2)3/2 =

𝜌𝑔 (ℎ − ℎref)𝛾 . (3)

Here 𝛾 is the surface tension between the molten salt and
the atmospheric gas, 𝜌 is the density of the molten salt, andℎ and ℎref are the height of the interface and the reference
plane, respectively. Equation (3) can be linearized when the
slope of the interface, 𝑑ℎ/𝑑𝑟, is much less than unity [34].The
interface profile is thus simplified and then given as

𝑑2ℎ𝑑𝑟2 = 𝜌𝑔 (ℎ − ℎref)𝛾 . (4)

This equation is solved subject to boundary conditions:
that is, the slope of the interface is zero at the center of the
axisymmetric interface (𝑟 = 0), the interface forms a contact
angle 𝜃 with the container wall (𝑟 = 𝑅0), and the reference
plane locates at the intersection between the interface and the
container wall (𝑟 = 𝑅0).𝑑ℎ𝑑𝑟

𝑟=0 = 0,𝑑ℎ𝑑𝑟
𝑟=𝑅0 = cot (𝜃) ,

ℎref 𝑟=𝑅0 = 0.
(5)

In these conditions, the contact angle, 𝜃, is the angle
formed by the intersection between the interface of the solid-
condensed phase and the interface of the gas-condensed
phase at the container wall, as shown in Figure 1.This contact
angle is an intrinsic property of the three-phase contact
line between the molten salt, the atmospheric gas, and the
container wall. Solving (3) in conjunction with the boundary
conditions, the concave or convexmeniscus can be expressed
by the changes in the local elevation along the container
radius. The local elevation of the interface, 𝐻, is expressed
in terms of the radial position, 𝑟, contact angle, 𝜃, as in the
following equation:

𝐻 = 2𝐿𝑐𝑒𝑅0/𝐿𝑐 − 𝑒−𝑅0/𝐿𝑐 cot (𝜃)
⋅ (cosh( 𝑟𝐿𝑐) − cosh(𝑅0𝐿𝑐 )) .

(6)

In the equation, the capillary length [35], 𝐿𝑐, is a char-
acteristic length scale for an interface which is subject to
the hydrostatic force (𝜌𝑔𝐿𝑐) and the surface tension force
(𝛾/𝐿𝑐). When the capillary length is much larger than the
diameter of the container, the surface tension force dominates
the hydrostatic force at the interface of the molten salt. This
capillary length is defined by the next equation,

𝐿𝑐 = √ 𝛾𝜌𝑙𝑔. (7)

The interface area is obtained by rotating its concave
or convex meniscus, from the center of the axisymmetric
interface to the cylindrical container wall, about the ℎ-axis.
The meniscus area, 𝐴meni, becomes

𝐴meni

= ∫𝑅0
0

2𝜋𝑟√1 + cot (𝜃)2 csch(𝑅0𝐿𝑐 )
2

sinh( 𝑟𝐿𝑐)
2𝑑𝑟. (8)

In this study, the elliptic integral of (8) is solved numeri-
cally by using the commercial algebra software, Mathematica
9.0 (Wolfram Research Inc.) [36]. The calculated area is used
as the actual evaporation area in the analysis for evaporation
of the molten salts in small cylindrical containers.

2.2. Thermogravimetric Experiment. The vaporization rates
of the molten cesium salts were measured by using a custom-
made TGA (thermogravimetric analyzer). The TGA system
used in this study mainly consists of a furnace equipped with
a maximum weight capacity of 10 grams, a control and data
acquisition system, and a gas feeding system. Gaseous atmo-
spheres in the furnace are maintained by flowing compressed
air at a rate of 1 L/min during conducting experiment. The
exhaust gas from the furnace is scrubbedwithmultiplemetal-
vapor scrubbing impingers, as shown in Figure 2.

In the experiment for measuring the evaporation rate at
constant temperatures, five grams of the sample salt loaded
in a cylindrical crucible with an inner diameter of 21mm
was placed inside the TGA furnace and was heated with
a constant rate of 20K/min from room temperature to the
investigated isothermal temperature.The dynamics of sample
weight loss with time at an isothermal temperature was
measured and recorded until the change of the sample mass
became constant.

The experimental evaporation rates of CsCl and CsNO3
were determined by

𝑑𝑁𝑑𝑡 = 1𝑀 𝑑𝑊𝑑𝑡 . (9)

In the equation, 𝑀 is the molecular mass of the sample
cesium species and 𝑑𝑊 is the mass change during the
differential time, 𝑑𝑡. The evaporation rates were consistent
during the experiment, except the start-up and shut-down
process of TGA.Thus, the evaporation rates were determined
by averaging their values over time, weight losses from 20%
to 80% of the initial mass.The results of the isothermal TGAs
for CsCl and CsNO3 at five different isothermal temperatures
and the parameters used in the experiment are summarized
in Table 1.

In this paper, in addition to the conducted experimental
measurement for evaporation rates of CsCl and CsNO3, the
reported data of alkali chloride species (NaCl and LiCl) [1,
22, 23] were also used to extend the present kinetic analysis
of evaporation. Table 1 also includes the evaporation rates
and the parameters used in the reported thermogravimetric
experiments.
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Table 1: Measured evaporation rates and experimental conditions used in isothermal thermogravimetric experiments for the molten alkali
metal salts.

Molten salt Temperature Evaporation rate Atmospheric Contact angle [37] Diameter of container
(∘C) (mol/min) Gas (∘) (cm)

CsCl

850 1.39 × 10−5

Air 31 2.1
890 2.45 × 10−5

930 4.28 × 10−5

970 7.22 × 10−5

1000 1.78 × 10−4

CsNO3

500 3.29 × 10−5

Air 22 2.1
540 6.27 × 10−5

580 1.12 × 10−4

620 1.90 × 10−4

660 3.08 × 10−4

LiCl [1, 22]
850 9.68 × 10−5

Ar 136
3.0

900 4.19 × 10−4

950 4.19 × 10−5 0.4

NaCl [23]
935 2.00 × 10−4

Ar 113 3.81950 2.77 × 10−4

985 4.03 × 10−4

MFC

MFC
．2

Air

Furnace

Chiller

Vacuum
pump

Metal vapor scrubbing
impingers

Figure 2: Image and schematic diagram of the TGA system used in this study.

3. Results and Discussion

3.1. Characterization of Meniscus. As indicated earlier, the
profile of the interface between molten salt and atmospheric
gas in a cylindrical container is directly determined by solving
(6). The temperature dependent properties of the molten
salts, such as the density and the interfacial tension coeffi-
cient, used the values found on themolten salts handbook [3].
The reported values from Baumli and Kaptay’s measurement
[37] were used for contact angles of the molten slats. The
calculations for predicting the meniscus in an open cylindri-
cal container with wide ranges of diameters (0.1m–0.0005m)
were performed at the identical temperature conditions used
in the thermogravimetric experiments. Figures 3(a) and
3(b) plot the local elevation of the interface, H, versus the

dimensionless radial location, 𝑟/𝑅0, for NaCl at 950∘C and
CsCl at 1000∘C, respectively.

The comparison of the interface profiles in these figures
shows that decreasing the diameter of the container causes
changes in the shape of the interface between the molten salt
and the atmospheric gas. For all of the alkali metal salts used
in the present calculations, as the diameter of the container
decreases, the curvature of the interface, which is initially
located near the container wall, starts to extend toward the
center of the interface profile, reducing its flat portion. This
change of the curvature finally leads the meniscus to be
parabolic and then reduces the maximum elevation.

Based on the analysis results of the interface profile, the
meniscus of the investigated molten salts can be classified
into three basic regimes, namely, fully developed interface,
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Figure 3: The meniscus profiles of molten NaCl at 950∘C (a) and CsCl at 1000∘C (b) in various diameters of cylindrical containers.
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Figure 4: Maximum elevation ratio of molten salts to the capillary length (a) and to the container diameter (b) depending on the
dimensionless radius of containers.

transition (or developing parabolic interface), and flat inter-
face regime. Each interface regime is characterized by the
dimensionless radius, which is the ratio of the container
radius to the capillary length. In the flat interface regime,
the gravitational force acting on the interface is dominant
force over the interface. Thus, decreasing the container
diameter decreases only the flat portion of the meniscus.
In the maximum elevation, 𝐻max/(2𝐿𝑐| cot(𝜃)|), presented
in Figure 4(a), the values of each molten alkali metal salt
are consistent when the ratio of the container radius to the
capillary length is larger than 5.

Decreasing the values of the dimensionless radius (𝑅0/𝐿𝑐)
below 5 by decrease of the container diameter, the meniscus
profile of the molten salts starts to evolve into a parabolic
shape due to the extension of the interfacial tension force near
the container wall. Figure 4(b) presents the results plotted
in Figure 4(a) but plots the dimensionless elevation with
respect to the container diameter; that is,𝐻max/(2𝑅0| cot(𝜃)|).
In the results, the boundary between the transition regime
and the fully developed interface regime is identified by the
changes in the gradient of the dimensionless elevation. The
dimensionless elevation of themolten slats in the flat interface
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regime increases in exact proportion to the decrease of the
container diameter, because the maximum elevation is not
affected by the container dimension. However, after passing
their flat interface regime, the gradients of the maximum
elevation for all molten alkali metal salts start to decrease
and then approach their asymptotic value of 0.25. Since the
interface between the molten salt and atmospheric gas is
completely governed by the interfacial tension force from
the diameter corresponding to that value, further decrease
in the radius of the container (𝑅𝑜/𝐿𝑐 < 0.4) insignificantly
affects the interface shape. It means that the changes of
the maximum height are exactly proportional to that of the
container radius in the fully developed interface regime.

3.2. Actual Evaporation Area in Containers. Figure 5 plots
the area ratio of the meniscus to the horizontal cross-section
of the container (𝐴mani/𝐴) versus the dimensionless radius
(𝑅0/𝐿𝑐). Similar to the earlier results of the interface profile,
the area ratio also decreases from its asymptotic value in the
fully developed interface regime, as the dimensionless radius
increases. For the meniscus in the flat interface regime, the
curvature near the wall makes the interface area be also larger
than the cross-sectional area of the container. However, this
effect of the curvature decreases with more increase of the
dimensionless radius, due to the increasing flat portion of the
interface.

The comparison results in Figure 5 also show that the
contact angle of the molten salt affects the values of the
meniscus area where evaporation of molten salt occurs. The
contact angle of molten salts, irrelevant in determining the
interface shape regime, increases the value of the maximum
elevation in proportion to the absolute value of cot(𝜃).

Using these compiled results of the analysis, a semiempirical
correlation can be developed to account for the changes in the
actual evaporation area of themolten salts in small cylindrical
containers. The correlation is formulated in terms of the
dimensionless radius of the container and the contact angle
of molten salts at the container wall as

𝐴meni𝐴 = 1 + 0.222 |cot (𝜃)|1.62
(1 + (0.5𝑅/𝐿𝑐)2.21)0.445 . (10)

The empirical expression for the area ratio given by (10)
is in excellent agreement with the predicted results.

3.3. Equilibrium Vapor Pressure and Maximum Evaporation
Flux. Along with the experimental evaporation rate, the
equilibrium vapor pressures of molten salts should be known
to determine the condensation coefficient. In evaporation
of molten alkali metal salts into a foreign gas, the con-
densed species could be decomposed at its surface and
react with chemical compositions of an atmospheric gas in
the evaporation process. If this chemical reaction occurs
according to minimization of the total Gibbs free energy,
that reaction represents an equilibrium state.The commercial
thermodynamic calculations code, HSC chemistry 7.1, was
therefore used for predicting the equilibrium composition
of CsCl, CsNO3, NaCl, and LiCl in an atmospheric gas
(compressed air or argon gas).The air used in the calculations
was composed of N2 (78%), O2 (20%), Ar (0.9%), and H2O
(1.1%). In the calculations, it was also assumed that the state
of chemical equilibrium was maintained at the meniscus of
molten salts with an atmospheric pressure. The thermody-
namic calculation results of the equilibrium composition at
the meniscus of each vaporizing species are summarized in
Table 2.

The equilibrium compositions of the investigated alkali
metal salts depending on the temperature are also plotted in
Figure 6. In the predicted results of the equilibrium composi-
tion of the molten alkali metal salts, metal chloride species
mainly evaporates into monomer (CsCl, LiCl, and NaCl),
dimer (Cs2Cl2, Li2Cl2, and Na2Cl2), and trimer (Li3Cl3) and
then become dominant species of the equilibrium gas phase.
Other chemical species in each vaporization of molten salt
also exists as an equilibrium species, but their concentrations
are negligibly small in comparison with their dominant
gas species as shown in the concentration distribution of
equilibrium species (Figure 6).

In the calculated equilibrium composition of CsNO3
(Figure 6(b)), however, the condensed phases of the cesium
species such as CsNO3, CsNO2, and CsOH exist as equilib-
rium species together with each of their gaseous species as
dominant species. These cesium species resulted from the
reaction of CsNO3 with chemical compositions of air, that is,
expressed as the following reaction equations ((R1) and (R2)):

2CsNO3 = 2CsNO2 +O2 (R1)
4CsNO3 + 2H2O = 4CsOH + 2N2 + 5O2. (R2)

Thecondensed phases of cesium species (CsNO3, CsNO2,
and CsOH) are present in equilibrium with each of their
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Table 2: Chemical species in the calculation of the equilibrium compositions of the molten alkali metal salts.

Vaporizing species Condensed species Gaseous species Dominant gaseous species
CsCl Cs, CsCl Cs, Cs2, CsCl, Cs2Cl2 CsCl, Cs2Cl2

CsNO3
CsNO3, CsNO2,
CsOH, CsO2

CsNO3, CsNO2, CsOH, Cs2(OH)2,
Cs, Cs2O2, CsO, Cs2O, CsH, Cs2

CsNO3, CsNO2, CsOH,
Cs2(OH)2

NaCl NaCl NaCl, Na2Cl2, Na3Cl3, Na, Cl, Cl2,
Na2, Cl4, Cl3

NaCl, Na2Cl2

LiCl LiCl, Li2Cl2
LiCl, Li2Cl2, Li3Cl3, Li, Cl, Cl2, Cl4,

Cl3, Li2
LiCl, Li2Cl2, Li3Cl3
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Figure 6: Calculated equilibrium compositions at the surfaces of molten CsCl (a), CsNO3 (b), LiCl (c), and NaCl (d).

gaseous species at temperatures ranging from 550 to 900∘C.
CsNO3 and CsNO2 are in equilibrium with each of their
gaseous species, and CsOH is in equilibrium with both the
monomer and dimer forms of the gaseous cesium hydroxide
in this temperature range.

From (1), the maximum mass flux from a molten salt to
an atmospheric gas occurs when the condensation coefficient
and the pressure acting on the surface of the liquid phase
is unity and zero, respectively. The term for the vapor
pressure of the condensed phase in (1) is equated to sum of
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Figure 7: Comparison of the maximum theoretical vaporization
fluxes and the experimental vaporization fluxes of the molten alkali
metal salts (CsCl, CsNO3, LiCl [1, 22], and NaCl [23]).

equilibrium vapor pressure of monomer, dimer, and trimer
species. Equation (1), therefore, can be expressed in terms of
monomer species as

1𝐴 𝑑𝑁𝑑𝑡
= ( 𝑃𝑚∗√2𝜋𝑀𝑚𝑅𝑇 + 2𝑃𝑑∗√2𝜋𝑀𝑑𝑅𝑇 + 3𝑃tr∗√2𝜋𝑀tr𝑅𝑇)
⋅ (1 + 0.222 |cot (𝜃)|1.62

(1 + (0.5𝑅/𝐿𝑐)2.21)0.445) .
(11)

𝑀 is molar mass of monomer species, and subscripts 𝑚,𝑑, and tr denote the monomer, dimer, and trimer species,
respectively. The second term on the right hand side of
(11) represents the area ratio of the molten salt surface to
the cross-section of the container which accounts for the
meniscus effect on the actual evaporation area.

Themaximum theoretical vaporization flux of themolten
salts obtained from (11) is compared with the experimental
values determined from dividing the measured vaporization
rate by the cross-sectional area of the container. In the
thermogravimetric experiment, evaporation of the molten
salts could be maximized by the purge gas flow which
continuously removes vaporized gas species from the molten
salt surface (𝑃 = 0). Therefore, the condensation coefficient
of the molten salts can be determined by comparing the
experimental flux to the maximum flux. Figure 7 shows
the results of the molten salts comparing the values of the
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Figure 8: Comparison of the condensation coefficient of themolten
alkali metal salts (CsCl, CsNO3, LiCl, and NaCl).

calculated maximum flux with the values obtained from the
experiment and the reported data of Hur et al. [1], Kim et al.
[22], and Baughman et al. [23]. The predicted values of the
maximum theoretical flux are very large compared to those
of the experimental flux.

3.4. Condensation Coefficient. Figure 8 presents the results
of the condensation coefficient determined from the exper-
imental flux data and the predicted maximum theoretical
evaporation flux plotted in Figure 7. The values of the
condensation coefficient at isothermal temperatures are the
ratio of the maximum theoretical flux to the experimental
flux. The experimental results show underestimation of the
condensation coefficient for CsNO3, CsCl, and LiCl. The
maximum theoretical evaporation flux calculated from (11)
underpredicts the values of the condensation coefficient, due
to the meniscus effect on the evaporation area.

The results are also comparedwith the condensation coef-
ficient curves predicted by using various sizes of containers.
Decrease of the container radius makes the value of the
condensation coefficient decrease at a constant temperature,
due to the changes of the interface shape of the molten salts.
However, thismeniscus effect could not decrease the values of
the condensation coefficient anymore as the container radius
is less than the critical radius for the fully developed interface
(𝑅0/𝐿𝑐 = 0.4), such that the profile of the interface is fully
developed (Figure 4).

The effect of the contact angle on determining the
condensation coefficient of fully developed meniscus was
presented by comparing the relative condensation coefficient
of the molten slats. In the comparison results of Figure 9,
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there is only 5% deviation in the condensation coefficient
of NaCl relative to the value obtained from flat surface.
However, for LiCl, CsCl, and CsNO3, the deviation of the
condensation coefficient increases by about 19%, 34%, and
49%, respectively, as the formed angle between the slope of
the interface at the container wall and the horizontal plane
increases.

The deviation of the condensation coefficient due to
the morphological changes of the interface decreases as the
container radius increases, or the contact angle is close to
90 degrees. This result suggests that assuming the cross-
sectional area as an actual evaporation area would be invalid
for the fully developed meniscus of the molten salt having
higher or smaller contact angle at the container wall than
90 degrees. However, whether the condensation coefficient of
all molten salts is affected by the interface shape, the range
of their values is still from 10−3 to 10−5. This result means
that the presence of the foreign gas (air and Ar) would be
a dominant parameter in determining the evaporation rate
of alkali metal species. As the reported analysis on the mass
transfer resistance of evaporation into atmosphere [20], the
condensation coefficient of evaporation is the overall mass
transfer resistance consisting of the atmospheric gas and the
Knudsen layer, but the resistance values of the Knudsen layer
are a hundred times lower than that of the atmospheric gas.
It means that the contribution of the Knudsen layer to the
values of the condensation coefficient is negligibly small even
though theKnudsen layer is formed above the fully developed
meniscus.

4. Summary and Conclusions

This paper has theoretically predicted the formed inter-
face shape between the molten alkali metal salts and an

atmospheric gas in the various diameters of small cylindrical
containers and analyzed the meniscus effect on their evapo-
ration. The deviation of the actual evaporation area from the
cross-sectional area of small containers due to the meniscus
decreases the predicted condensation coefficient. Results
show that the meniscus of the molten salts is developing into
a parabolic shape until the dimensionless radius is less than
0.4, increasing the area ratio of the meniscus with decreasing
the container radius. However, after the meniscus is fully
developed, decreasing the container radius negligibly affected
the value of the area ratio of themeniscus to the cross-section
of the container which was consistent but larger than unity.

Themeniscus effect is important for accurately determin-
ing the condensation coefficient of molten salts. The values
of the condensation coefficient of molten alkali metal salts
were obtained from the experimental measurement and the
reported analysis of the evaporation flux by Hur et al. [1],
Kim et al. [22], and Baughman et al. [23], in conjunction with
the analysis of the equilibrium vapor pressure. The meniscus
effect on the evaporation of the molten salts could be quanti-
fied by comparing the condensation coefficients determined
by using various diameters of cylindrical containers. The
comparison results of the alkali metal slats show that the
maximum decrement of the condensation coefficient due to
the meniscus was CsNO3 > CsCl > LiCl > NaCl, according
to the angle formed at the intersection between the interface
and the horizontal reference plane.

The meniscus effect of molten salts depending on the
container radius and their contact angle at the container
wall could significantly decrease the condensation coefficient
by the changes in the actual evaporation area. However,
considering the magnitude of the predicted condensation
coefficient, it is suggested that the presence of a foreign gas
would be a dominant resistance of mass transfer between a
condensed phase and a gaseous phase in evaporation process
of molten salts into a foreign gas.
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