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The mechanisms responsible for hygroscopic growth (or reduction) in the size of water-soluble aerosol particles have 

a significant effect on the dynamics of coagulation and sedimentation processes in aerosol systems. By now, there is a 

large amount of experimental and theoretical works devoted to the study of hygroscopic growth and decrease in the size 

of particles of various chemical nature. Along with comprehensive multilayer models of aerosol particle growth, the 

models based on the modification of the Maxwell equation for condensation and evaporation of droplets are widely used. 

Such models can take into account temperature effects, the influence of the surface curvature of the particle, and the 

presence of soluble substances in it. The paper proposes a mathematical model of the evolution of the size of water-

soluble aerosol particles that, along with the listed effects, takes into account the change in the size of the undissolved 

particle core. This approach makes it possible to simulate all the stages of hygroscopic change in the particle size: from 

the transformation of a crystal core into a drop to its subsequent growth, as well as in the opposite direction - from the 

evaporation of a drop to the formation of a crystal. Based on the proposed model, various scenarios for changing the state 

of a particle on its initial degree of solubility and the relative humidity of the air were studied. It is shown that the 

predictions of the model are qualitatively and quantitatively consistent with the experimental data on the evolution of the 

particle size of sodium chloride in the modes of humidification and drying, as well as with the results of measurements 

of particle sizes in equilibrium state with variations in the relative humidity of the air. The developed model can be used 

to solve various fundamental and applied problems of the dynamics of water-soluble aerosol systems. 

Key words: water-soluble aerosol particles, hygroscopic particle growth model, aerosol particle dissolution and 

evaporation, computational experiment, numerical solution 

 

1. Introduction 

 

The study of the interaction of aerosol particles with air moisture is of great importance in solving many 

applied problems: determining the nature of the spread of environmental pollution, evaluating the 

pharmaceutical effects of inhalation treatment, designing mine ventilation systems for salt mines, etc. When 

substances are dissolved in humid air, in contrast to liquids, hydrated molecules (ions) of the substance remain 

on the surface of the particle and form a solution layer on it, the concentration of which changes during the 

dissolution process. In this case, an increase in the size and mass of particles occurs, which in turn affects the 

rate of their coagulation and sedimentation. 

To describe the hygroscopic properties of substances, absorption isotherms are mainly used, which show 

the dependence of the equilibrium size of a water-soluble aerosol particle on the relative humidity of the air 

[1]. The typical pattern of the particle absorption isotherm for pure NaCl, pre-dried crystals with an initial 

effective diameter of 99 nm, is illustrated in Fig. 1 (taken from [2]). The experimental investigations have been 

performed using a hygroscopicity tandem differential mobility analyzer (H-TDMA) at a fixed ambient 

temperature of 298K. An equilibrium particle diameter has been measured at various fixed values of relative 

air humidity. 

The process of hydration (or dehydration) can be divided into several areas on the experimental curves 

(Fig. 1. As the relative humidity of the air increases from zero (area I), the adsorption process occurs on the 

surface of the soluble particle but the initial radius of the crystal practically does not change. When the relative 

humidity reaches a certain critical value - the hygroscopic point or DRH (Deliquescence Relative Humidity) - 

the crystal begins to be covered with a water film and partially dissolves in it, forming a saturated solution. 

Thus, in area II, at a constant relative humidity of the air, the radius of the particle, which includes a crystal 

core and a solution on the surface, increases monotonically until complete dissolution. As a result, a drop is 

formed, the radius of which can be several times greater than the radius of a dry crystal. A further rise in the 

relative humidity leads to an increase in the equilibrium radius of a completely dissolved particle (area III). As 

the relative humidity of the air decreases, the droplet radius begins to decrease in accordance with the area of 

increasing (area II). However, at the relative humidity of DRH dissolution, no solid crystal appears inside the 

droplet. The value of relative air humidity at which the reverse phase transition ERH (Efflorescence Relative 

Humidity) occurs is lower than DRH. This is due to the fact that if there are no heterogeneous additives, then 

the reverse phase transition occurs as a result of homogeneous nucleation. For the formation of a nucleation  
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core of a crystal phase, it is necessary to 

overcome the energy barrier. This is possible 

when the solution becomes supersaturated with 

respect to the solid phase in the area of the 

metastable state of the particle. In practice, this 

effect manifests itself in the form of a hysteresis 

of the hygroscopic properties of the particle, i.e.  

in a mismatch between the curves of hydration 

and dehydration at relative air humidity below the 

DRH value. 

The explanation of the dependences presented 

above is in full agreement with the 

thermodynamic theory. Area I is determined by 

solving the problem of the pressure of saturated 

vapor over a drop of a solution that includes a 

solid soluble nucleus [4]. Area II can be 

calculated from the condition of thermodynamic 

stability of a solution drop covering a soluble 

nucleus [5]. In the theoretical description of area 

III, the Köhler equation is commonly used [3]. 

Various forms of this equation are proposed, which make it possible to take into account the influence of the 

chemical composition and surface tension of a particle on its hygroscopic properties [6-8]. 

For many applied problems, in addition to the equilibrium state, it is required to determine the times of 

dissolution, evaporation, and crystallization of particles, as well as the kinetics of these processes. The first 

works on the theoretical description of the hygroscopic increase (decrease) in particle diameter were based on 

the Maxwell's equation for the condensation and evaporation on (from) the surface of a spherical drop that is 

fixed in a homogeneous medium: 

 

 

( )* 1

*

4
.

f

g

r D Mdm
p p

dt R T


= −  (1) 

 

where m , *r  — mass and radius of the drop, 1M  — molar mass of water, gR  — universal gas constant, fD  

— vapor diffusion coefficient, T  — drop and ambient medium temperature, *p  and p  — vapor pressure at 

the surface of the diluting droplet and atmospheric pressure. 

Models based on modifications of the Maxwell equation by specifying various options for the relationship 

between vapor pressure on the surface of a particle and its size, as well as by taking into account thermal effects 

(separating temperatures of the particle *T  and the surrounding air T ), are widely used. Such models make it 

possible to describe the characteristic features of the evaporation kinetics of small particles and the nonlinearity 

of the dissolution process associated with a change in the solution concentration in a drop, as well as take into 

account the change in particle temperature caused by the condensation (evaporation) of water molecules [9–

11]. However, when describing the evolution of the particle size using such models, in most cases, for example, 

in [9], a transition is made from differentiation with respect to mass to a derivative with respect to the radius 

(diameter) of the particle in the form: 
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assuming, thereby, that the density of the particle is constant const = . According to the author of this article, 

such a transition is incorrect due to the fact that the density of the particle changes during the dissolution 

process. 

In addition, since such models do not take into account the influence of the undissolved nucleus on the 

solution concentration at the particle surface, they are not able to represent all stages of increase (decrease) in 

the particle diameter. In some works, for example, in [11], in order to reconstruct the hygroscopic growth of a 

particle, the equations are artificially divided into stages before and after the complete dissolution of the 

crystalline substance of the particle. 

 

Fig. 1. The experimentally observed evolution of the 

effective diameter of NaCl particles for an increase 

(circles ) and a decrease (crosses   ) in the relative 

humidity [2]. Theoretical description of the process 

using the Köhler equation (solid black line) [3]. 
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At present, multilayer kinetic models, such as [12,13] and others, are extensively used, in which, due to the 

division of the volume of a particle into layers, a clear separation of various physical and thermodynamic 

processes on each layer, as well as setting the mutual influence of processes on each other, it is possible to 

describe the complex kinetics of dissolution of particles, taking into account many factors. Such models are 

widely used to characterize the behavior of multicomponent aerosol particles containing both soluble and 

insoluble chemically active substances of organic and inorganic nature. The most complete kinetic model of 

this type is the KM-GAP model [14], which incorporates the multilayer principle and, in addition to the 

transport properties of molecules, considers chemical reactions between particle components. This model can 

be aimed at studying the evolution of atmospheric aerosols. The most complete review of the current state of 

atmospheric aerosol thermodynamics and modeling of their mass transfer can be found in [15]. 

The purpose of this work is: 

– to develop an improved model, based on the Maxwell equation, for the evolution of the size of a particle 

in a water vapor medium, including phase transitions of dissolution and crystallization; 

– to verify models based on known experimental data on the hygroscopic evolution of sodium chloride 

particle size; 

– to estimate the magnitude of the particle density change in the process of dissolution. 

 

2. Mathematical model of particle size evolution 

 

Let us consider air as a mixture of non-condensable passive gas and 

condensable water vapor, with relative humidity ( )np p T  = , where 

p  — vapor pressure away from particle, and
 

( )np T
 — equilibrium 

pressure of saturated vapor at a given temperature. A water-soluble 

aerosol particle placed in this air mixture can increase or decrease its size 

depending on the ratio of vapor pressure above the surface of the particle 

( )* *p p r  and away from it p . 

To simplify calculations, the particle is considered to be spherically 

symmetric with the effective radius *r  (Fig. 2). Let us denote the total 

number of molecules in a particle as 1 2n n n= + , while 1n  — the number of water molecules, and 

а 2 2 2 constk dn n n= + =  — where 2kn , 2dn  - the number of matter molecules that are in a crystalline and 

dissolved state, respectively. 

Using the approximation of a volume additivity, i.e. assuming that the total volume of a dissolved particle 

is equal to the sum of the volumes of a dry particle and absorbed water [8], we establish a relationship between 

the particle radius and the number of water and solute molecules: 

 

 3

* 1 1 2 24 3 ,V r n v n v= = +  (3) 

 

where 1v , 2v  — molecules volumes of water and matter. 

The initial state of a particle is given by its radius 0r  and the mole fraction of water in the particle 10 10x n n=

, where 10n  - the number of water molecules in the particle at the initial moment. Then: 

 

 
( ) ( )
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 (4) 

 

As mentioned above, when a dry particle is placed in humid air, the process of adsorption of water 

molecules on its surface first occurs, therefore, to determine the number of dissolved molecules of the initial 

dry matter at the initial time 2 0dn , the value of 10n  is compared with the equilibrium number of water molecules 

that can be adsorbed on the surface of the particle at a given relative air humidity A . The dependence of A  

on the relative air humidity was set by the equation of the polymolecular (multilayer) BET adsorption isotherm 

[16]: 

 

 

Fig. 2. Particle model. 
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Here:  c  is the ratio of the adsorption equilibrium constants in the first layer to the condensation constant, 

which, according to [17] for the adsorption of water molecules on NaCl surface 1,5c = ; parameter nA  is equal 

to the number of water molecules required to create a monolayer around a dry particle and is determined from 

the relationship: 
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where y x=  — water molecule diameter. 

If the condition 2R  is met, all the molecules of the dissolved matter are in the crystalline state, i.e. 

 

 299,15T =      and      2 0 2.kn n=  (7) 

 

If this condition is not met, then the number of dissolved molecules of the matter is determined by the relation: 

 

 ( )2 0 10 1 2 2 0 2 2 0, .d k dn n K M M n n n= = −  (8) 

 

where  1M , 2M  - molar masses of water and matter,  K  - solubility of a matter in water (for sodium chloride 

NaCl 36г 100гK   water at a temperature 298,15K ). If ( )10 1 2 2n K M M n , then the particle is considered to 

be completely dissolved, which means: 

 

 2 0 2 2 0, 0.d kn n n= =  (9) 

 

The change in the number of water molecules in a particle occurs due to their flow through the surface of 

the particle. Assuming the flow to be diffusion related to the difference in vapor pressures far from the particle 

and on its surface, the mass balance equation is described by the Maxwell equation, which, taking into account 

thermal effects and substitution 1 1 1 2 2 2m v n v n = + , where 2 const,n =  takes the form: 
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where fD  — diffusion coefficient of water molecules in air, bk  — Boltzmann's constant, *T , T  — vapor 

temperature at the particle surface and away from it. The particle radius is determined from the relation (3): 
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As in [9], when calculating the pressure of saturated vapor on the particle surface, the following is taken 

into account: 

– dependence of its value on temperature, in the form of a modification of the Clausius-Clapeyron equation: 

 

 ( ) ( ) 1
* *

*

1 1
exp ,n

g

LM
p T p T

R T T
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
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   

 (12) 

 

where L  — specific heat of vaporization/condensation; 

– pressure increase due to particle surface curvature (Thomson formula): 
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where 1  — surface tension of water; 

– decrease in its value due to the presence of soluble compounds in the particle, which is characterized by the 

activity of water in solution wa : 

 

 ( ) ( )* * * .n wp T p T a=  (14) 

 

The application of the equation (14) requires specifying the dependence of water activity on the 

concentration of the matter dissolved in it. Currently, several variants of such ratios are known in the literature. 

For inorganic salts, equations based on the polynomial functions approximation of experimental measurements 

results for a given matter have become widespread [18-20]. In this paper, we use a cubic equation for the mass 

fraction of a solute matter in a particle Y , built on the basis of water activity measurements for sodium chloride 

particles [18]: 

 

 3 5 2 6 31 5,5741 10 5,8805 10 3,2005 10 .wa Y Y Y− − −= −  −  −   (15) 

 

This ratio, according to [11], shows the best approximation accuracy of experimental data in comparison with 

other equations for water activity. 

The difference between the model proposed in this paper and those described in [9-11] lies in the additional 

consideration of the change in the concentration of the solution due to the dissolution of the crystalline core in 

the form: 
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−
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where 1  and 2  — density of water and solute matter, respectively. Thus, the expression for water activity 

will be a function of two variables ( )1 2,w ka n n . 

As a result, the equation for evolution of the water molecules number in a particle takes the form: 
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 (17) 

 

where the particle radius is determined from the relation (11). 

To close the equation (17), it is required to write down the relations for the temperature *T  and the number 

of the crystalline matter molecules in the particle 2kn . Assuming that the dissolution process of a crystalline 

matter is diffusion and depends on the concentration of the solution on the particle surface, the equation for 

the dissolution rate of a crystalline matter will be: 

 

 ( ) ( ) ( ) ( ) ( )2
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4 ,k a
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where nC , pnC , iC  — - mass concentration of saturated, supersaturated and solute matter on the surface of 

the undissolved particle core, 
 aN  - Avogadro's number, 

 dD  - diffusion coefficient of dissolved molecules in 

the solution, 
 
( )x  - the Heaviside function, which allows us to “turn off” the dissolution of the crystal core 
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until an adsorption layer of the required capacity ( 1n A= ) is formed, as well as to “start” the dissolution 

process under the condition i nC C  and crystallization when i pnC C . 

Since condensation is accompanied by the release of heat, and evaporation – by the intake of heat, the 

temperature of the particle *T  (it is assumed that the particle is heated uniformly) changes. In turn, due to 

thermal conductivity, heat exchange of the particle with the surrounding air occurs, during which the 

temperature of the particle tends to equalize with the ambient temperature, which is assumed to be constant 

T . As a result, the rate of particle temperature evolution is determined by the relation: 

 

 ( )*
* *4 ,p

dT dm
c m r T T L

dt dt
 = − +  (19) 

 

where pc  — specific heat capacity of a particle, — coefficient of thermal conductivity of humid air,  L  — 

specific heat of vaporization (condensation). Taking into account that the mass of the particle is 

1 1 1 2 2 2m n v n v = +  , and the number of molecules of the dissolved substance is constant 2 constn = , the 

equation (19) can be rewritten as: 

 

 
( )

( )* 1
* * 1 1

1 1 1 2 2 2

1
4 .

p

dT dn
r T T L v

dt c n v n v dt
 

 


 
= − + +  

 (20) 

 

Since the diffusion equations are applicable to the description of processes on a scale that is significantly 

longer than the mean free path of water molecules in air   (which is under normal atmospheric conditions 
1 m10 − ), then for particles with a radius of about 1 μm or less (Knudsen number 1Kn 10− ), the diffusion 

approximation cannot be considered sufficiently rigorous. Therefore, the equations of condensations particle 

growth and heat diffusion (17), (18) and (20) are corrected by changing the diffusion and thermal conductivity 

coefficients [8]: 

 

( )

1

*

* * * 1

1
,

1 2

f

f f

c c g

D
D D

r r R T M   

−

 
 = +
+ 

 

        
( )

1

*

* * air ,air * air

1
.

1 2c t p g
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+ 

 

 (21) 

 

In this work, as well as in the article [9], the mass and temperature coefficients of accommodation 1c =  

and 0,3t = , 2 3c t = = , air ,airρ , pc  - density and specific heat of humid air. 

 

3. Hygroscopic particle size evolution model for sodium chloride 

 

The equations (17), (18) and (20) with respect to the variables 1n , 2kn  and *T , together with the initial 

conditions (4)-(9), allow us to describe the evolution of the size and temperature of a particle in the processes 

of its dissolution and transformation into a drop, increase in size due to vapor condensation and evaporation 

of the drop, as well as its crystallization. The system of equations was solved sequentially using the numerical 

Euler method. It should be noted that this numerical method is sensitive to the time step used; therefore, in the 

calculations, the time step was split until a convergent solution was reached. 

The notations introduced into the model and the values of the parameters used in the calculations (taken 

from the addendum to the article [11]) are presented in Table 1. 

Table 1. Values of the parameters used in the calculations. 

Vapor diffusion coefficient Notations Units Values/equations 

Diffusion coefficient of NaCl in 

solution 2M  kg/mol 358,45 10−  

Air density 2  3kg m  2165 

Specific heat capacity of air at 

295,15K 2v  3m  ( ) 29

2 2 4,487 10aM N −=   
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Thermal conductivity of dry air 1d  m 103 10−   

Thermal conductivity of saturated 

vapor 1M  kg/mol 318 10−  

Thermal conductivity of humid air 1  3kg m  993,36 

Specific heat of 

vaporization/condensation 1v  3m  ( ) 9

1

2

1 3,012 10aM N −=   

Vapor diffusion coefficient 1  N/m 373 10−  

Diffusion coefficient of NaCl in 

solution 
pc  J/(K kg) 

4179 (in the calculation it was 

assumed equal to the specific heat 

capacity of water) 

Air density nC , 

pnC  
3kg m  306,914, 

460,371 

Specific heat capacity of air at 

295,15K 
( )np T  Pa 

32,3388 10 for 293T = К; 
33,3629 10 for 299,15T = К; 

39,5898 10 for 318T = К 

Thermal conductivity of dry air fD  2m s  622 10−  

Thermal conductivity of saturated 

vapor dD  2m s  103 10−  

Thermal conductivity of humid air air  3kg m  1,18 

Specific heat of 

vaporization/condensation 
,airpc  J/(K kg) 1005 

Vapor diffusion coefficient a  J/(K s m) ( )5 37,3172 10 4,1147 10T− −

 +   

Diffusion coefficient of NaCl in 

solution v  J/(K s m) ( ) ( )7 2 5 21,663 10 3,528 10 1,484 10T T− − −

  −  +   

Air density  J/(K s m) 
( )( ) ( )0,8536 1 0,1464 ,a v v a vx x+ − −  

where 0,0185vx =  

Specific heat capacity of air at 

295,15K 
L  J/kg 

( )(
( ) ( ) )

3

2 3

10 2500,8 2,36 273,15

0,0016 273,15 0,00006 273,15

T

T T



 

− − +

+ − − −
 

 

Fig. 3 shows the model-calculated time evolution of the water molecules number 1n  (solid line) and of the 

undissolved sodium chloride molecules number 2kn  (dashed line) in the particle at various relative humidity 

values of the ambient air: 
 0,35 =  (below the crystallization point ERH) and 0,9 =  (above the dissolution 

point DRH) at 293KT = . The study was carried out as for the particle, which was initially absolutely dry 

10 0n =  with a radius 0 1 mr =  (which corresponds to the total amount of the dissolved matter in the particle 
10

2 9,3 10n =  ), as well as for the particle, which was completely dissolved 10 0,91n n=  at the initial moment, 

with a radius 0 1,69 mr =  (which also corresponds to 10

2 9,3 10n =  ). 

It can be seen from Fig. 3a that for a particle that is initially in a dry state, an adsorption layer is first formed 

without the dissolution of the nucleus. When the layer capacity reaches its critical value for a given relative 

humidity, the particle begins to dissolve, however, due to the low humidity of the surrounding air, the influx 

of water molecules into the particle is not carried out, so the dissolution process stops. When a dry particle is 

placed in the air with high relative humidity, (Fig. 3c) at the initial stage 6 s1 10t −   the adsorption process is 

also observed, followed by complete dissolution of sodium chloride and a gradual increase in the number of 

water molecules in the droplet until an equilibrium state is reached. 

If a completely dissolved particle is placed in the air with low relative humidity (Fig. 3e), at the first stage, 

water molecules intensively evaporate from the surface of the droplet, which causes an increase in the 

concentration of the solution inside the droplet. When the solution in the drop becomes supersaturated, along 

with the evaporation of the particle, the process of its crystallization begins, which continues until the steady 

state. The behavior of a dissolved particle in the air with a relative humidity above DRH corresponds to the 

process of droplet condensation (Fig. 3g). 
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As follows from Fig. 3b, d, h, the particle heats up during its growth due to the condensation of water 

molecules. The maximum increase in temperature occurs, when the concentration of the salt solution on the 

surface of the particle is minimal and, as a result, the process of water condensation is most intense. As the 

concentration goes down, the heating of the particle due to condensation decreases and the process of heat 

conduction becomes predominant. It leads to the removal of heat from the particle. 

During the drying process (Fig. 3f), at first the temperature of the particle decreases sharply due to the 

intensive evaporation of water molecules from the surface of the particle. As the water concentration in the 

drop decreases, the heat conduction process becomes predominant, which leads to gradual heating of the drop. 

However, when the solution concentration becomes equal to the supersaturation concentration and the 

crystallization process begins, the particle temperature decreases again. After crystallization is completed, the 

temperature of the particle rises to the temperature of the air surrounding it due to thermal conductivity. 

Fig. 3 shows that the equilibrium time for the particle size varies from 610 s−  (Fig. 3a) to 110 s−  (Fig. 3c, e, 

g) and depends on how much its initial state differed from the equilibrium. 

 

  

 
 

 
 

  

Fig. 3. Time evolution of the water molecules number 1n  (solid line), of undissolved sodium 

chloride molecules number 2kn  (dashed line), and particle temperature for different values of the 

relative humidity of the ambient air and the initial mole fraction of water in the particle:  

0,35 = , 10 0n =  (a, b); 0,9 = , 10 0n =  (c, d); 0,35 = , 10 0,91n n=   (e, f); 0,9 = , 

10 0,91n n=   (g, h). 

To determine the validity of the transition from the equation (1) to (2), used in most models based on the 

modification of the Maxwell equation, we will evaluate the change in particle density during the process of 

dissolution. The calculations were carried out for an initially dry particle 10 0n =  with a diameter of 1 μm, 

a b 

c d 

e f 

g h 
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which was placed in humid air. The simulation results for two values of relative humidity 0,8 =  and 

0,99 =  are presented in Table 2 and in Fig. 4. The table shows the density values at the moment of complete 

dissolution of the crystalline core (droplet formation) i , the minimum particle density min , which is 

achieved in the equilibrium state, as well as the proportion of density reduction relative to the initial state 0  

and the dissolved state i . 

According to the results, there is a significant change in the particle density relative to the initial value 0

, regardless of the relative humidity of the air. If relation (2) is used only to describe the dissolution of a drop 

(i.e., after the vertical dashed line in Fig. 4), then the change in density relative to the density of the drop at the 

moment when the particle begins to dissolve i  will vary from 1,4% at a relative air humidity close to the 

hygroscopic point up to 11,6% at φ 0,99= . 

 

Table 2. Evolution of particle density during dissolution 

100 

, % 

3ρ , kg mi  3

min ,kg m  
0 min

0

100,
 



−
  

% 

min 100,i

i

 



−
  

% 

80 1152 1136 47,5 1,4 

99 1136 1004 53,6 11,6 

 

 
 

Fig. 4. Evolution of particle density in the process of hygroscopic growth at 0 0,5 mr =  and 

* 293T = K, 10 0n = , and 0 2165 =  kg/m3 different relative air humidity: (a) - 0,8 = ; (b) - 

0,99 = . The vertical dashed line separates two stages: the dissolution of a particle containing a 

crystalline core and the growth of a drop without a core. 

 

4. Model verification 

 

The model verification presented in the work was carried out by qualitative and quantitative comparison of 

its predictions with experimental data on the evolution of the particle size of sodium chloride in hydration and 

dehydration modes, as well as with the results of particle size measurements in the equilibrium state with an 

increase and decrease in the relative humidity of the air (with an absorption isotherm). 

The model was tested in the hydration mode on the experimental data presented in [11]. In this work, a new 

system for measuring the size during droplet growth was developed, in which a preliminarily cleaned and dried 

aerosol particle is captured on a microscope glass coverslip placed in the air with controlled humidity and 

temperature. The particle growth process was recorded by a video camera. Fig. 5a shows data obtained by the 

described method on the growth of NaCl particles in the air with relative humidity 0,98 =  at 299,15K.T =  

It should be noted that the developed method does not allow measuring the three-dimensional structure of a 

dry particle, and, as a result, the initial size of the crystal particle is not known. In the simulation, the initial 

radius of the particle was adjusted until the standard error of the deviation of the model predictions from the 

experimental data over the 30-second test period was minimized. The best agreement between model 

predictions and experimental data was obtained for 02 3,85 mr =  (see Fig. 5b). 

Figure 6 shows the results of a linear regression analysis of the experimental and model values of the 

diameter both for the entire range of particle size measurements and only for the dissolution area of the 

crystalline core. As follows from the graphs, there is a good data correlation in both cases (the correlation 

coefficient r  is close to 1, the linear regression equation deviates slightly from y x= ). The Root Mean Square 

a b 

kg/m3
 

s 

kg/m3
 

s 
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Error (RMSE), which characterizes the difference between the predicted and experimental values, is ≈ 0,3µm. 

Compared to similar data given in [11], the accuracy of predicting the hygroscopic growth of a particle by the 

proposed model increases. However, it should be taken into account that the author of the article [11] used the 

data of six series of experiments to study the accuracy. 

 

  
Fig. 5. Time evolution of: (a) - particle diameter calculated using the model (solid line) and 

measured in the experiment [11] (dots connected by a dashed line); (b) - particle temperature, at 

0,98 = , 299,15T = К, 02 3,85r = µm, 10 0n = . 

 

 
 

Fig. 6. Correlation between the diameters obtained in the experiment and the diameters predicted 

by the model, (a) - for all measurement time (from 0 to 30 s) and (b) - until the moment of 

dissolution of the crystalline.  

 

Verification of the model in the dehydration mode (which connected with evaporation and crystallization) 

was carried out on the basis of the experimental and model data presented in [21]. In this work, the evaporation 

kinetics of NaCl droplets was measured using a device (CK-EDB) [22], which makes it possible to place 

generated and precharged aerosol droplets at the center of an electrodynamic field created by applying an 

alternating field between two sets of concentric cylindrical electrodes. The radius of isotropic droplets in dry 

air was determined using a laser. However, this method does not work when crystallization occurs, which 

upsets the particle isotropy, and the scattering pattern changes dramatically. Fig. 6 shows the results of 

measuring the particle size in the dehydration mode, obtained by the method described above. The experiments 

were carried out at controlled air temperatures of 293 K and 318 K for droplets with different initial mass 

fraction of solute (MFS). To convert to the mole fraction of water, the ratio was used: 

 

 
( )

1

1 1
1

2

MFS
1 .

100 MFS

n M
x

n M

−

 
= = + 

−  
 (22) 

 

The results of calculating the radius of a particle in the process of its evaporation and crystallization using 

the proposed model with parameters corresponding to the experimental conditions are shown in Fig. 7 together 

with experimental data and forecasts of the model used in [21]. It follows from the graphs that there is a fairly 

good agreement between the predictions of the model and experimental data in the area of particle evaporation, 

а b 

а b 

s s 
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however, the proposed model incorrectly predicts the onset of crystallization (vertical dashed line) at 318T =

К. 

 

  

  

Fig. 7. Evolution of the radius of a NaCl drop in dry air 0% =  for various ambient temperatures 

T  and initial mass fractions of NaCl in a drop: obtained in the experiment (points «○»); calculated 

on the basis of the model proposed in [21] (dashed line); and using the model presented in this paper 

(solid line): MFS 20%= , 293T = К, 0 22,95r =  µm (а); MFS 2,333%= , 293T = К, 0 22,95r =  

µm (b); MFS 20,2%= , 318T = К 0 24,14r =  µm (c); MFS 2%= , 318T = К, 0 22,55r =  µm (d). 

The vertical lines correspond to the start and end times of crystallization. 

Table 3. Estimates of the accuracy of calculating the hygroscopic size reduction of sodium chloride particles. 

Experiment conditions RMSE, µm Regression equation 2R  2r R=  

Model predictions from [21] 

MFS 20%= , 

293T = К 
0,452 2,85 0,868y x= +  0,997 0,998 

MFS 2,333%= , 

293T = К 
0,279 0,665 0,973y x= +  0,999 0,999 

MFS 20,2%= , 

318T = К 
0,509 3,195 0,862y x= +  0,995 0,997 

MFS 2%= , 318T =

К 
0,289 0,327 0,995y x= +  0,997 0,998 

Predictions of the proposed model 

MFS 20%= , 

293T = К 
0,198 0,088 1,004y x= +  0,996 0,998 

MFS 2,333%= , 

293T = К 
0,138 0,238 1,009y x= − +  0,999 0,999 

MFS 20,2%= , 

318T = К 
0,154 0,757 0,961y x= +  0,992 0,996 

MFS 2%= , 318T =

К 
0,170 0,458 0,976y x= +  0,998 0,999 

a b 

d c 
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Quantitative estimates of the error are given in Table 3. For convenience of comparison, similar data were 

also obtained for the model from [21]. As follows from the table, for the model under consideration, the 

standard deviations (RMSE) of the experimental and model data decrease for all considered test modes, and 

the linear regression curve noticeably approaches a straight line y x= . 

Fig. 8 compares the absorption isotherms for NaCl aerosol particles predicted by the model proposed in 

this paper (solid lines with «» and «») and experimentally obtained in [23] («» and «○»). The solid line 

with «» and the markers «○» correspond to the particle, which for each fixed value of relative humidity   

is initially dry, it is identical to the hydration mode, i.e. the gradual increase in the relative humidity of the air. 

The line with «» and the markers «» are built for the initially dissolved particle, i.e. corresponds to the 

dehydration mode, i.e. the decrease of the relative humidity. As follows from the Figure, the model proposed 

in the work describes the experimentally observed hysteresis of the hygroscopic properties of NaCl particles, 

and also predicts the relative humidity of the phase transitions for dissolution and crystallization. It should be 

noted that, according to this model, in the mode of 

increasing relative humidity at DRH  , the 

particle is in a quasi-stationary state, which looks like 

a cyclic change in the processes of water 

condensation on the particle surface and its 

evaporation, and the number of water molecules in 

the particle fluctuates around the average value. This 

behavior can be explained by the fact that the water 

activity depends not only on the number of water 

molecules in the particle, but also on the amount of 

solute matter (NaCl). The phase transition in the 

evaporation mode is directly determined by the value 

of the supersaturation concentration pnC , exceeding 

of which, due to the evaporation of water from the 

particle surface, leads to crystallization of the matter. 

A quantitative estimate of the calculation error is 

given in Table 4. The main reason for the decrease in 

the prediction accuracy of the absorption isotherm is due to the fact that the DRH point predicted by the 

proposed model is slightly lower than the experimental value. 

Table 4. Estimates of the calculation accuracy the absorption isotherm for a NaCl particle. 

Experiment mode RMSE, µm 
Regression 

equation 
2R  2r R=  

Increase   0,279 0,294 0,902y x= +  0,854 0,924 

Decrease   0,055 0,028 1,04y x= − +  0,983 0,991 

 

5. Conclusion 

 

A mathematical model has been constructed that makes it possible to describe the kinetics of the interaction 

of a water-soluble homogeneous and chemically neutral aerosol particle with humid air at all stages of its 

hygroscopic increase (decrease) in size. By taking into account the dependence of water activity on the 

concentration of the dissolved part of the particle and introducing an additional equation for the evolution of 

the undissolved core, in contrast to [11], it was possible to avoid artificial separation of the stages of dissolution 

of a particle with and without an undissolved core. 

 Based on the proposed model, the simulation of various scenarios for the particle size evolution depending 

on its initial dissolution degree and the relative humidity was carried out. It is shown that the predictions of 

the proposed model are qualitatively and quantitatively consistent with the experimental data on the evolution 

of the NaCl particle size in the hydration and dehydration modes, as well as with the results of particle size 

measurements in the equilibrium state with increasing and decreasing relative air humidity. 

An estimate was made of the change in the density of a particle that is initially in a dry state. It has been 

established that during the hygroscopic growth of a particle in the air with high relative humidity (0,99), the 

change in density exceeds 10%, which must be taken into account when transforming the equation (1) to (2) 

in models based on the modification of the Maxwell equation. 

 

Fig. 8. Absorption isotherm for NaCl l. 
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The developed model can be useful for creating a complex mathematical model of coagulation and 

sedimentation of dust aerosol particles, taking into account the hygroscopic increase (decrease) in the size of 

particles. 
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