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Heat transfer and evaporation of layers of water and aqueous solutions of salts on a heated horizontal
wall were studied experimentally. Aqueous solutions of salts can be divided into two characteristic
groups. For the first group of salts, the evaporation rates and heat transfer coefficients increase with time.
For the second group, the rate of evaporation falls sharply with increasing salt concentration and with
decreasing liquid layer height. This difference in salts’ behavior is determined by the difference in equi-
librium curves and in physical and chemical properties of salts. The heat transfer coefficient for water and
salt solutions increases when the layer height becomes less than 1.2–1.5 mm. With increasing concentra-
tion of salt and when approaching the crystallization point the role of free convection in the liquid phase
decreases sharply, and the Nusselt number approaches 1. For salt solutions (LiBr, CaCl2 and LiCl), a sig-
nificant excess of convection (a) over the conductive heat transfer (k) is observed for the layer height d
over 1.8–2.0 mm. For pure water, convective and conductive components are comparable even for d =
3 mm. This difference for salts is associated with substantial intensification of heat transfer, which is
probably caused by the concentration flow of Marangoni MaC. Strong influence of MaC on heat and mass
transfer in a thin layer and at high temperatures is detected for the first time and is extremely important
for accurate modeling in unsteady and non-isothermal processes. Experimental data show a surprising
result. The free liquid convection for salt solutions significantly exceeds the convection in the water layer
for the most part of the evaporation time.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Evaporation of aqueous salt solutions is widely observed in nat-
ure, biology and medicine. Evaporation of highly concentrated salt
solutions is accompanied by appearance of a new crystalline phase
in the form of crystalline hydrates and salt crystals [1,2]. High-
temperature evaporation of LiBr salt solutions results in formation
of salt crystalline hydrates and may lead to crystalline plugs. Eva-
poration and absorption of water in aqueous salt solutions of LiBr;
CaCl2; LiCl are used in desorbers and absorbers of heat pumps [3].

The evaporation rate of solutions depends on many factors: the
temperature of the free surface of the liquid, the concentration of
the components, the thermophysical properties of the wall heater
[4], wettability [5], the pressure of the external medium [6], as well
as on the convection in the gas and liquid phase [7]. Thermophys-
ical features of convection in gas and evaporation were presented
in [8]. At evaporation of a thin layer on a heated wall, the impor-
tant role is played by gas convection and external turbulence,
which accelerates drying and intensifies heat and mass transfer
[9]. A structural wall influences evaporation and convection in a
liquid layer [5]. Stability and break-up of a thin liquid film on
structured surface is discussed in [10]. The effect of wettability
on evaporation and crystallization was considered in [11–13].

The behavior of aqueous salt solutions significantly differs from
the behavior of multicomponent volatiles liquids [14,15]. At evap-
oration of aqueous salt solutions only water evaporates, and salts
remain in the solution. The rate of evaporation of water solutions
of salts decreases with time due to the increase in salt concentra-
tion. In most studies the numerical simulation of heat and mass
transfer processes in a thin film of aqueous salt solutions does
not take into account convection in the gas and liquid phases
[16–18]. Modeling of heat transfer conditions in lubricant emul-
sions was considered in [19]. The dependence of the physical prop-
erties of solutions on concentration of salts is discussed in [20–23].
Experimental assessment of a hydrophobic membrane-based des-
orber/condenser with LiBr aqueous salt solution for absorption sys-
tems was presented in [24]. The efficiency of transfer processes in
the adsorbers of heat pumps depends on the Marangoni flow. The
addition of low concentrations of the surfactant leads to a sharp
increase in convection in a thin layer of aqueous solution of LiBr
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[25,26].The Marangoni flow leads to a film rupture in the absorber
and to a decrease in the efficiency of heat transfer [27].

Thus, most studies of absorption and evaporation related to the
salt LiBr and, partly, to salts CaCl2 and LiCl, used in absorption heat
pumps. Previously, we studied high-temperature evaporation of
drops of these salts. In the literature, there is very little data on
non-isothermal evaporation of fixed layers when the layer height
and salt concentration change several times. Of course, the descrip-
tion of droplets and films is significantly different. In drops, the
temperature gradient on the interface and the characteristic size
of the convective motion are more clearly determined. In the lay-
ers, in addition to the layer height, there is a longitudinal size of
the circulation motion, which can significantly differ from the layer
length (the heater radius). Thus, experimental data are needed to
determine the characteristic convective dimensions and Maran-
goni numbers for fixed layers. In addition, there is no comprehen-
sive systematic study of a wide range of salts in the literature,
when heat transfer and evaporation of aqueous solutions of salts
with a strong change in physical and chemical properties are stud-
ied in one experiment. Studies of this article help to determine the
key parameters that affect the behavior of different salt solutions.

Based on the above the following conclusions may be drawn.
The lack of local data on heat and mass transfer of thin layers
and films of the salt solutions significantly complicates the devel-
opment of adequate physical models. Typically, the profiles of con-
centration, velocity and temperature do not take into account the
change of the film thickness and concentration over time. The pre-
sent work analyzes the impact of various key factors on the heat
and mass transfer in a thin layer, when the salt concentration
and the layer height change many times.
2. Measuring technique

For the experiments we used aqueous salts solutions: LiBr,
CaCl2, LiCl, NaCl, CsCl, BaCl2, and MgCl2. The initial height of the
solutions was 3 � 0.1 mm. The experiments were carried out at
ambient air temperature of 24 �C; relative air humidity of 40%;
and ambient air pressure of 1 bar. The working section (1) was tita-
nium alloy with diameter d = 70 mm (Fig. 1).

The aqueous salt solutions (3) were placed on a horizontal
heated wall of the working section. The experimental setup was
located in a box with dimensions: 1 m � 1 m � 1 m. The upper part
of the box was open to prevent changes in air humidity. The side-
walls of the box prevented the effect of convection of external air
in the room and made the measurements more time-stable. The
measurement of external humidity and ambient temperature
showed no change in time.
Fig. 1. The experimental setup: 1 – titanium working section; 2 – electronic
balance; 3 – liquid; 4 – heater; 5 – thermal imager; 6 – thermocouple.
Thermocouples (6) for wall temperature measurement were
located near the wall surface (0.5 mm from the wall surface). The
wall temperature Tw was kept constant in an automatical regime
with accuracy within ±0.5 �C using PID and DAQ. The
proportional-integral-derivative controller (PID) allows regulation
of the heater power aimed at the achievement of the quasi-
permanent wall temperature Tw. The values of the wall tempera-
ture are sent by thermocouples (6) to the data acquisition system
(DAQ2) and then to the PC and PID. The wall temperature was kept
constant automatically with the accuracy of ±0.5 �C. DAQ1 is
designed to receive and process data on the droplet mass (a change
in the droplet mass is recorded by the scales and the analog signal
from the scales (2) is sent to the DAQ1 and PC.) The DAQ3-PC-
thermal imager (5) is designed for measuring the temperature of
the droplet surface Ts and processing data in the PC using special
software that allows determination of the average temperature of
a droplet surface. The interfacial temperature of liquid was deter-
mined with the help of thermal imager NEC R500 (5) (resolution
of infrared camera was 640 � 512 pixels). The spectral bandwidth
of infrared camera in short wave range (SW) was 3–5 mm. Before
the experiments tests were carried out to evaluate the influence
of salt concentration on the thermal imager measuring. The error
of thermal imaging measurements associated with a change in salt
concentration from 10% to 60–65% was 1–2%. Thus, a change in salt
concentration did not affect the temperature measurements. The
value of initial mass concentrations of salt in aqueous salt solutions
(C01) was determined using the densimeters. Current salt concen-
trations C1i of the aqueous salt solutions were determined by a
weight method. The setup was placed on the accurate balance
(2). Since the salt mass does not change with time, it was easy to
determine the current concentration values. As the salt concentra-
tion grows with time, the water concentration, on the contrary,
decreases over time (C2–CH2O ¼ 1� C1; where CH2O ¼ mH2O=m; C1

= Csol ¼ msol=m; mH2O, msol, m (m = mH2O + msol) are the mass of
water, salt and aqueous salt solution). The increase in salt concen-
tration leads to the change of the equilibrium partial vapor pres-
sure ps at the interfacial surface as well. At the known
equilibrium values of temperature Ts and equilibrium vapor con-
centration Cs, the equilibrium vapor density qs is uniquely deter-
mined by the equilibrium curves. The maximum error of
evaporation rate was 11–12% for large times, when there was
low evaporation rate. Experimental study of evaporation rates
was conducted before the occurrence of crystallization.
3. Evaporation and heat transfer of aqueous salt solutions

The evaporation rate of the solution layer j was determined for
narrow time intervals Dt = ti+1 � ti (ji = dmi/dti � Dmi/Dti (kg/s),
where mi is the current mass of liquid. Experimental data on evap-
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Fig. 2. Evaporation rate of aqueous salt solutions (initial salt concentration
C01 = 10%; Tw = 80 �C): 1 – LiBr; 2 – LiCl; 3 – CaCl2; 4 – NaCl; 5 – CsCl; 6 – BaCl2;
7 – MgCl2; 8 – H20.
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Fig. 3. The heat transfer coefficient al for the layer of different aqueous salt
solutions (initial concentration of salt C01 = 10%; Tw = 80 �C): 1 – LiBr; 2 – H20; 3 –
CaCl2; 4 – LiCl; 5 – NaCl; 6 – CsCl.
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oration rate j are shown in Fig. 2. The graphs show intervals of
measurement errors. Curves 1–8 represent evaporation rates for
different salt solutions. The following important differences
between evaporation curves may be noted. The evaporation rate
of salt solutions of CaCl2, LiCl, LiBr and MgCl2 decreases continu-
ously with time (t > 500–800 s). The evaporation rate for water
and for salt solutions of CsCl, NaCl, BaCl2 is quasi constant for most
part of the evaporation time. Thus, the generally accepted notion
that with increasing salt concentration, the evaporation rate falls,
is not always true. The salt solutions can be divided into two
groups. The first group includes salts CaCl2, LiCl, LiBr and MgCl2,
where the evaporation heat increases markedly with increasing
concentration. It is important to emphasize that the evaporation
of aqueous salt solutions is accompanied by two processes – evap-
oration and dilution. The evaporation heat substantially exceed the
heat of dilution. For the second salts group (CsCl, NaCl, and BaCl2)
the evaporation heat weakly depends on concentration. If interac-
tion between molecules of water and salt is significantly higher
than the forces between only water molecules, more energy is
required to break intermolecular bonds (water and salt) for the
phase transition from liquid to vapor. As a result j decreases (salts
CaCl2, LiCl, LiBr and MgCl2).

Another important condition of evaporation rate quasi-
constancy for the second group is high diffusion rate in the solu-
tion. Since the diffusion coefficient Ds in the solution is much less
than the diffusion coefficient in the gaseous mixture Dg, the gradi-
ent of salt concentration will be high. Obviously, the higher the salt
gradient and the lower the Ds, the smaller the rate j. The inertial
influence of diffusion for the first group may also cause a signifi-
cant drop of j. The lowest rate of evaporation (before crystalliza-
tion) for all investigated salts is achieved for the salt LiBr. This
salt is most often used in absorption heat pumps. The lowest evap-
oration rate uniquely corresponds to the highest absorption activ-
ity in the absorber of the heat pump. High absorption rates lead to
a noticeable increase in the solution temperature due to phase
transition and to a high efficiency of the heat pump. There is a fre-
quent stereotype: the higher the salt solubility, the higher absorp-
tion activity of the salt solution, and the solubility clearly controls
the kinetics of evaporation (absorption). However, these state-
ments are incorrect. Solubility of salts LiBr and CsCl is high, that
allows achieving salt concentrations above 60%. The salt LiBr is
applicable in heat pumps for the reasons mentioned above. The salt
CsCl evaporates very quickly at high concentrations of salt, and
therefore will have a very low absorption rate and a very low
degree of solution heating in the absorber. Therefore, this salt
(CsCl) is not applicable in heat pumps. All salts of the second group
cannot be used in heat pumps. The equation of heat balance for the
free liquid surface has the form (1). The heat flux al(Tw � Ts) is sup-
plied to the liquid from the heated wall (qw) (1), and the supplied
heat is consumed for liquid evaporation qe = rje (je = Dm/FDt), cool-
ing from gas convection qc = al (Ts � T0) and radiation qr,

qw ¼ kwðdT=dyÞy¼0 ¼ alðTw � TsÞ ¼ qR; where

qR ¼ rje þ agðTs � T0Þ þ qr ð1Þ

where m is liquid mass, kw is the thermal conductivity of titanium
alloy, y is the transverse coordinate to the metal wall (y = 0 corre-
sponds to the surface of the wall, F is the area of the liquid free sur-
face, t is the time, r is the latent heat of evaporation (latent heat of
evaporation for aqueous salt solution consists of two heats: the heat
of water evaporation and the heat of dilution due to changes in the
concentration of salt), ag is the heat transfer coefficient for vapor-
gas mixture, resulting from free gas convection over the surface of
the heated liquid, and T0 is the gas temperature away from the wall.
The heat transfer coefficient al for the salt solution was determined
by the expression (2),
al ¼ kwðDTi=DyÞy¼0=ððTwi � TsiÞÞ � qR=ðTwi � TsiÞ ð2Þ

where DTi is the temperature difference near the surface of the wall
of the heated work area, Twi is the current average wall tempera-
ture, and Tsi is the current average temperature of the interfacial
surface (liquid–gas). The radiation flux was determined by the
expression qr = er(Ts4 � T04), where e is the coefficient of thermal
radiation for the fluid; r is the Stefan-Boltzmann constant. The heat
transfer coefficient for gas ag was determined in accordance with
[28] by the expression Nu = 0.54Ra0.25 (where Nu and Ra are Nusselt
and Rayleigh numbers, Nu = agR/kg, Ra = gbDTs(R)3/ma, DTs is the
temperature gradient on the free surface of the liquid, m is the kine-
matic viscosity of the liquid, b is the coefficient of thermal expan-
sion, g is the gravity acceleration, ag is the heat transfer
coefficient for gas (air), and R is the characteristic scale (the radius
of the cylindrical heater), and kg is the thermal conductivity of
gas. For water and all salt solutions, the condition of heat balance
was performed in accordance with (1) for the most evaporation
time. The difference D1 = (qw � qP)100%/qw did not exceed 3–5%.
In addition, at small and medium times the impact of gas convec-
tion and heat radiation is negligible compared to the heat of vapor-
ization. Therefore, the error in determining the gas convective
component (ag) has almost no effect on thermal balance perfor-
mance and accuracy of determining al. At large times, when the
heat transfer coefficient significantly changes over time, the maxi-
mum value of D1 reaches 10–15%. The growth of D1 is due to the
increase of non-stationarity at large times. The upper surface tem-
perature was measured by the thermal imager. The wall tempera-
ture was measured by thermocouples. The maximal measurement
error al was within 11–13%.

Experimental data on the changes of heat transfer coefficient al
for water and aqueous salt solutions layers are shown in Fig. 3. The
behavior of the coefficient al can be also divided into two charac-
teristic groups: (1) for solutions of salts CaCl2, LiCl, LiBr there is
an extremum for coefficient al. A similar behavior is also specific
for the salt MgCl2. The curves for heat transfer have 3 distinctive
time stages: the stage with a slightly variable al; growing al and
reaching the extremum; and a continuous decrease in al; (2) For
water and for the second group of salts CsCl, NaCl the extremum
is absent, and there are two stages of evaporation: a quasi-
constant heat transfer and continuous increase in al. A similar
behavior is also observed for the salt BaCl2.

The most intensive heat transfer corresponds to water. For solu-
tions of salts, the coefficient al is lower than that of water even at
the initial time of evaporation (with low initial salt concentration
of 10%). The important fundamental feature of evaporation of solu-
tions of salts of the first group is the existence of extremum for the
curve al. Since at large times there is a significant change in al, a



S.Y. Misyura / International Journal of Heat and Mass Transfer 125 (2018) 610–617 613
non-linear temperature profile occurs in the solid wall, increasing
the measurement error. Therefore, to determine the heat flux we
used the flux qP (at large times). The heat transfer coefficient
may be considered as a product of two functions al = cf1(t)f2(t),
f1(t) = qP, f2(t) = 1/DTw (DTw = Tw � Ts).

Changes in the heat flux qP (curves 1, 2) and 1/DTw (curves 3, 4)
for LiBr and CaCl2 over time are presented in Fig. 4. Graphs of heat
flux qP and curves 1/DTw for the two aforementioned solutions of
salts have long time periods of quasi-constant values (t = 0–1000 s).

For time t > 1000 s, qP continuously decreases, and 1/DTw
increases. Such character of the curves leads to the existence of
extremum in heat transfer. When approaching the point of crystal-
lization the solution viscosity dramatically increases, which leads
to the suppression of thermo-gravitational and thermo-capillary
convection. The drop in qP is associated with an increase in the
concentration of salt and with the approach of the solution to equi-
librium (the salt concentration Cs on the free surface of the liquid
approaches the equilibrium salt concentration Cs). A similar behav-
ior is specific for the salt MgCl2. The behavior of water and salts
NaCl, CsCl and LiCl (Fig. 5) is different from Fig. 4. Thus, Fig. 5
shows the behavior of water, which qualitatively reflects the char-
acter of the dependence for aqueous solutions of salts NaCl and
CsCl. The curve of the heat flux for water also has a long flat area.
However, with a substantial reduction in the layer height (t > 700
s), qP for water increases dramatically compared to its decrease for
the salts on Fig. 4 and for the salt of LiCl ((1), Fig. 5). And the heat
flux for an aqueous solution of LiCl salt has no flat area and qP
decreases continuously with time. The sharp 1/DT increase for LiCl
salt starts significantly earlier (t > 700 s) compared to Fig. 4 (LiBr,
CaCl2). For the greater part of the evaporation time, the radiation
flux and the convective flux are much less than the heat of vapor-
ization. Therefore, the dominant role in the fall of qP is caused by a
decrease in the flux density j.

To identify the main factors due to which salts are divided into
two specified groups, it is necessary to consider the equilibrium
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Fig. 4. Changes in heat flux qP (1, 2) and 1/DT (3, 4) in time (C01 = 10%; Tw = 80 �C):
1 – LiBr; 2 – CaCl2; 3 – LiBr; 4 – CaCl2.
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Fig. 5. Changes in heat flux qP (1, 2) and 1/DT (3, 4) in time (C01 = 10%; Tw = 80 �C):
1 – LiCl; 2 – H2O; 3 – LiCl; 4 – H2O.
curves and properties of salts, as well as to link these properties
with evaporation rate. The evaporation rate of the layer j is associ-
ated with the difference in the equilibrium vapor pressure Dpvs
(Dpvs = pvs � pv,ext, where pvs is the vapor pressure at the liquid
interface; pv,ext is the vapor pressure in air far from the liquid sur-
face) in accordance with (3) [29]

j � Dgðqvs þ qv;extÞlnð1þ BMÞ � pvsðifqvs � qv;extÞ ð3Þ

where pvs is expressed through qvs using Mendeleev-Clapeyron
equation, qvs is vapor density of water at the interface surface; Dg

is the vapor diffusion coefficient in gas, BM is the Spalding mass
number [29]. In accordance with the equilibrium curves, an
increase in the concentration of salt in the salt solution leads to a
drop in the equilibrium partial pressure of water vapor pvs. Equilib-
rium curves vary significantly for different aqueous salt solutions.
Table 1 provides data on pvs and the differential enthalpy of
dilution.

As can be seen from Table 1, at low salt concentration C1 = 10–
20%, t = 100–200 s) values of pvs for LiBr, CaCl2 and LiCl salts differ
slightly. However, with an increase in salt concentration (t = 1200
s), pvs for LiCl salt is significantly lower than for the other two salts.
In accordance with (3), the evaporation rate of the aqueous solu-
tion of LiCl salt should be noticeably lower, which corresponds to
Fig. 2. When approaching the crystallization point, the ratio of
the partial vapor pressure changes. The value of pvs for LiCl salt
becomes, vice versa, higher than for LiBr and CaCl2 salts. Therefore,
the evaporation rate for the aqueous solution of LiCl salt is, on the
contrary, higher than that of the other two considered salts (see
Fig. 2). This analysis is undoubtedly very approximate and qualita-
tive, since it does not take into account the change in diffusion, vis-
cosity and convection in the liquid, which vary greatly with the
increase in salt concentration.

Of interest is the obvious question, how the partial vapor pres-
sure is associated with the properties of salt. To relate the transfer
in the liquid and gas phases, it is necessary to consider intermolec-
ular forces near the interface. To turn the liquid into vapor, it is
necessary to spend the work (l = l1 + l2) on breaking intermolecular
bonds (l1) and on gas expansion (l2). The work l1 � l2 and l2 is
approximately the same for different salts. The work l1 is deter-
mined by van der Waals forces, which determine the interaction
between water and salt molecules. On the other hand, the evapo-
ration rate may be associated with energy (heat), which has to
be spent on water evaporation. This heat is the sum of the latent
heat of vaporization and the heat of dilution. Water evaporation
leads to an increase in salt concentration and to additional dilution
heat. Both heats lead to liquid cooling at the interfacial surface. To
assess the role of evaporation heat, it is necessary to estimate the
total number of intermolecular bonds between water and salt
molecules. Heat transfer and evaporation are often investigated
as a function of the mass concentration of salt. Table 2 shows val-
ues of molar masses for the investigated salts.

As can be seen from Table 2, the first group of salts has a sub-
stantially lower molecular weight than the second group, with
the exception of NaCl salt. Near the liquid interface the number
of molecules of CsCl and BaCl2 salts, will be much less (less than
the concentration of the molecules) than for the molecules of the
Table 1
The equilibrium vapor pressure of water (pvs) and the differential enthalpy of dilution.

Salt pvs, bar
(t = 100 s)

pvs, bar
(t = 500 s)

pvs, bar
(t = 1200 s)

H, kJ/kg
(t = 1500 s)

LiBr 0.25 0.24 0.17 465
CaCl2 0.25 0.23 0.18 550
LiCl 0.23 0.19 0.08 425



Table 2
Molar mass (M) of salt.

I group II group

Salt LiBr CaCl2 LiCl MaCl2 CsCl BaCl2 NaCl

M, g/mol 87 111 42 95 168 172 58
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Fig. 6. Change in the liquid layer height versus time (C01 = 10%; Tw = 80 �C): 1 –
LiBr; 2 – CaCl2; 3 – LiCl; 4 – H2O.
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salt of the first group. Then the number of bonds (short-range and
long-range) between water molecules and CsCl and BaCl2 mole-
cules will be much smaller than for the first group. In this case,
most of the water molecules will be removed from the liquid sur-
face (turn into vapor) without interaction with the salt molecules,
and the total effect of the dilution heat will be lower. Then pvs (at a
constant mass concentration of salt) will be significantly higher for
the second group than for the first one. Therefore, according to (3),
for the second group j will be noticeably higher than for the first
group (see Fig. 2).

Molar mass of NaCl salt is low and does not correspond to this
analysis, which is easily explained. For aqueous solution of NaCl
salt under the conditions of this experiment crystallization begins
approximately at salt concentration C1 = 26%. This salt has a very
low solubility. At such low concentration and low dilution heat,
this salt solution will have a slightly lower evaporation rate than
water. The crystallization point for CsCl and BaCl2 salts will also
correspond to the mass concentration of the salt, which is much
lower than for the salts of the first group. If we relate the crystal-
lization point not to the mass, but to the volume concentration
of salt, the difference in solubility between the second and third
groups will be even greater. Thus, the second group of salts for
any time t and at any temperature Ts has much less water-salt
intermolecular bonds. Then water molecules can move more freely
in the transverse direction to the free liquid surface, i.e. the solu-
tion can be considered in the first approximation as having an infi-
nite diffusion. Then the diffusion equation may be skipped, limiting
only to the momentum transfer and the energy equations. For the
first group, the diffusion equation with variable boundary condi-
tions has to be solved (the equilibrium partial vapor pressure at
the interfacial boundary and the difference DTw change several
times over time).

The evaporation rate is undoubtedly associated with the heat
and mass transfer rate, which is regulated by diffusion, viscosity,
dilution heat (Table 1) and the intensity of convective motion in
the liquid. A higher concentration of salt molecules for group 1 will
result in a higher gradient of C1 near the interface (liquid–gas). Our
experimental data show that before crystallization in salts of group
1, the average salt concentration (throughout the solution volume)
is 10–15% lower than for the equilibrium crystallization curve. The
supersaturation in all experiments did not exceed 0.1%. As a result,
there is a high transverse gradient of salt concentration near the
free surface of the solution. It is surprising that such a high gradi-
ent corresponds to the liquid layer thickness of 0.3–0.5 mm. Thus,
a high gradient at a distance of 0.01–0.1 mm from the interface
results in a higher diffusion water flow.

It is surprising that even before crystallization, despite the
stronger bonds of water and salt molecules, the derivative of the
evaporation rate decreases only slightly.

Usually, when modeling in a thin layer of the solution, a linear
profile of temperature and concentration is taken. However, this
approximation can only agree with the transverse temperature
profile (temperature gradient before the beginning of crystalliza-
tion of DTw = Tw – Ts = 1–4 �C). The concentration gradient is highly
nonlinear, which is important to take into account when modeling,
as this will lead to a change in the transverse mass flow depending
on the transverse coordinate. This fact is especially important to
consider when modeling crystallization in a thin layer, e.g., at the
formation of nano-coatings with a strictly defined morphology.
The high transverse concentration gradient will lead to different
transverse crystal growth rates and will contribute to the increase
of crystal defect and deterioration of the coating properties.

The development of modern technologies dealing with high
rates of thin layer evaporation needs experimental data on local
profiles of concentrations and velocity in the liquid. To date, these
studies are extremely difficult. Theoretical and experimental inves-
tigations in this area are the subject of further study.

Qualitative behavior of the evaporation rate (for aqueous salt
solutions) over time may be easily analyzed with the simplified
expression for the isothermal case and for a thick layer of water
(4) [3]

j1 ¼ �qD @C2

@y

� �
y¼0

¼ q
ffiffiffiffi
D

p
ffiffiffiffiffiffi
pt

p C02 � C0sð Þ; ð4Þ

where q is the density of aqueous salt solution, D is the diffusion
coefficient in aqueous salt solution, t is the time, C02 is the initial
water concentration in aqueous salt solution, C0s is the water equi-
librium concentration for liquid free surface and for T = T0 (T0 is the
initial temperature of the solution). As can be seen from (4), even if
the diffusion coefficient does not change, there will be a continuous
decrease in the mass flux density of water over time, and, accord-
ingly, a continuous decrease in the evaporation rate. The driving
force of desorption (DC = C02 � C0s) over time decreases as the ther-
modynamic system approaches equilibrium.

The ratio of convection (convection in liquids) and conduction
(molecular transfer in the absence of the mean motion of the med-
ium) is dependent on the height of the liquid layer d.With decreas-
ing d the role of convection decreases. Fig. 6 shows experimental
data of d changes on time for water and salt solutions of LiBr, CaCl2,
LiCl. The height of the layer d was determined experimentally by
the expression d = m/qF, where m is the current liquid mass, q is
the liquid density, and F is the surface area of the liquid). The
decrease of the massmwas registered by weights. The evaporation
area was constant for all experiments (experiments were carried
out before the water film rupture).

For water, the derivative of the layer height on time dd/dt is
quasi-permanent for entire period of evaporation. For salts solu-
tions, a derivative decreases approaching the point of crystalliza-
tion that is due to a sharp decrease in the evaporation rate
(Fig. 2). The data for the minimum layer height d1 are represented
on Fig. 7.

Height d1 for water corresponds to time when the water film
ruptures and forms a dry spot on a solid wall, and d1 for salt solu-
tions is taken for time when salt crystallization starts on the free
liquid surface. For the case of salts, the rupture was not observed.
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According to the graphs, the minimum value of d1 corresponds to
the water (4). For salts (1–3), the minimum height corresponds
to the aqueous solution of LiBr.

We define the dimensionless criteria for the liquid phase, char-
acterizing the convection intensity in the liquid. The Rayleigh num-
ber Ra = GrPr = gbDTs(LTL)3/ma (Pr = m/a, Gr = gbDTs(LTL)3/m2, DTs is
the temperature gradient on the free surface of the liquid, m is
the kinematic viscosity of the fluid, b is the coefficient of thermal
expansion, g is the gravity acceleration, LTL is the characteristic
scale (subscripts T and L refer to the temperature and to the liquid).
To estimate the values of Rayleigh number and the thermal Maran-
goni number (MaT) for convection in a water layer, a characteristic
convective thermal scale was determined. It is assumed that the
order of the thermal scale values should coincide with the speed
scale (the liquid circulation scale inside the layer).

When measuring with a thermal imager, it is necessary to esti-
mate the influence of the wall on the measurement of the liquid
surface temperature and the influence of salt concentration on
the measurement error [30–33]. In all experiments, the height of
the water layer and the aqueous salt solution exceeded the value
when it is necessary to take into account the influence of the wall.
The effect of the salt concentration on the measurement of temper-
ature Ts, as mentioned earlier, is within the error of the thermal
imager.

Fig. 8(a) presents a thermal image of the water layer surface,
and Fig. 8(b) shows a multi-magnified image of the temperature
region (A) on the free surface of the liquid. At magnifying one
can clearly see the characteristic scales (temperature inhomogene-
ity) with a size LTL = 3–5 mm. The temperature gradient along these
inhomogeneities is 0.3–0.5 �C. The value of LTL is approximately 2
Fig. 8. Thermal imager photos for (Tw = 80 �C, t = 300 s): (a) Area A shows the location on
times greater than the height of the water layer. When the Ra value
was determined for air (moving over the surface of a hot liquid),
the characteristic size (LTG, where the index G refers to gas (air))
was equal to the radius of the cylinder, i.e. 35 mm.

For convection in a thin layer of liquid, it is incorrect to take the
value of the specified radius R0 (the radius of the cylindrical hea-
ter). In this case, Ra = 1.2�107 (LTL = 35 mm, the maximum temper-
ature gradient at a distance from the liquid edge to its center is
approximately 3 �C). With such a large Ra value, an intense convec-
tion should be observed in the final evaporation stage. However, as
further will follow from Fig. 9, for time t > 700–800 s the value of
Nu number is close to unity. It is obvious that the circulation flow,
when its longitudinal size is much larger than the transverse one, is
unstable to disturbances (for time t = 1000 s, R/d = 35 mm/0.5 mm
= 70, where d is the height of the water layer (Fig. 6)).

We determine the values of Ra and MaT for water and for the
layer height d, when d is close to the maximum value (t = 300 s),
as well as for the lowest height d (t = 1050 s). At the length of the
characteristic convective scale LTL = 4 mm, and the temperature
gradient DTs = 0.5 �C. In accordance with the above (for time t =
300 s) Ra = 3000, the thermal Marangoni number MaT = (DTsLTL/
la)�(dr/dTs) = 5100, where r is the surface tension of the liquid,
LTL = 4 mm, and DTs = 0.5 �C. For the time t = 1050 s Ra = 0.6 and
MaT = 100 (LTL = 2d = 0.4 mm, DTs = 0.1 �C). Thus, at small evapora-
tion times (d = 2.2 mm), the Ra and MaT numbers exceed the criti-
cal value 1000–2000, at which the free-convective motion of the
liquid occurs [28]. For the final stage of water evaporation (t =
1050 s), the values of Ra andMaT are much lower than the specified
critical value 2000, and therefore there is no convection in the
water layer. Heat transfer is determined only by conductive heat
transfer.

Determining the solutal Marangoni number (MaC) is quite diffi-
cult, because it is difficult to measure the concentration gradient
DCs on the liquid surface in a thin layer. MaC = (DCsLTL/lD)�(dr/
dCs), where C is the salt concentration and D is the diffusion coef-
ficient in the aqueous salt solution. However, theMaC value may be
determined at a very low gradient of salt concentration on the liq-
uid surface. Let DCs = 0.1%, then MaC = 100,000 for the initial evap-
oration period (d = 3 mm, LTL = 2d = 6 mm) and for the salt solution
an intense solutal Marangoni flow will be observed on the free sur-
face. Thus, the solutal Marangoni number plays a crucial role in the
heat exchange of the salt solution. An intense solutal Marangoni
convection is due to the fact that the diffusion coefficient D is
almost two orders of magnitude lower than the thermal diffusivity
coefficient a. As a result, if there is a gradient DTs, the evaporation
rate gradient on the surface of the liquid and, accordingly, the salt
the water layer surface; (b) Thermal image of the area A at multiple magnification.
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concentration gradient DCs will also appear. The surface area
where water evaporates faster will have a higher salt concentra-
tion. Thus, curves for salt solutions, taking into account the solutal
Marangoni convection inside the layer, should be higher than for
water.

Fig. 9 shows changes in the dimensionless values of the heat
transfer coefficient al in the form of Nusselt number Nu (Nu = aldl/
kl). The increase of heat transfer is directly proportional to the
growth of convection only if the boundary conditions do not
change, i.e., the height of the liquid dl is constant. In the considered
cases, its height decreases almost 10 times during evaporation. In
this case, the simulation is significantly complicated. At the evap-
oration beginning, the free convection dominates over the conduc-
tion heat transfer. In the final stage of evaporation, when the
height of the layer becomes low enough (0.2–0.5 mm), heat trans-
fer due to thermal conductivity is predominant. For solutions it is
necessary to estimate the value of the solutal Marangoni number,
which can be many times greater than the Ra value and the ther-
mal Marangoni number.

Experimental data show a surprising result. In the initial period
of evaporation, when the height of the layer of water and all solu-
tions is the same (d0l = 3 mm), the convection for all salt solutions
significantly exceeds the convection in the water layer. It is impor-
tant to note that the first point on all graphs corresponds to time t
= 40–60 s. Therefore, the Nu value does not agree with the time
close to 1–10 s. It is not correct to approximate the curve for Nu
with a straight line to get the value of Nu for t = 0. Our further
paper, which is to be published soon, will show that the highest
derivatives of da/dt and dNu/dt correspond to small times when
the solution is heated. In this moment, the highest Marangoni
forces arise on the surface of the liquid layer.

The values of Ra,MaC bMaT have been estimated above, and it is
shown that MaC prevails in the initial evaporation period, which
explains the excess of curves 1–3 (aqueous solutions of salts) over
curve 4 for water. We decompose the numerator in the expression
for Nu (Nu = aldl/kl) into two components aldl = a1 + a2 = aldl + kl. If
aldl � kl, then the numerator is determined only by convection. If
aldl 	 kl, then the numerator is determined only by thermal con-
ductivity (Nu = 1). Then, in the initial evaporation period (t = 50–
100 s), for water (curve 4 in Fig. 9) components a1 and a2 are com-
parable. The contribution of convection to heat transfer slightly
exceeds the contribution frommolecular transfer (from conductive
transfer, which is characterized by kl). For aqueous solutions of
salts (t = 50–100 s, curves 1–3 in Fig. 9), the effect of free convec-
tion (due to MaC), is almost twice higher than the effect of conduc-
tive transfer and MaT.

Our next article using micro PIV measurements will show that
already at short times and for the high temperature Tw, the concen-
tration flowMaC will lead to substantially higher velocities in a thin
layer of salt solution in comparison with pure water. When
approaching the point of the layer rupture (for water) the influence
of the thermal convection can be neglected. However, for a very
thin layer of aqueous salt solution, the effect of the solutal Maran-
goni flow may be substantial and must be evaluated.
4. Conclusion

Evaporation and heat mass transfer of the layers of aqueous salt
solutions have been studied experimentally. Experimental data of
aqueous salt solutions are compared with the water layer.

Aqueous solutions of salts can be divided into two characteristic
groups. For water and for the first group of salts (NaCl, CsCl, BaCl2),
the evaporation rate j is quasi constant for most part of the evap-
oration time and heat transfer coefficient increase with time at
the end of evaporation. The evaporation rate of salt solutions of
CaCl2, LiCl, LiBr and MgCl2 decreases with time. For the second
group (NaCl, CsCl, BaCl2), the rate of evaporation falls sharply with
increasing salt concentration and with decreasing height of the liq-
uid layer, and the heat transfer coefficient al has a pronounced
extremum.

The division of salts into two groups can be explained by differ-
ent values of the equilibrium partial vapor pressure.

In order to determine the group of salts to which the aqueous
salt solution should be attributed, it is necessary to consider the
following properties of salts: molar mass of salt, the heat of salt
dilution and the degree of salt solubility (the beginning point of
crystallization). This analysis will help to determine the conditions
for modeling the evaporation and heat transfer process. For exam-
ple, it will become clear whether to consider the diffusion equation
or limit to solving the energy and momentum transfer equation.
The equation for the evaporation rate for the second group of salts
can be considered in the quasi-stationary formulation, i.e. assum-
ing that pvs = const. For the first group of salts, pvs can change by
an order of magnitude. In this case, the entire evaporation period
can be divided into small intervals, and for each Dt interval one
should assume pvsi = const. Thus, the nonstationary problem can
be reduced to quasi-stationary even for the first group of salts.

With increasing concentration of salt and when approaching
the crystallization point, the role of free convection in the liquid
phase decreases sharply. For salt solutions LiBr, CaCl2 and LiCl, a
significant excess of convection (a) over conductive heat transfer
(k) is observed for the layer height d over 1.8–2.0 mm. For pure
water, the convective and conductive components are comparable
even for d = 3 mm. This difference for salts is associated with sub-
stantial intensification of heat transfer, which is probably associ-
ated with the solutal Marangoni flow.

Strong influence ofMaC on heat and mass transfer in a thin layer
and at high temperatures has been detected for the first time and is
extremely important for accurate modeling in non-stationary and
non-isothermal processes.
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