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Abstract—Experimental data have been presented on the evaporation of water–alcohol solution droplets with
different concentrations. The droplets have been suspended by a thread and applied onto a planar surface. The
dynamics of variations in the geometric parameters of the evaporating water–alcohol solution droplets has
been studied with the use of high-speed microphotography. Infrared thermography has been employed to
confirm the three-stage variation in the surface temperature of the evaporating droplets, namely, an initial
dramatic decrease in the temperature, the stage of a constant temperature, and its smooth increase up to the
ambient air temperature. The experimental data have shown an essential influence of the solution concentra-
tion on the droplet evaporation process. The higher the ethanol concentration in a droplet, the closer the
character of variations in the surface temperature and geometric parameters of the droplet to the variations in
the same parameters of an alcohol droplet.
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INTRODUCTION
The evaporation of water–alcohol solution drop-

lets is of scientific interest and has a wide practical
application. Thus, the majority of experimental works
in this field deal with sessile droplets evaporating on
substrates. At present, the effects of solution concen-
tration [1–7], ambient conditions [8–10], and the
thermal conductivity of substrates [11–14] on varia-
tions in the volumes, contact angles, and diameters of
the contact spots of evaporating droplets have been
studied in detail. The droplet temperature was experi-
mentally measured with a thermocouple, and a
decrease in evaporating droplet temperature relative to
the ambient air temperature was recorded in [11, 12].
However, precise determination of the droplet tem-
perature with a thermocouple is difficult, because, at
contact measurements, the droplet evaporation is sig-
nificantly affected by the heat supply through the ther-
mocouple [15].

Using a noncontact method of infrared thermogra-
phy [16–20], it has been shown that the surface tem-
perature of evaporating droplets of water–alcohol
solutions is nonuniform. When using infrared ther-
mography, it is necessary to take into account the radi-
ation properties of different liquids [21, 22]. As has
been shown theoretically and experimentally in [23],
the temperature of free evaporating water droplets var-
ies in three stages. The analysis of variations in the
geometric parameters of an evaporating sessile droplet
of water performed by a calculation–experimental

method under the assumption of the diffusion mecha-
nism of evaporation [24] has resulted in the determi-
nation of the difference between the temperatures of
the droplet and a substrate.

The analysis of the experimental studies of evapo-
rating water–alcohol solution droplets has shown that
the main attention was focused on variations in droplet
geometric parameters. At the same time, the dynamics
of time variations in the evaporating droplet tempera-
ture has remained to be studied.

The aim of this work was to study experimentally
the changes in the geometric parameters and surface
temperature of evaporating droplets of water–alcohol
solutions with the use of advanced noncontact meth-
ods of measurement.

1. EXPERIMENTAL SETUP
In the experiments, the evaporation of water–alco-

hol solution droplets with ethanol concentrations of
0 (water), 25, 50, 75, and 92 wt % was studied at room
temperature T = 24°C and air relative humidity ϕ =
24%. Droplets with a volume of 5 μL were formed
using a single-channel dosimeter. To reduce and eval-
uate random errors, each experiment was repeated
several times.

Two characteristic cases of droplet evaporation
were considered in this work. In the first series of
experiments, the evaporation of droplets suspended by
a polypropylene thread 200 μm in diameter was inves-
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Fig. 1. Time variations in diameters of suspended water–
alcohol droplets with different ethanol concentrations:
(1) 0 (water), (2) 25, (3) 50, (4) 75, and (5) 92 wt %.
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tigated. Polypropylene (PP) has a relatively low ther-
mal conductivity coefficient λ = 0.19 W/(m °C).
Therefore, this experimental procedure enabled us to
minimize the influence of the thread and to reach a
good approximation to the evaporation conditions of
free droplets. In the second series of the experiments,
the evaporation of sessile droplets of water–alcohol
solutions on a solid substrate surface was analyzed: the
conditions of these experiments were described previ-
ously [25]. A Teflon plate (λ = 0.25 W/(m °C)) 3 mm
thick was used as a substrate.

The evaporation of the droplets was examined on a
special experimental stand [23]. A thermal imaging
camera was placed in the vertical position over an
evaporating droplet, and a digital microscope was
placed horizontally on one side of a droplet. Variations
in the shape of an evaporating droplet were recorded by
the high-speed photography of the droplet profile with
the use of the digital microscope. The noncontact
recording of the temperature distribution over the drop-
let surface was performed with an accuracy of 0.1°C and
a high space resolution using an NEC TH 7102WV
thermal imaging camera equipped with a TH 71-377
microscope objective.

When determining the droplet surface temperature
with the use of infrared thermography, the radiation
coefficient of water was taken to be ε = 0.96 [26]. The
ethanol radiation coefficient was determined in a
series of experiments on the calibration of the mea-
surement results using a chromel-alumel microther-
mocouple with a bead diameter of 50 μm, which pro-
vided a relatively low heat supply to the droplet. The
performed measurements yielded a radiation coeffi-
cient for alcohol equal to 0.92, which agreed with the
data obtained by other authors [27] for alcohol drop-
lets with the same sizes.

2. EVAPORATION OF SUSPENDED DROPLETS

2.1. Variations in Geometric Parameters 
of Suspended Droplets

Micrographs taken during the evaporation of drop-
lets of water–alcohol solution suspended by PP
threads indicate that the droplets have a spherical
shape throughout almost the entire the process. The
data obtained on variations in the diameters of the sus-
pended droplets of water–alcohol solutions by pro-
cessing the micrographs are presented in Fig. 1. These
data suggest that, in the course of evaporation, the
alcohol droplet diameter decreases substantially faster
than the water droplet diameter does. For droplets
with different ethanol concentrations, an intermediate
situation is observed: the higher the ethanol concen-
tration in a solution droplet, the faster the decrease in
its diameter.

The droplet size at which the surface tension is
comparable with the gravitational force is character-
ized by the capillary constant of a liquid, while the
Bond number is Bo ~ 1 [28]. If the diameter of the
studied droplets does not exceed the capillary constant
value, or Bo ! 1, their shapes may be supposed to be
spherical.

The data presented in Fig. 2 show that, for water
and ethanol droplets, squared relative (dimensionless)
droplet diameter (d/d0)2, where d0 is the initial droplet
diameter, decreases linearly with evaporation time τ.
For water–alcohol solution droplets, a situation inter-
mediate between those for the alcohol and water drop-
lets is observed. The higher the ethanol concentration
in a droplet, the closer the character of time variations
in parameter (d/d0)2 to that for the alcohol droplet,
especially at the initial stage of evaporation. There-
with, the dependence of the squared dimensionless
diameter on the evaporation time for water–alcohol
droplets is nonlinear. Thus, it may be inferred that the
linear dependence of the surface area of free droplets
on evaporation time [29] is characteristic for only indi-
vidual liquids—water and alcohol.

2.2. Variations in the Temperature 
of a Suspended Droplet Surface

The temperature of droplet surface was determined
by infrared thermography. In the experiments per-
formed with the use of a thermal imaging camera,
thermograms of the temperature distribution over the
droplet surface were recorded every 5 s. The process-
ing of the obtained sequences of the thermograms has
resulted in plotting the time dependences for the tem-
perature of the surface of water–alcohol solution
droplets suspended by a PP thread (Fig. 3).
COLLOID JOURNAL  Vol. 81  No. 3  2019
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Fig. 2. Time variations in squared relative diameters of
suspended water–alcohol droplets with different ethanol
concentrations: (1) 0 (water), (2) 25, (3) 50, (4) 75, and
(5) 92 wt %. 
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Fig. 3. Time variations in surface temperature of sus-
pended water–alcohol droplets with different ethanol
concentrations: (1) 0 (water), (2) 25, (3) 50, (4) 75, and
(5) 92 wt %. 
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At the initial stage of water droplet evaporation, the
surface temperature decreased abruptly to 14.0°C.
Then, the droplet temperature remained almost
unchanged for 2700 s; after that, it sharply increased to
the ambient air temperature. For alcohol droplets, the
surface temperature also abruptly decreased to 9.5°C
at the initial stage of evaporation. Then, the stage of
the constant temperature was observed for approxi-
mately 460 s. After that, the temperature rapidly
increased to the temperature of the ambient air at the
final stage of the evaporation. It is seen that, under
identical conditions of evaporation, the minimum
temperatures of the surfaces of water and alcohol
droplets are 14 and 9.5°C, respectively. The difference
between the minimum surface temperatures of the
evaporating water and alcohol droplets is due to the
higher rate of ethanol evaporation as compared with
water [6].

Under the experimental conditions, the tempera-
tures of the adiabatic evaporation of water and alcohol
were equal to 13.4 and 8.2°C, respectively. Thus, the
obtained experimental data have shown that, upon the
evaporation of water and alcohol droplets suspended
by a PP thread, the minimum temperature values for
both liquids are higher than the corresponding tem-
peratures of the adiabatic evaporation. This is obvi-
ously caused by two main factors, of which the heat
supply from the thread to the droplets is less significant
because of the small diameter and low heat conductiv-
ity of the PP thread. In this case, the greatest effect
results from the radiation heat exchange between a
droplet and the environment [21, 22].

The analysis of the obtained results has shown that
the dynamics of variations in the temperature of the
suspended water–alcohol solution droplets depends
essentially on ethanol concentration. For droplets
COLLOID JOURNAL  Vol. 81  No. 3  2019
with different ethanol concentrations, after a sharp
decrease in the surface temperature, the stages of its
smooth rise to the temperature of the adiabatic evapo-
ration of water and the subsequent increase up the
temperature of the ambient air are observed. The
higher the ethanol concentration in a droplet, the
more similar the variations in the droplet surface tem-
perature to those of the alcohol droplet surface. At the
initial stage of evaporation, the droplet temperature
varies analogously to the temperature of the alcohol
droplet; then, the character of the temperature varia-
tion for the solution droplet is similar to that observed
for water droplets. This is presumably explained by the
fact that, being a more volatile component, ethanol
predominantly evaporates at the initial stage [6, 9, 10].

3. EVAPORATION OF SESSILE DROPLETS
3.1. Variations in Geometric Parameters

of Sessile Droplets
Figure 4 shows the micrographs of water and alco-

hol sessile droplets on the surface of a Teflon plate at
the initial stage of evaporation. The contact angles and
contact spot diameters were obtained by processing
the micrographs with the use of the Drop Shape Anal-
ysis software package. The initial values of the contact
angle and contact spot diameter correspond to the
onset of the contact between a droplet of a preset vol-
ume and the substrate. For alcohol and water droplets,
the contact angles are of 30°–31.8° and 88.7°–91°,
respectively. The presented micrographs show an
essential difference between the shapes of the sessile
water and alcohol droplets on the Teflon plate. Owing
to its better wetting ability, the spreading of the alcohol
droplet over the Teflon plate was stronger than the
spreading of the water droplet. As a result, at the same
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Fig. 4. Micrographs taken from sessile droplets of (a) water and (b) alcohol on Teflon plate at the initial moment of evaporation.
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droplet volume, the contact area and the area of evap-
oration surface are larger for the alcohol droplet than
for the water droplet.

Figure 5 illustrates the results of the experimental
determination of time variations in contact spot diam-
eter d1 for sessile water–alcohol droplets evaporating
on the Teflon plate with the use of a digital micro-
scope.

The obtained results show that, for the water drop-
let, the contact spot diameter remains almost
unchanged and the “pinning” regime is realized at the
initial stage of evaporation. During the evaporation of
the alcohol droplet, the contact spot diameter contin-
uously varies; i.e., the evaporation is accompanied by
the contact line movement toward the droplet center
until it has completely evaporated. For droplets with
different ethanol concentrations, a situation interme-
diate between those described above is observed. The
higher ethanol concentration in a droplet, the shorter
its evaporation time and the closer the character of
variations in the contact spot diameter to that for the
alcohol droplet. The data obtained on the variations in
the geometric parameters of the droplets agree with
the data of other researchers on the evaporation of ses-
sile droplets of water–alcohol solutions [2, 3].
3.2. Variations in Surface Temperature
of Sessile Droplets

The processing of the experimentally obtained
sequences of thermograms has resulted in determining
the time dependences for the surface temperature of
sessile water–alcohol droplets evaporating on the Tef-
lon plate (Fig. 6).

At the initial stage of evaporation, an abrupt
decrease in the surface temperature of a water droplet
to 21.5°C is observed. Thereafter, the droplet tempera-
ture remains almost unchanged for 700 s; then, it
smoothly increases to the ambient air temperature.
For an alcohol droplet, a sharp decrease in the tem-
perature to 19.5°C, i.e., to a temperature lower than
that for the evaporating water droplet, is observed at
the initial stage of evaporation. After that, the stage of
a constant temperature about 60 s long followed by the
stage of its rapid increase to the ambient air tempera-
ture is observed.

It follows from the analysis of the data obtained
that the dynamics of variations in the temperature of
sessile evaporating droplets of a water–alcohol solu-
tion depends essentially on ethanol concentration.
Analogously to the evaporation of the suspended
droplets, the character of variations in the surface tem-
COLLOID JOURNAL  Vol. 81  No. 3  2019
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Fig. 5. Time variations in contact spot diameters of sessile
water–alcohol droplets at different ethanol concentra-
tions: (1) 0 (water), (2) 25, (3) 50, (4) 75, and (5) 92 wt %.
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Fig. 6. Time variations in surface temperatures of sessile
water–alcohol droplets with different ethanol concentra-
tions: (1) 0 (water), (2) 25, (3) 50, (4) 75, and (5) 92 wt %.
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perature for all evaporating droplets may be conven-
tionally divided into three stages: the initial stage of an
abrupt decrease in the temperature, the stage of a con-
stant temperature, and the stage of its smooth increase
to the ambient air temperature. However, in this case,
the temperature values for the sessile water–alcohol
solution droplets are higher than those for the sus-
pended droplets of the corresponding concentrations.
This is obviously due to the heat supply from the plate
surface, which has a significant effect on the droplet
evaporation, as has been noted in a number of works
[11–14].

4. COMPARISON OF EVAPORATION 
PROCESSES OF SUSPENDED 

AND SESSILE DROPLETS

Let us compare the surface temperatures and evap-
oration times of suspended and sessile droplets.

For the comparison, Fig. 7 shows the time varia-
tions in the surface temperatures of 5-μL water (Fig. 7a)
and alcohol (Fig. 7b) droplets evaporating at the same
values of the temperature and humidity of the ambient
air (T = 24°C, ϕ = 24%). The data are presented for
both suspended droplets and sessile droplets on the
Teflon plate surface. During evaporation, the surface
temperature of the suspended water and alcohol drop-
lets decreases to almost the adiabatic evaporation tem-
perature. For the sessile droplets evaporating on the
Teflon plate, the decrease in the surface temperature is
significantly smaller. Therewith, the sessile droplets
are evaporated more rapidly than the suspended ones.
The ratios between the evaporation times of the sus-
pended and sessile droplets are 1.5 and 2.4 for water
and alcohol, respectively. Thus, the contact of the
COLLOID JOURNAL  Vol. 81  No. 3  2019
droplets with the surface intensifies the evaporation
process.

The experimental data were used to plot the depen-
dences of the minimum surface temperature of water–
alcohol droplets on ethanol concentration (Fig. 8).
The data shown in Fig. 8 suggest that the higher the
concentration of the water–alcohol solution, the
lower the minimum temperature of the droplet surface
in the course of evaporation for both sessile and for
suspended droplets. At the same time, the minimum
surface temperatures of suspended droplets are lower
than those of sessile droplets at the same ethanol con-
centrations.

The experimental data on the evaporation of
water–alcohol solution droplets (Fig. 9) evidently
show that the higher ethanol concentration, the
shorter the evaporation time for both sessile and sus-
pended droplets. Therewith, the suspended droplets
are evaporated within a longer time period than the
sessile droplets are.

5. CONCLUSIONS

The investigations that have been carried out have
yielded experimental data on variations in the geomet-
ric parameters and surface temperatures of evaporat-
ing water–alcohol droplets with different ethanol con-
centrations. The microphotography has shown that
the shape of the evaporating droplets suspended by a
PP thread remains close to the spherical one almost
throughout the evaporation time period. Linear
dependences of the squared dimensionless diameter
on the evaporation time are observed for both water
and alcohol droplets. For water–alcohol droplets with
different ethanol concentrations, the above depen-
dences are nonlinear.
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Fig. 7. Time variations in surface temperatures of evapo-
rating droplets of (a) water and (b) alcohol: (1) suspended
and (2) sessile droplets.
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Fig. 8. Minimum temperatures of evaporating water–alco-
hol droplets vs. ethanol concentration: (1) suspended and
(2) sessile droplets.
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Fig. 9. Times of water–alcohol droplet evaporation vs. eth-
anol concentration: (1) suspended and (2) sessile droplets.
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The results obtained by the method of infrared
thermography have led to the conclusion that the
dynamics of variations in the average surface tempera-
ture of the suspended water–alcohol droplets depends
on ethanol concentration. During the evaporation of
water and alcohol droplets, a rapid decrease in the sur-
face temperature is followed by the stage of a constant
temperature close to the temperature of adiabatic
evaporation of a corresponding liquid. For droplets
with different ethanol concentrations, a rapid decrease
in their surface temperature is followed by the stages of
a smooth rise in the temperature to the adiabatic evap-
oration temperature of water and the increase to the
ambient air temperature. The higher the ethanol con-
centration in a droplet, the more similar the variations
in the surface temperature of a solution droplet to
those for an alcohol droplet.
The experimental data on sessile water–alcohol
droplets have indicated that the shape of the evaporat-
ing droplets depends essentially on ethanol concentra-
tion. The higher ethanol concentration in a droplet,
the larger is the area of the droplet contact with the
surface of the Teflon plate and the higher the rate of
droplet evaporation. The pattern of variations in the
surface temperature of sessile water–alcohol droplets
with different ethanol concentrations is characterized
by three stages of evaporation similar to the stages
observed for the suspended droplets. However, the
minimum surface temperature of the sessile water–
alcohol solution droplets is higher than that for the
suspended droplets of solutions with the same concen-
trations. This is obviously explained by the heat supply
to the droplets from the plate surface.

Moreover, the obtained data indicate that the sus-
pended water–alcohol droplets are evaporated slower
COLLOID JOURNAL  Vol. 81  No. 3  2019
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than the sessile droplets at the same thermal and
humidity conditions. The evaporation time decreases
for both sessile and suspended droplets with an
increase in ethanol concentration. Therewith, the
evaporation time is longer for the suspended droplets
than that for the sessile ones at the same ethanol con-
centration.
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