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1. Introduction

The evaporation of aerosol droplets is an important aspect of industry and science. Although
the theoretical background of this process was developed more than one century ago and is
complemented nowadays by various corrections, its formulas are not completely relevant for
the evaporation process: they often give just crude estimations for complex systems. The com-
puter simulation is an appropriate tool for the calculation of parameters of the evaporation
of aerosols. In this paper, we present a model for the computer simulation of the evaporation
of ionic solutions. Salt NaCl is chosen for the role of electrolyte due to its simplicity and
widespread application. The simulation process is based on the Monte-Carlo method. We con-
sider the temperature T, pressure of the environment P, and NaCl concentration as income
parameters of the simulation and the evaporation coefficient as an outcome one. To simulate
the interaction between water molecules, the Stockmayer and Lennard-Jones potentials are
used. To estimate the efficiency of the proposed model, the evaporation coefficient was mea-
sured experimentally. It is shown that the experimentally obtained evaporation coefficients have
the same order of magnitude as ones calculated by means of the computer simulation.

Keywords: computer simulation, evaporation process, NaCl aqueous solution, Monte-Carlo
method.

tion in order to clarify the physical mechanisms that

The aim of this work is the development of an appro-
priate model for the simulation of the evaporation of
a water-based electrolyte solution. In this investiga-
tion, we used a NaCl aqueous solution. This choice
is due to the facts that the HO-NaCl system is one
of the most common solutions, and sodium and chlo-
rine ions are monovalent and have a spherical sym-
metry. Nevertheless, the model could be adapted to
describe more complicated systems. The relevance of
this work is due to the wide use of the aqueous solu-
tion in various fields of industry, medicine, pharma-
cology, etc. Such studies are essential for a further im-
provement of the theory of evaporation and condensa-
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enforce them and for the development of appropriate
theoretical models. Moreover, the results of this work
could lead to a new approach to the estimation of the
evaporation parameters for complex systems, which
would allow one to control the evaporation and the
condensation more precisely.

The specific phase transformation, including the
evaporation, occurs at a certain rate that depends on
conditions, under which the phase transition takes
place. The simplest case is the evaporation from a
liquid surface into vacuum. If a liquid is in a closed
vessel, the saturated vapor is formed over its surface,
and a dynamic equilibrium is established, at which
the number of molecules leaving the liquid surface is
equal to that of molecules going from the vapor back
to the liquid surface. The number of molecules that
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condense on a unit area of the liquid surface per unit
time is expressed by the well-known formula for the
kinetic evaporation regime:

dN v
— = aQnZ, (1)
where n is the concentration of vapor molecules, « is
the evaporation coefficient, 2 is the droplet surface
area, and v is the average thermal velocity of vapor
molecules. In many real cases, the evaporation of lig-
uid occurs in the presence of another (background)
gas. Then the molecules that left the liquid cannot
go far away from its surface due to their collisions
with molecules of the background gas. Molecules of
the evaporating substance diffuse away from the lig-
uid surface. This process is called the diffusion regime
of evaporation. The rate of diffusion evaporation of a
droplet with radius r is determined by the Maxwell
formula [1]:

dm
Inm=——=47D (Cy — Cw), (2)

dt
where I, is a change of the droplet mass per unit
time, D the diffusion coefficient of the liquid vapor
in the background gas, Cj is the concentration of
the saturated vapor at the droplet temperature, and
C is the vapor concentration at the infinite distance
from the droplet, which is determined by the humid-
ity. Supposing the droplets to be spheres with density
p and surface area S, the evaporation rate can be ex-
pressed by the formula

dS 8nD

= (Co= ) 3)

There are a few corrections, which take real experi-
mental conditions into account, and they need to be
introduced into the Maxwell formula for a better pre-
cision. The most significant one is the Fuks correc-
tion, which considers the vapor concentration shift
between the kinetic and diffusion evaporation regi-
mes. The second important amendment is a correc-
tion related to the Stefan flow, which considers the
presence of the environmental gas flow. It compen-
sates pressure changes due to the water vapor flow
from the droplet. Moreover, there are corrections
which consider a non-spherical form of the suspended
droplet and the presence of a convection. But their
impacts are not as significant as two first correcti-
ons. Hence, with regards for the mentioned correc-
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Fig. 1. Regimes of evaporation from the droplet surface

tions, the evaporation rate is determined by the fol-
lowing formula [1]:

dS 8rD D -1
2 _ 20 —C) [— +1
dt p (Co = Cx) (rua * ) 8
PO + Poo

where the first additional multiplier corresponds to
the Fuks correction, D is the diffusion coefficient, r is
the droplet radius, and u and « are the average ve-
locity and the condensation coefficient of water vapor
molecules, respectively. The second multiplier corre-
sponds to the Stefan-flow correction, where Py and
P, are the partial pressures of water vapor at the
droplet surface and at infinity, respectively, and P
id the total pressure of the environment. Using this
formula, we have approximated the experimental de-
pendences of the droplet evaporation rate on the re-
ciprocal pressure. This allowed us to determine the
condensation coefficient a of the studied liquid.

2. Experimental Measurements

The scheme of experimental facilities for the evapora-
tion rate measurement is presented at Fig. 2. Cham-
ber (2) used to study the evaporation of suspended
droplet (1) have form of a horizontally oriented cylin-
der. A thermostat liquid was circulating between the
double walls of a cylinder. The thermostat keeps the
temperature in the chamber to be constant in the
range of 540 °C with +0.1 °C deviation.

The temperature in the chamber was monitored by
a temperature sensor. For this purpose, we used the
p-n junction of a chip transistor. This allowed the in-
ertia of the system for the temperature monitoring
to be considerably reduced. The electronic system al-
lowed us to measure the temperature with an accu-
racy of £0.03 °C, and another similar sensor was used
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Fig. 2. Experimental equipment for the measurement of the
of liquid droplets evaporation rate. I — droplet of the studied
liquid, 2 — chamber, 3 — optic lens, 4 — digital camera
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Fig. 3. Lattice model of water structure. Each node is occu-
pied by a water molecule or salt ion

to monitor the droplet temperature. To make a con-
tact with the liquid better, the sensor was also used as
the bracket for a droplet. It should be noted that the
simultaneous application of the p-n junction of a chip
transistor as a bracket and a temperature sensor al-
lowed us to substantially reduce the heat conductivity
through the bracket and approach the conditions of
free droplet evaporation much closer in comparison
with the traditional technique of temperature mea-
surements with the help of a thermocouple.

The chamber has hermetically built-in glass win-
dows, which allow us to illuminate a liquid droplet
and observe its evaporation process. The suspended
droplet is regularly photographed after a certain time
interval by a digital camera located outside the vac-
uum cylinder and supplied with a specially selected
lens (3). For qualitative measurements, it is necessary
to keep the appropriate illumination regime, which
makes the dark droplet edge to be clearly distin-
guished on the white background. A wire with cali-
brated thickness was located near the droplet to pro-
vide the proper scaling of the photo. Since the tem-
perature and the photos were registered with the help
of the same computer, the computer clock was used
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for the time scaling. The further images of the lig-
uid droplet during the evaporation process are pro-
cessed by the MATLAB algorithm in order to register
droplet surface changes with time.

3. Computer Simulation

For the simulation of the salt water solution evapora-
tion, the lattice model (Fig. 3) was used in order to
simplify the calculation of parameters of the model.
The lattice model of water structure was previously
used in [2,3]. In this model, the solution is represented
as a set of water molecules and salt ions, which are lo-
cated at equal distance from each other. This distance
was calculated in accordance with the droplet temper-
ature. Only several upper layers of the solution were
taken into account (the reason for such approach will
be discussed below).

The cells were randomly filled with salt ions and
water molecules with regard for the concentration of
NaCl. The orientations of water molecules were deter-
mined by the nearest salt ion. Then the potential bar-
riers for surface water molecules and, as a result, the
possibility of their leaving of the liquid surface were
calculated. To avoid the edge effects, only the inter-
nal molecules were checked for this possibility. The
ratio between the numbers of molecules, which left
surface, and ones, which stayed on it, is considered as
the evaporation coefficient.

We consider that the evaporation occurs in the ki-
netic regime at distances not exceeding the mean free
path of water molecules in the gaseous state. In this
case, we should not consider the impact of the envi-
ronment on the process of saline evaporation. In this
mode, we are able to derive the evaporation coefhi-
cient «, which affects both the kinetic regime and,
more realistically, the transitional regime.

The evaporation coefficient was calculated in fol-
lowing way. For each water molecule located in the
surface layer of the solution, we calculated the en-
ergy of interaction with neighboring molecules and
ions. We assume that a water molecule turns into a
gaseous state with a certain probability W in a way
similar to the Ising model [4]. The probability of such
transition is determined by the Landau—Lifshitz equa-
tion for fluctuations in a closed system [5]:

W = exp (‘kg) (5)
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where Uy, is the potential barrier, and k7" is the ther-
mal energy.

The value of U,, was calculated after several itera-
tions. On the first one, we count the interaction po-
tential energy only with nearest water molecules. We
considered their sum as U;. On the second itera-
tion, we include the interaction with the second layer
of neighbor molecules. As a result, the second it-
eration potential consists of the interaction energy
with molecules of the first and second layers, and so
on. Hence, we obtain the sequence of potential energy
barrier values: Uy, Us, Us, ... (Fig. 4).

This sequence converges to a limited value Uy, since
the number of neighbors increases at each iteration
step as n?, whereas the intermolecular interaction po-
tential energy decreases as 1/nS. This assumption is
valid in the case of the 6-12 potential of intermolec-
ular interaction between water molecules. So, for the
simulation, we used only such type of potentials. To
estimate the complete potential barrier U, we used
the following formula:

Up = Un (1 = exp (—an)). (6)

The complete potential energy barrier U, comprises
the interaction with neighbor water molecules and
with salt ions Na®™ and Cl~. The second term was
estimated by the simple dipole — point charge inter-
action formula:

= [pl[E| cos?, (7)

where p is the dipole moment (its value for a water
molecule was taken from [9]), E is the electric field
intensity created by the point charge of a salt ion,
and 0 is an angle dipole and electric field intensity
vectors. To increase the precision, the Debye screen-
ing effect was taken into account. The effective salt
ion electric potential was assumed to be

Us_i = —pEexp () — Ip|[E] cos fexp () ®)
D D

where 7p is the Debye screening length.

Different potentials of intermolecular interaction
were used to calculate the potential energy barrier for
surface water molecules. As the first approximation,
we used the bare Lennard-Jones potential:

U (r) = 4e <‘711§ — 06>, (9)

r 76
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Fig. 5. Sequence of U, converges to a certain value of poten-
tial barrier Uy

where € and ¢ are energetic and distance parameters,
which were taken from [6-8].

We also used the anisotropic Stockmayer potential,
which is based on the above-mentioned 6-12 Lennard-
Jones potential, but it involves the dipole-dipole in-
teraction between water molecules:

0.12 0.6
U(T, aaagoaaelﬂwb) = de (7”‘12 a 7"6> -
d odp

r3

9 (0a,0b, 00 — @1), (10)

where 6 and ¢ are the polar and azimuth angles of
dipoles, respectively, g is the angle function:

9 (04, 0p, 00 — @) = 2cosb, cos by —

(11)
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Fig. 7. Dependences of droplets’ surfaces on the time for

the initial concentration of NaCl, pressures in the interval 27—
750 mmHg, and a temperature of 20 °C

In the case of the Stockmayer potential, the as-
sumption of the spherical symmetry of water mole-
cules could not be applied. Therefore, we introduce
the direction of water molecules. The dipole vectors
of water molecules are determined by the nearest salt
ion electric field (Fig. 6). In our model, its direction
could also be represented by the relative position of
a salt ion cell.
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4. Results and Discussion

To check the results of the computer simulation,
the experimental measurements of the evaporation
rate of NaCl water solution droplets at different
initial concentrations and temperatures were car-
ried out. Using the experimental equipment described
above, we measured the evaporation rate in the inter-
vals of concentrations Cs = (0.1-2.5)% and environ-
ment pressures of 27-760 mmHg. Our main aim was
to derive the evaporation coefficient from these ex-
perimental results. The derivation of this parameter
consisted of a few stages. At the first one, we mea-
sured the changes in the surface of droplets with the

N
N
1

salt
81 = 0%
® 2.5%
A 8%

dS/dt * 102, mm?/s

4 T T T T T T T
0 5 10 15 20 25 30 35 40

I/p * 102, mmHg"!

Fig. 8. Evaporation rate of a water NaCl solution versus the
environment pressure at various concentrations of salt
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Fig. 9. Comparison of the evaporation coefficients, which were
obtained experimentally and by computer simulations
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time at the different initial salt concentrations and
environment pressures (Fig. 7).

Then we calculated the instant evaporation rate %
at various time moments, by considering the fact that
the salt concentration in a droplet increases during
the evaporation, since some part of water molecules
has left the liquid surface. Thus, we obtained the data
set of pairs (%, Cs) for various environmental pres-
sures. As a result, we were able to construct the de-
pendences between the evaporation rate dS/dt and
the inverse environmental pressure (used for a more
convenient analysis of data) at various salt concen-
trations (Fig. 8).

At the final step of the derivation, we approximate
the dependences of the NaCl water solution evapo-
ration rate on the inverse environmental pressure by
formula (4) at various salt concentrations. The evap-
oration coefficient o was considered as an adjustment
parameter. As a result, we estimated the value of «,
which corresponds to the certain values of the salt
concentration (Fig. 9).

In the course of the evaporation process simulation,
we initialized the lattice model configuration at each
Monte-Carlo iteration, by using the salt concentra-
tion and the temperature as initial parameters. After
the derivation of the potential barrier for each water
molecule, we check its possibility to leave the liquid
surface. Thus, we calculated the evaporation coefhi-
cient at various salt concentrations, which numeri-
cally equals to the averaged ratio between the number
of water molecules, which have left the liquid surface,
and the complete amount of molecules. As was men-
tioned above, two types of potentials were used: the
Lennard-Jones and Stockmayer ones.

The comparison of the experimentally measured
evaporation coefficients of the NaCl water solution
and those obtained by means of the computer sim-
ulation were used to estimate the relevance of the
proposed lattice model (Fig. 9).

5. Conclusions

Two types of intermolecular potentials are used for
the simulation of the evaporation process, namely the
Lennard-Jones and Stockmayer potentials. For each
potential, the dependence of the evaporation coef-
ficient on the salt concentration is derived. The re-
sults of the computer simulation and the experimen-
tal measurements are presented in Fig. 9.
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The values of evaporation coefficient obtained by
means of the computer simulation have the same
order of magnitude as ones obtained experimental-
ly. This fact indicates the relevance of the pro-
posed model for the evaporation of a NaCl aqueous
solution.

As is seen from Fig. 9, the better matching with
experimental data was provided by the Stockmayer
potential. This result can be explained by the fact
that it takes into account the dipole moment of
water molecules, in contrast to the Lennard-Jones
potential.

In order to increase the accuracy of the proposed
model, the H-bonds should be considered. In this
case, the Lennard-Jones potential parameters need
to be adjusted.

The authors thank A.M. Grygoriev for his help with
the article.
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B.C. Casenxo, IM. Bepbuuywvka, JI.A. Byaasin

KOMIT'IOTEPHE MOJAEJIFOBAHHS$I
ITPOIECY BUITAPOBYBAHHA BOAHOI'O
PO3YIMHY NaCl

Peszowme

BunapoByBanHs Kparesb aepo30JIiB € Ba>KJIMBUM aCIIEKTOM Ha-
YKH Ta IIPOMHCJIOBOCTI. X04a TEOPETUYHI OCHOBU IIOT'O IIPOIle-
cy 6ynu po3pobuieni nonas 100 pokiB Tomy i B Hamn dac J0-
[IOBHEHI pPI3HMMU IOIIpaBKaMH, 11 pOPMyJIM He € MOBHICTIO pe-
JIEBAHTHUMMU [JIf1 IIPOIECY BUIIAPOBYBAaHHA: 9aCTO BOHU JAaIOTHh
TibKY rpy0i OMiHKY JUIst CKJIaHUX cucTteM. Komm’torepue Mo-
JIEJIIOBAHHS € NPHUJATHUM IHCTPYMEHTOM JUIsI PO3PaxyHKY Ila-
paMeTpiB IpoleCy BUIIAPOBYBAHHS a€pO30JIiB. Y Iiil cTarTi Mu
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[IPEJCTABUIIM MOJIEJNIb JIJII KOMII' FOTEPHOIO MOJIE/IIOBAHHSI IIPO-
1ecy BunapoByBaHHs ioHHOrO po3umHy. Cine NaCl 6yno Bu-
OpaHO Ha POJIb €JIEKTPOJITY “epe3 CBOIO IPOCTOTY i IIHpOKe
3acTrocyBaHHsA. [Iporec MozestoBaHHsS I'DYHTYETHCS Ha METOJ1
Mounte-Kapso. Mu posrisgaemo temneparypy 7', THCK HABKO-
JIMIIHBOrO cepeiosuina Ta KonnenTpanito NaCl sk Bxiani mapa-
METPH MOJEJIIOBAHHS Ta KOediI[leHT BUIAPOBYBAHHS SIK BUXi-
muui. Jlist MozieTioBaHH s B3a€MO/IT MizK MOJIEKyJ1aMu Bojiu Oy-
s BUKOopucTaHni norenniaaun Crokmaitepa i Jlennapa-/Ixxouca.
[IT06 ominnTH edeKTUBHICTH 3aIPONOHOBAHOI MozeJi, Koedirri-
€HT BUIIAPOBYBaHHs: OyJI0 BU3HAYEHO €KCIIEPUMEHTAIbHO. Byio
[IOKA3aHO, 1110 OTPUMAaHI eKCIIEPUMEHTAJIBHO KOoeillieHT! BUIIa-
POBYBaHHSA MalOTb TOH caMUU HNOPANOK BEJUYUHU, IO ¥ pO3-
paxoBaHi 3a JOIIOMOI0I0 KOMII'IOTEPHOTO MOJIETIOBAHHS.
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