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MODEL FOR EVAPORATION
OF DROPLETS OF IDEAL ALCOHOL SOLUTIONS
IN DIFFUSIVE AND TRANSIENT REGIMES

The development of models describing the process of evaporation of droplets of various so-
lutions – in particular, alcohol ones – is a difficult task in the general case; namely, it is
necessary to solve a system of coupled mass and heat transfer equations. An alternative ap-
proach consists in creating a simplified model making allowance for those physical mechanisms
that are essential under specific evaporation conditions. On the basis of this approach and in
the framework of the Maxwell–Fuchs evaporation theory, a model has been proposed to describe
the evaporation process of ideal binary solutions in the diffusive and transient regimes. In or-
der to verify the model, experimental studies were carried out dealing with the evaporation of
droplets of binary alcohol solutions (propanol-octanol and butanol-octanol, with initial octanol
mole fractions of 0.25, 0.5, and 0.75) in the dry nitrogen atmosphere at a temperature of 293 K
in the diffusive and transient regimes. The proposed model was used to calculate the time de-
pendences of the droplet surface area for the researched binary alcohol solutions. The obtained
model curves are compared with experimental data. It is shown that, within the validity limits
of its approximations, the model can be used to describe the evaporation process both in the
diffusive and transient regimes.
K e yw o r d s: alcohols, solutions, evaporation regime.

1. Introduction

Currently, studies of the processes taking place at the
evaporation of droplets of various liquids and liquid
systems, as well as the evaporation processes occur-
ring, when solids are dried, continue to remain a chal-
lenging task despite their more than a century’s his-
tory. This fact is associated with both a wide range of
objects for such studies [1–3] and a list, not shorter,
of branches in technology and industry, where the re-
sults and models obtained in the course of similar
studies can find their practical application.

One of the directions, whose the practical signifi-
cance is extremely important, is the research of the
evaporation of alcohols and alcohol solutions [4]. This
is so, because alcohols and their solutions play now
a substantial role in a lot of technological proces-
ses. The application areas of alcohols include their
use as solvents for paints, varnishes, and natural
and synthetic resins, as well as in manufactures pro-
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ducing leather, textiles, perfumes, and photographic
films. Undoubtedly, especially promising is the use of
alcohols as a basis for producing new kinds of fuel [5].
That is why the study of the evaporation kinetics of
alcohol solutions in various environments under vari-
ous temperatures and gas pressures, the elucidation of
relevant physical mechanisms, and the development
of corresponding models comprise today a challeng-
ing task.

2. Model of Evaporation
Process of Binary Alcohol Solutions
in Diffusive and Transient Regimes

The development of models describing the process
of evaporation of solution droplets – in particular,
droplets of alcohol solutions – is a difficult task in the
general case. For its solution, it is necessary to solve
a system of coupled mass and heat transfer equa-
tions. In general, solving such a system of equations
analytically invokes rather complicated mathematical
difficulties, which is associated with the necessity to
take a large number of parameters into account. Ano-
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ther way to solve this problem consists in numerical
calculations. Its disadvantage is its sensitivity to the
accuracy with which the boundary and initial condi-
tions are given. An alternative to describe the evapo-
ration process can be the approach consisting in the
application of a partially simplified model of the evap-
oration process and the further account for only those
physical mechanisms that are essential for specific ex-
perimental conditions [6].

The simplest model for describing the evapora-
tion was proposed by Maxwell. The model is based
on the following approximations: the liquid droplet
and the vapor-gas mixture around it are stationary,
there is no temperature gradient, and the vapor mass
transfer in the gas medium from the droplet surface
takes place via the diffusion (the diffusive evapora-
tion regime). The evaporation rate in this case is de-
termined by the Maxwell formula [7]

𝐼𝑚 = −𝑑𝑚

𝑑𝑡
= 4𝜋𝐷𝑟(𝐶0 − 𝐶∞), (1)

where 𝐷 is the binary diffusion coefficient, 𝐶0 is the
vapor concentration near the droplet surface, 𝐶∞ is
the vapor concentration at an infinitely large distance
from the droplet, and 𝑟 is the droplet radius. It is
convenient to rewrite this formula in the form

−𝑑𝑆

𝑑𝑡
=

8𝜋𝐷 (𝐶0 − 𝐶∞)

𝜌
. (2)

In the framework of Maxwell’s evaporation model,
it is assumed that the vapor of evaporated liquid is
described by the equation of state for the ideal gas,
and the parameter 𝐶0 can be expressed via the partial
pressure of saturated vapor having the droplet tem-
perature. For calculating the saturated vapor pres-
sure at the droplet temperature, the Antoine equation
was used,

ln(𝑃 ) = 𝐴− 𝐵

𝑇 − 𝐶
, (3)

where the values of the parameters 𝐴, 𝐵, and 𝐶 for
the studied alcohols were taken from the reference
literature [8].

In the vast majority of real systems, the pro-
cess of droplet evaporation results in the droplet
cooling. The droplet temperature decreases until
the quasistationary evaporation regime is estab-
lished [9]. The existence of a temperature gradient
around the droplet makes it mandatory to account for

the dependence of the diffusion coefficient on the tem-
perature at large (𝑇∞ − 𝑇0)-values, where 𝑇∞ is the
temperature of the background gas at a long distance
from the droplet, and 𝑇0 is the temperature of the
droplet surface. In this case, the diffusion coefficient
in Eq. (2) is calculated by the formula 𝐷 =

√
𝐷0𝐷∞,

where 𝐷 is the effective diffusion coefficient, 𝐷0 the
diffusion coefficient calculated for the droplet tem-
perature value, and 𝐷∞ the diffusion coefficient cal-
culated for the gas medium temperature value [9]. In
our calculations, the following expression was used for
the diffusion coefficient [8, 9]:

𝐷 = 0.002628

√︁
𝑇 3 𝑀1+𝑀2

2𝑀1𝑀2

𝑃𝜎2
12Ω12(𝑇 *

12)
, (4)

where 𝑃 is the pressure, and 𝑇 the temperature of
the gas medium, where the diffusion takes place, 𝑀1

and 𝑀2 are the molar masses of diffusing components,
𝜎12 is the arithmetic mean of the molecular diameters
of the diffusing components, and Ω12(𝑇

*
12) is the col-

lision integral. The latter parameter is a function of
the reduced temperature 𝑇 *

12 = 𝑘𝑇
𝜀12

, where 𝜀12 is the
geometric mean of the strength constants in the in-
termolecular potentials for the mixture components.

The existence of a temperature gradient around the
evaporating droplet can stimulate the temperature-
induced free convection [10]. Its analytical consider-
ation is quite a difficult mathematical problem, so
methods of the similarity theory are applied for its
description. The physical properties of the medium,
where the diffusion takes place, are characterized us-
ing the Schmidt criterion Sc = 𝜈

𝐷 (here, 𝜈 is the ki-
netic viscosity, and 𝐷 is the diffusion coefficient) and
the Grashof criterion Gr = 8𝑔𝑟3

𝜈2
Δ𝑇
𝑇 (here, 𝑔 is the

free-fall acceleration, and Δ𝑇 is the temperature dif-
ference invoking the convection process). It is worth
to mention the following expression [7] for the free-
convection correction in the case of heat exchange
from a metal ball:

Sh = 2 + 0.6 Sc
1
3 Gr

1
4 . (5)

Nevertheless, it is used while analyzing experimental
data on evaporation.

Churchill [11] proposed the following modified ex-
pression for the description of free convection:

Sh = 2 +
0.59 (Sc Gr)1/4[︁
1 +

(︀
0.47
Sc

)︀9/16]︁4/9 . (6)
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Another important effect is the Stefan flow. Na-
mely, near the evaporating droplet surface, there
must exist a hydrodynamic flow of the background
gas directed from the surface [7, 12]. This correction
can be written in the form

St = 1 +
𝑃0 − 𝑃∞

2𝑃
, (7)

where 𝑃 is the total pressure in the medium, and
𝑃0 and 𝑃∞ are the vapor pressures of the substance
of the evaporating droplet near the droplet surface
and at an infinite distance from the droplet, respec-
tively. This correction becomes essential in the case
where the pressure of the saturated vapor of the
droplet components becomes comparable with the to-
tal pressure in the gas medium [7]. In view of the
above-mentioned corrections, the modified Maxwell
formula looks like

−𝑑𝑆

𝑑𝑡
=

8𝜋
√
𝐷0𝐷∞ (𝐶0 − 𝐶∞) Sh

𝜌

(︂
1 +

𝑃0 − 𝑃∞

2𝑃

)︂
.

(8)

However, at pressures lower than the atmospheric
one, a deviation from the Maxwell formula may arise,
which is a result of a macroscopic jump in the back-
ground gas concentration and the appearance of the
so-called Δ-layer around the droplet. Fuks obtained
an expression for the correction to the Maxwell for-
mula associated with the concentration jump (the
Fuks correction) [7]. If the droplet radius is much
larger than the Δ-layer size, this correction reads

𝐼𝑚 =
𝐼0

𝐷
𝑟𝑢𝛼 + 1

, (9)

where 𝐼0 is the mass flow calculated according to the
Maxwell formula, 𝑟 is the droplet radius, 𝑢 =

√︁
𝑘𝑇
2𝜋𝜇

is a quater of the average thermal velocity of vapor
molecules, and 𝜇 is the molecular mass of the droplet
substance.

The Knudsen number Kn = 𝜆
𝑟 is a criterion used to

distinguish between the evaporation regimes. Howe-
ver, as was shown in work [13], the value of this crite-
rion at which the deviation from the diffusive regime
appears can substantially depend on the coefficient of
droplet substance evaporation.

Evaporation of droplets of liquid solutions is a pro-
cess, where all solution components are evaporated si-
multaneously. As a result, the equilibrium vapor pres-
sure above the droplet surface becomes a function of

time. When modeling the process of solution evapo-
ration, it is necessary to substantiate whether it is
possible to consider the solution to be ideal or not,
which requires an additional research.

The ideal solution is a solution that satisfies, in par-
ticular, Raoult’s law I [14]. The latter is formulated
as follows: the partial pressure of the saturated vapor
of a solution component, 𝑃𝑖, is equal to the product of
the mole fraction of this component in the solution,
𝑛𝑖, and the saturated vapor pressure over the pure
component, 𝑃 0

𝑖 :

𝑃𝑖 = 𝑃 0
𝑖 𝑛𝑖. (10)

The reduction in the saturated vapor pressure of
the solvent above the solution does not depend on
the nature of a dissolved substance, but is determined
only by its concentration. If two or more components
of the solution are similar to each other and their for-
mation does not occur owing to the volume, thermal,
or other effects, then such a solution can be consid-
ered ideal at arbitrary concentrations, and its mix-
ing is governed exclusively by entropy factors. Ideal
at any concentration are solutions whose components
have very close physical and chemical properties, and
the formation of which is not accompanied by a vol-
ume change and the heat release or absorption. For-
mula (10) describes the pressure variation of satu-
rated vapor above the surface only for solutions with
the same parameters of the intermolecular interac-
tion. In all other cases, it can be used, only if the
concentrations of impurities are low.

The relative mole fraction 𝑛𝑖 of the 𝑖th droplet com-
ponent (𝑖 = 1, 2) is defined as 𝑛𝑖 =

𝜈𝑖

𝜈1+𝜈2
, where 𝜈𝑖 is

the number of molecules of the 𝑖th substance in the
droplet. Since the equality 𝑛1 + 𝑛2 = 1 holds, it suf-
fices to consider only one of the relative fractions. In
what follows, it will be 𝑛1, although we will use the
both quantities, if needed. The approximation of the
uniform mass density over the droplet is applied.

In the ideal solution approximation, the droplet
radius 𝑟 is related to the relative mole fractions of
droplet components 𝑛𝑖 via the equality

𝑟 =

[︂
3𝜈

4𝜋
𝜌𝜈

]︂1/3
=

[︂
3𝜈

4𝜋

1

(𝑛1 𝜐1 + 𝑛2 𝜐2

]︂1/3
, (11)

where 𝜐𝑖 is the specific volume (per mole) of the 𝑖th
solution component, namely, the increase of the solu-
tion volume, if one molecule of the 𝑖th component is
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added. If the solution is ideal, its formation is not ac-
companied by volumetric or thermal effects, and the
pressures of the saturated vapors of solution compo-
nents above its surface obey the Raoult’s law I. The-
refore, the evaporation of each component of the ideal
solution can be considered as independent, so

𝑑𝑚

𝑑𝑡
=

𝑑𝑚1

𝑑𝑡
+

𝑑𝑚2

𝑑𝑡
. (12)

Hence, the total mass change of the evaporating
droplet is an additive quantity and consists of mass
changes of all components. The expression describ-
ing the corresponding variation can be written for
each component on the basis of the data concerning
the evaporation of droplets of individual pure sub-
stances. Additional is the assumption about the es-
tablishment of the equilibrium concentration of the
solution components in the droplet.

As a rule, when developing models for the evapo-
ration of binary-solution droplets, the hydrodynamic
equations of heat and mass transfer are used, which
corresponds to the assumption that the evaporation
takes place in the diffusive regime. In this regime, the
mass variation of the 𝑖th component can be repre-
sented as follows:

𝐼𝑚 = −𝑑𝑚

𝑑𝑡
= 4𝜋𝐷𝑖−gas𝑟(𝐶𝑖 − 𝐶∞)Sh𝑖, (13)

where the subscript 𝑖 = 1.2 enumerates the compo-
nents of the binary solution.

Expressions (12) and (13) can be used for numeri-
cal calculations of the time dependences of the mass
and the surface area of the droplet of the examined
solution in the case where the Stefan flow can be ne-
glected. The calculation algorithm is as follows:

∙ using expression (13), the mass change during the
selected time step Δ𝑡 is calculated for each solution
component;

∙ the relative mass and molar fractions of the solu-
tion components in the droplet are calculated; on the
basis of the obtained values and in the framework of
the ideal solution approximation, the vapor pressures
of the solution components above the droplet surface
and the density of the liquid droplet are calculated;
on the basis of the values obtained for the droplet
mass and density, the droplet radius and surface area
are determined;

∙ these values are used to calculate the droplet
mass change at the next time step. The value of the

Fig. 1. Schematic diagram of the experimental setup for mea-
suring the evaporation rate of liquid droplets

droplet temperature, which is used for the calcula-
tion of thermophysical parameters in the framework
of this model, is obtained from experimental data.

If the evaporation is considered in the transient
mode, then, according to the Fuks theory of evap-
oration, it is necessary to consider the existence of
Δ-layer near the droplet surface. Therefore, for the
calculation of mass changes of the solution compo-
nents, expression (13) has to be corrected for the
concentration jump in the Fuks form. In view of a
substantial difference between the vapor concentra-
tion values for the components of researched solu-
tions, the assumption was made that the evapora-
tions of the solution components run independently
of each other in the transient regime as well. Accor-
dingly, the expression for calculating the mass change
of the solution components can be written in the
form

−𝑑𝑚𝑖

𝑑𝑡
= 𝐼𝑚 =

4𝜋𝐷𝑖𝑔𝑟 (𝐶0 − 𝐶∞) Sh𝑖
𝐷𝑖𝑔

𝑢𝑖(𝑟𝛼)𝑖
+ 1

. (14)

The value of the quantity (𝑟𝛼)𝑖 can be obtained
from evaporation data for the droplets of a pure sub-
stance. The application of the product of the evap-
oration coefficient and the droplet radius is associ-
ated with the fact that, according to work [10], just
this expression is constant during the evaporation,
whereas the evaporation coefficient depends on the
droplet radius.

3. Methodology of Experimental Studies
of Evaporation Kinetics of Liquid Droplets

In order to study the rate of droplet evaporation, we
used an installation, the scheme of which is shown in
Fig. 1.

Chamber 2, where the evaporation from suspended
droplet 1 was studied, looked like a horizontally ori-
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Fig. 2. Dependences of the butanol droplet evaporation rate
on the inverse gas environment pressure at a gas environment
temperature of 293 K: experimental (�), calculated according
to the Maxwell formula (13) (N), and calculated according to
the Maxwell formula and considering the correction for the
concentration jump (14) (∘)

ented cylinder 20 l in volume. It had double walls,
with a thermostatic liquid being passed between
them. The thermostat allowed the temperature in the
chamber to be maintained within an interval of 5–
40 ∘C with an accuracy of ±0.1∘C. The temperature
in the chamber was monitored using a temperature
sensor. As a sensor, the 𝑝-𝑛 junction of a chip transis-
tor was applied. It allowed the inertia of the tempera-
ture control system to be substantially reduced. The
electronic system made it possible to measure the
temperature with an accuracy of ±0.03 ∘C. Another
similar sensor was used to monitor the droplet tem-
perature. To provide a better contact with the liquid,
this sensor was also used as a droplet hanger. The
application of a chip transistor simultaneously as a
hanger and a temperature sensor made it possible
to substantially diminish the thermal conductivity
through the hanger, and approach as close as possible
the evaporation conditions for a free droplet. The ge-
ometric dimensions of the chip transistor 2T307A-1
used as a sensor were 0.7×0.7×0.8 mm3. The droplet
radius varied within the interval from 1.2 to 0.9 mm
during the measurement. Hence, the relative volume
of the transistor with respect to the droplet volume
varied from 6% to 15%.

In order to measure the evaporation of droplets in
a wide pressure interval (from normal to 3–5 mm Hg),

the chamber was connected to a vacuum pump, which
allowed us to obtain low pressures in the cham-
ber. The pressure in the chamber was measured by
means of a mercury U-tube manometer and controlled
with the help of an electronic device. The high her-
meticity of the chamber made it possible to carry out
measurements at a constant pressure during long time
intervals.

Glass windows were hermetically mounted into the
chamber end wall, which allowed us to illuminate
the chamber and monitor the evaporation process
visually.

Video camera 4 with a specially selected objec-
tive 3 was located outside the vacuum chamber. It
was used to photograph the suspended droplet at
given time intervals. For high-quality measurements,
we had to install such a lighting regime that produced
a distinct dark edge of the droplet against a light
background. A wire of known thickness was arranged
near the droplet to control the snapshot scale. Drop-
let images were recorded automatically at selected
time intervals, and the time of image registration was
determined by the time of file creation.

The described experimental setup made it possible
to study the evaporation of liquid droplets at pres-
sures lower than the atmospheric one both in the dif-
fusive and transient evaporation regimes.

The experimental procedure was described in more
details in work [15].

4. Discussion of Experimental Results

In order to determine the pressure values in the gas
mixture under which the diffusive and transient evap-
oration regimes are realized, the experimental pres-
sure dependences of the evaporation rate 𝑑𝑆/𝑑𝑡 of
pure alcohols (propanol, butanol, and octanol) were
analyzed by comparing them with the corresponding
𝑑𝑆/𝑑𝑡-values calculated using the Maxwell model and
considering the correction for free convection.

Figure 2 demonstrates the dependences of the bu-
tanol evaporation rate on the reciprocal pressure
of the gas medium for a gas medium temperature
of 293 K: experimental (1 ), calculated according
to the Maxwell formula and considering the correc-
tion for free convection (2 ), and calculated accord-
ing to the Maxwell formula with regard for Fuks’s
correction for the concentration jump. Their analy-
sis brought us to the conclusion that the applica-
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tion of the Maxwell formula in form (13) without
Fuks’s correction makes it possible to obtain the
value of the evaporation rate in a pressure inter-
val of 740–200 mm Hg that coincides with the ex-
perimentally obtained 𝑑𝑆/𝑑𝑡-value within the exper-
imental error limits. In particular, for a gas pres-
sure value of 740 mm Hg the experimental value
of 𝑑𝑆/𝑑𝑡 is (6.37 ± 0.07) × 10−5 cm2/s, whereas
the calculated value equals 6.2 × 10−5 cm2/s. The
diffusion coefficient calculated using formula (4)
equals 0.083 cm2/s, and the butanol density equals
0.810 g/cm3.

Additional estimates testify that the Stefan correc-
tion for the existence of a hydrodynamic flow amounts
to 1–2% for butanol within the whole pressure inter-
val. Hence, the evaporation of butanol in a pressure
interval of 740–200 mm Hg takes place in the diffu-
sive regime, and, for its description, it is possible to
neglect the influence of the Stefan flow. A similar sit-
uation occurs for other studied alcohols. Therefore,
for the further research of the evaporation kinetics of
binary alcohol solutions in the diffusive regime, a gas
pressure value of 740 mm Hg was chosen.

The discrepancy between the experimentally mea-
sured and calculated 𝑑𝑆/𝑑𝑡-values obtained for a gas
medium pressure of 100 mm Hg and below testifies to
the transition from the diffusive regime of evaporation
to the transient one according to Fuks’s theory and
the emergence of a Δ-layer [4]. Since the deviation
from the diffusive evaporation regime at a gas envi-
ronment pressure of 100 mm Hg is substantial for all
considered alcohols, this value was chosen to study
the evaporation kinetics of binary alcohol solutions
in the transient evaporation regime.

The time dependences of the droplet surface area
𝑆(𝑡) for pure alcohols are linear, which allows the
evaporation rates of those substances to be deter-
mined from the slope angle. The dependences 𝑆(𝑡)
for the solutions are nonlinear, because the evapora-
tion rates of the mixture components differ substan-
tially. Figures 3 and 4 demonstrate the experimental
time dependences of the surface area and the surface
temperature, respectively, for the droplets of pure bu-
tanol (1 ), pure octanol (5 ), and octanol-butanol so-
lutions (2–4 ) with initial octanol concentrations of
0.25 (2 ), 0.5 (3 ), and 0.75 mole fraction (4 ) dur-
ing their evaporation in the nitrogen atmosphere at
a pressure of 740 mm Hg and a gas medium temper-
ature of 293 K. The experimental values of droplet

Fig. 3. Time dependences of the surface area of butanol (1 )
and octanol (5 ) droplets and droplets of butanol-octanol solu-
tions with initial octanol concentrations of 0.25 (2 ), 0.5 (3 ),
and 0.75 mole fraction (4 ) at a pressure of 740 mm Hg and a
temperature of 293 K of the gas environment

Fig. 4. Time dependences of the temperature of droplets of
butanol (1 ), octanol(5 ), and butanol-octanol solutions with
initial octanol concentrations of 0.25 (2 ), 0.5 (3 ), and 0.75 mole
fraction (4 ) at a pressure of 740 mm Hg and a temperature of
293 K of the gas environment

temperature were used while carrying on the model
calculations.

The analysis of the experimental values obtained
for the evaporation rates of butanol and octanol
droplets testifies that, within the whole interval of
pressures, the evaporation rate of octanol is two
orders of magnitude lower than those of propanol
and butanol. In particular, the evaporation rate of
the octanol droplet in the nitrogen atmosphere at
a gas environment pressure of 740 mm Hg and a
temperature of 293 K amounts to (0.065 ± 0.004)×
× 10−5 cm2/s; the corresponding value equals (6.37±
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Fig. 5. Dependence of the butanol-octanol solution evapora-
tion rate on the butanol molar concentration at the beginning
of evaporation process

± 0.07) × 10−5 cm2/s for the butanol droplet and
(12.89±0.54)×10−5 cm2/s for the propanol one. The-
refore, it is reasonable to assume that the total evapo-
ration rate and, accordingly, the droplet temperature
at the beginning of the evaporation process are deter-
mined by the evaporation of the more volatile compo-
nent, i.e., the alcohol with a higher evaporation rate
and a lower quasistationary droplet temperature.

Accordingly, in the framework of the proposed
model, i.e., when the evaporation of solution compo-
nents occurs independently, the evaporation can be
divided into two stages. The first stage occurs, when
the droplet mass changes mainly due to the evapora-
tion of the more volatile component. On the second
stage, the total evaporation rate and the tempera-
ture of the droplet are determined by the parameters
of the component that evaporates more slowly, i.e.,
octanol.

This conclusion is confirmed by the analysis of the
dependences shown in Figs. 3 and 4. As one can see
from Fig. 3, at large times of the evaporation of
droplets of butanol-octanol solutions, the correspond-
ing dependences 𝑆(𝑡) gradually become parallel to the
dependence 𝑆(𝑡) for the octanol droplet. Their slope
angles become identical, which means that only one
component of the solution – namely, octanol – re-
mains in the droplet. The plots in Fig. 4 testify that
the temperatures of the droplets of those solutions
approach the quasistationary temperature of the oc-
tanol droplet.

At the initial stage of evaporation, the amount
of the second solution component in the droplet re-

mains almost constant, and the rate of the surface
area variation is governed by the evaporation of the
more volatile component. Therefore, the conclusion
can be made that if the solution is ideal, the asymp-
tote drawn to the plot of the time dependence of the
droplet surface area at the initial evaporation stage
has a slope proportional to the initial mole fraction
of the more volatile component in the solution. This
method aimed at the verification of the assumption
concerning the solution ideality was used to analyze
the evaporation process of propanol-octanol solution
droplets in the diffusive regime [16]. It is shown that
propanol-octanol solutions can be considered ideal for
all initial concentrations studied in work [16].

In order to test if the ideal solution approxima-
tion is applicable to butanol-octanol solutions, the
asymptotic slope values of the time dependences of
the droplet surface area were determined for droplets
with various initial (at the beginning of the evapora-
tion process) solution concentrations. The obtained
data were used to plot the dependence of the asymp-
totic droplet evaporation rates of butanol-octanol
solutions on the initial butanol mole fraction (see
Fig. 5). From Fig. 5, one can see that the evapora-
tion rate of the butanol-octanol solution at the initial
stage can really be approximated by a linear function,
which indicates that this solution is ideal.

The algorithm for calculating the evaporation ki-
netics for binary-solution droplets, which was pro-
posed in Section 2, was applied to calculate the time
dependences of the droplet surface area for the ex-
amined propanol-octanol and butanol-octanol binary
solutions with initial octanol molar fractions of 0.25,
0.5, and 0.75 at their evaporation in the nitrogen at-
mosphere in the diffusive (740 mm Hg) and transient
(100 mm Hg) evaporation regimes. In calculations,
the experimental values of the droplet temperature
were used. The resulting dependences are shown in
Figs. 6 and 7.

The analysis of the experimental and numerically
calculated time dependences 𝑆(𝑡) presented in Figs. 6
and 7 demonstrate their good agreement throughout
the whole evaporation process, which testifies that
the model of the independent evaporation of solution
components describes well this process in the diffu-
sive regime and can be used to analyze experimental
data. Good agreement means that the concentrations
of solution components have enough time to reach
their equilibrium values over the entire volume of the
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Fig. 6. Time dependences of the surface area of droplets of
propanol-octanol solutions with initial octanol concentrations
of 0.25 (1 ), 0.5 (2 ), and 0.75 mole fraction (3 ) at their evapo-
ration in the nitrogen atmosphere at a pressure of 740 mm Hg
and a temperature of 293 K: experimental (𝑎) and calculated
using the proposed model (𝑏)

Fig. 7. Time dependences of the surface area of droplets of
butanol-octanol solutions with initial octanol concentrations of
0.25 (1 ), 0.5 (2 ), and 0.75 mole fraction (3 ) at their evapora-
tion in the nitrogen atmosphere at a pressure of 740 mm Hg
and a temperature of 293 K: experimental (𝑎) and calculated
using the proposed model (𝑏)

droplets of studied solutions during their evaporation
in the diffusive regime.

When considering the evaporation in the transient
regime, expression (12) was used to calculate the time
dependence of the surface area of droplets of the
propanol-octanol and butanol-octanol binary solu-
tions. The resulting dependences are shown in Figs. 8
and 9.

A comparison of the experimentally obtained and
model time dependences of the droplet surface area
𝑆(𝑡) presented in Fig. 8 demonstrates their good
agreement in the case of the propanol-octanol solution

Fig. 8. Time dependences of the surface area of droplets of
propanol-octanol solutions with initial octanol concentrations
of 0.25 (1 ), 0.5 (2 ), and 0.75 mole fraction (3 ) at their evapo-
ration in the nitrogen atmosphere at a pressure of 100 mm Hg
and a temperature of 293 K: experimental (𝑎) and calculated
using the proposed model (𝑏)

Fig. 9. Time dependences of the surface area of droplets of
butanol-octanol solutions with initial octanol concentrations of
0.25 (1 ), 0.5 (2 ), and 0.75 mole fraction (3 ) at their evapora-
tion in the nitrogen atmosphere at a pressure of 100 mm Hg
and a temperature of 293 K: experimental (𝑎) and calculated
using the proposed model (𝑏)

with an initial propanol concentration of 0.25 mole
fraction in the droplet. For an initial propanol con-
centration of 0.5 mole fraction, there is a discrep-
ancy between the experimental and calculated depen-
dences 𝑆(𝑡). For an initial propanol concentration of
0.75 mole fraction, this discrepancy is larger.

An analogous comparison procedure in the case of
butanol-octanol solutions shown in Fig. 9 allows us to
conclude that the agreement between the experimen-
tal and calculated dependences 𝑆(𝑡) takes place for
initial butanol concentrations of 0.25 and 0.5 mole

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 8 599



L.A. Bulavin, G.M. Verbinska, A.V. Brytan et al.

fraction. For an initial concentration of 0.75 mole
fraction, a discrepancy between the experimental and
calculated dependences is observed.

When deriving expression (14), which was used to
model the transient evaporation regime, an assump-
tion was made that it is possible to take the value of
the product of the droplet radius and the evapora-
tion coefficient, (𝑟𝛼)𝑖, obtained from the evaporation
data for a droplet of pure substance. The observed
agreement between the experimental and model de-
pendences 𝑆(𝑡) makes it possible to draw the conclu-
sion that, while modeling the evaporation of droplets
of ideal solutions in the transient regime, the evapora-
tion coefficients for the components of those solutions
can be used.

The more detailed analysis of the revealed dis-
crepancy shows that the dependences 𝑆(𝑡) calculated
in the framework of the proposed model predict a
faster reduction of the droplet surface area in compar-
ison with experimentally obtained data. When con-
sidering the model proposed in this work, besides
the assumption about the independence of the com-
ponent evaporation processes, we also adopted the
model of the instant establishment of the equilibrium
concentrations of the solution components over the
droplet. Therefore, since the discussed discrepancy is
observed just in the cases where the concentration of
the more volatile solution component prevails in the
droplet, the mass transfer in the droplet has to be
taken into consideration.

5. Conclusions

In the framework of the Maxwell–Fuks evaporation
theory, a model describing the evaporation of droplets
of ideal binary alcohol solutions is developed. It is
based on the assumptions that the evaporation pro-
cesses of solution components are independent of each
other, and the concentrations of solution components
are uniformly distributed over the droplet volume. By
comparing the experimental and calculated time de-
pendences of the droplet surface area obtained for
the diffusive and transient evaporation modes, it is
shown that the proposed model makes it possible to
effectively simulate the evaporation of binary alco-
hol solutions provided that its initial approximations
are satisfied. It was shown that when modeling the
evaporation of droplets of ideal binary solutions in
the transient regime, it is possible to use the evap-

oration coefficients obtained from the data on the
evaporation of droplets of pure components of those
solutions.
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МОДЕЛЬ ВИПАРОВУВАННЯ КРАПЕЛЬ
IДЕАЛЬНИХ БIНАРНИХ СПИРТОВИХ РОЗЧИНIВ
У ДИФУЗIЙНОМУ ТА ПЕРЕХIДНОМУ РЕЖИМАХ

Створення моделей процесу випаровування крапель розчи-
нiв, зокрема розчинiв спиртiв, у загальному випадку є скла-
дною задачею, для дослiдження якої потрiбно розв’язати
систему рiвнянь масо- та теплопереносу. Альтернативним
пiдходом може бути пiдхiд, який полягає у створеннi спро-
щеної моделi та подальшому врахуваннi тих фiзичних меха-
нiзмiв, якi є суттєвими для конкретних умов, в яких вiдбу-
вається випаровування. В статтi за використанням даного
пiдходу на основi теорiї випаровування Максвелла–Фукса
запропоновано модель опису процесу випаровування iде-

альних бiнарних розчинiв у дифузiйному та перехiдному
режимах випаровування. З метою перевiрки даної моде-
лi було проведено експериментальнi дослiдження випаро-
вування краплин бiнарних спиртових розчинiв пропанол–
октанол та бутанол–октанол в атмосферi сухого азоту за
температури газу 293 К в дифузiйному та перехiдному
режимах для значень початкових концентрацiй октанолу
0,25, 0,5 та 0,75 мольних часток. Запропонована модель бу-
ла використана для розрахунку залежностей площi поверх-
нi краплини вiд часу для даних бiнарних спиртових розчи-
нiв. Проведено порiвняння одержаних модельних кривих з
експериментальними даними. Показано, що, в межах спра-
ведливостi наближень моделi, вона може бути використана
для опису процесу випаровування як в дифузiйному, так i
в перехiдному режимах випаровування.

Ключ о в i с л о в а: спирт, розчин, режим випаровування.
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