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EVAPORATION OF DROPLETS
OF BINARY MIXTURES OF LOWER
MONOHYDRIC ALCOHOLS IN HEATED AIR

The results obtained while studying the evaporation process of single droplets of lower alco-
hols – ethanol, butanol, and their binary mixtures – with initial droplet sizes of 1.5–2.5 mm
in heated air at the atmospheric pressure are reported. It is shown that the second inflection
points in the time dependences of the temperature and the squared droplet diameter allow the
evaporation time interval to be divided into two stages: 1) the simultaneous evaporation of
both alcohols with a higher content of the more volatile alcohol and 2) the evaporation of the
less volatile alcohol. The application of a thermocouple, which was heated in the oven under
experimental conditions, diminished the droplet evaporation time and increased the stationary
temperature of the droplet evaporation. At air temperatures higher than the boiling point of the
liquid fuel, the temperature difference between the gaseous medium and the evaporating droplet
surface depended linearly on the gaseous environment temperature. We propose a formula for
calculating the evaporation temperature for a droplet of a binary solution in heated air, which
allows estimating the temperature at which the quasi-stationary evaporation of the droplet be-
gins provided a low rate of temperature growth. In the calculations, temperature dependence of
the specific vaporization heats and the difference of the Lewis number from unit. The emphasis
is made on the necessity of taking the Stefan flow into account when performing the physical
and mathematical simulations.
K e yw o r d s: evaporation, alcohols, solution, droplet, thermocouple.

1. Introduction

The evaporation rate for a droplet of a binary so-
lution consisting of two different liquid components
is not constant and changes in time, because each
component evaporates at a different rate. This phe-
nomenon is called “selective evaporation” [1]: the
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more volatile component evaporates faster, because it
has a higher saturated vapor pressure near the droplet
surface. During such an evaporation of a droplet, the
composition of the latter changes.

In recent decades, when determining the concen-
trations of components during the droplet evapora-
tion, changes in the geometry of a droplet lying on
a certain surface were studied [1–3]. One of the char-
acteristic parameters is the contact angle, the angle
between the droplet–air boundary and the surface,
which is governed by the surface tensions at the in-
terfaces between the contacting phases. However, in
such studies, an important factor is the state of the
surface, where the droplet is placed. For example, as
was shown in work [4], the evaporation of droplets
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from dry and lubricated surfaces is qualitatively dif-
ferent, which manifests itself in different rates at
which the geometric parameters of the droplet (its
wetting ridge and height) change.

Aqueous solutions of alcohols (ethanol, methanol,
butanol) [5–8] and binary solutions of various alco-
hols (isopropanol and butanol) [9] are often used as
research objects in such studies. In the case of bi-
nary mixtures of water and ethanol [3], three evap-
oration stages with different wetting characteristics
were identified. The more volatile component evapo-
rates completely at the first stage, whereas the less
volatile component mainly does it at the last stage.

The challenging character of such studies is asso-
ciated with the requirements of various technologi-
cal processes and the real-life applications, where a
surface is wetted with droplets and afterward dried
out. For example, these are the inject printing [10],
spraying of pesticides with the alcohol admixture on
leaves [11], and medical diagnostics [12].

The overwhelming majority of the studies dealing
with the evaporation of droplets of various liquids
and their mixtures are carried on at room temper-
ature [13–17]. This allows the contribution of various
factors (convection, mixture composition, impurities,
substrate or suspension, laser radiation, and so forth)
to this process to be analyzed very carefully, because,
as a rule, the evaporation rates at low temperatures
are not high, and there is no need to complicate the
laboratory thermostating equipment.

The evaporation of droplets at elevated temper-
atures is interesting, first of all, owing to its di-
rect relation to the ignition and combustion pro-
cesses [18–20]. When studying the burning processes
of the droplets of a one-component liquid fuel, the
droplet temperature is usually assumed to be practi-
cally equal to the fuel boiling point.

The study of the evaporation of mono- and multi-
component fuel droplets remains a challenging task.
The main existing theoretical models of the droplet
evaporation are most completely expounded in Sa-
zhin’s review [17]. They are based on the analytic so-
lution of the diffusion equation outside and inside the
liquid droplet. When describing the heat exchange
and the evaporation of droplets – for example, dode-
cane droplets of diameters down to 10 𝜇m in a heated
environment at a pressure of 30 atm [17, p. 133] – it
was shown that they continued to evaporate until the
temperature reached a stationary value. No calcula-

tion results were presented for larger, e.g., millimeter-
size droplets. When determining the mass fraction of
the fluid vapor, the dependence of the molar mass of
the gas mixture on its temperature and composition
was not taken into account as well.

When studying the evaporation of water droplets
1–3 mm in diameter in air with a temperature of 500–
1000 K [21], it was shown that the temperatures at
the surface of the droplet and inside it are substan-
tially lower than the boiling temperature. The influ-
ence of the thermocouple (with a junction 10 times
smaller than the characteristic size of the droplet) on
the droplet evaporation time (a reduction by 3.5%)
was noted. The studies of the evaporation of water
droplets on the thermocouple also showed that the
temperature field in the droplet is mainly formed dur-
ing the initial heating time interval, when the temper-
atures at the center of the droplet and at its surface
reach certain constant values.

In work [22], on the example of the evaporation of
a droplet of a binary solution of n-heptane and n-
decane, a change in the slope of the time dependence
of the squared droplet diameter was shown, which was
associated with the evaporation of n-heptane from
the droplet. The authors of work [23] calculated the
influence of the thermocouple diameter (≤100 𝜇m)
on the time dependence of the temperature of an n-
dodecane droplet evaporating in heated air. The heat-
ing rate of the droplet and the stationary tempera-
ture of its evaporation decrease, as thermocouple di-
ameter increases, because the heat outflow through
the thermocouple due to its thermal conductivity in-
creases with the growth of the thermocouple diam-
eter. When comparing with the results of numeri-
cal calculations, the evaporation model developed by
Abramzon and Sirignano [17] was used. It was shown
that, at the beginning of the evaporation, the temper-
atures at the surface and at the center of a droplet
differ by 90 K. When the droplet is heated to the
stationary evaporation temperature, the temperature
gradient disappears owing to the circulation inside
the droplet. This is just at this time that the 𝑑2-law
(Sreznevsky’s law) becomes relevant.

In work [24], the results were reported concerning a
comparison between the experimental data obtained
for the evaporation rates of water droplets and the
values calculated in the framework of the classical
kinetic diffusion and evaporation models, as well as
an ordinary approach based on the empirical expres-
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Fig. 1. Schematic diagram of the “solution droplet–air” sys-
tem. 𝑋𝑖 (𝑖 = 1, 2) is the mass fraction of the 𝑖-th component
in the droplet, 𝑌𝑖𝑠 (𝑖 = 1, 2, 𝑎) is the mass fraction of the 𝑖-th
component in air, 𝑌𝑖𝑔 (𝑖 = 1, 2, 𝑎) is the mass fraction of the
𝑖-th component, and 𝑍𝑖 (𝑖 = 1, 2) is the fraction of the 𝑖-th
component in the total evaporation mass flow

sions Nu= 𝑓(Pr,Re). At moderate temperature val-
ues (lower than 600 K), the theoretical evaporation
rates are in satisfactory agreement with the experi-
mental ones (the difference does not exceed 15%). Ho-
wever, at temperatures above 1000 K, those evapora-
tion rate values are several times different.

The authors of work [25] numerically simulated the
heating of single droplets (10–100 𝜇m in diameter) of
a three-component kerosene substitute in a station-
ary heated (500–2000 K) environment at pressures of
0.3–10 atm. The obtained time dependences of the
temperature and the squared droplet diameter made
it possible to analyze the self-ignition and evapora-
tion times of the droplet. Net evaporation was found
to mainly depend on the gas temperature.

The authors of work [26] compared two models of
the droplet evaporation developed on the basis of
the Maxwell–Fuchs model. The old model considers
the heat exchange of the droplet with the environ-
ment making use of the classical Newton–Richmann
law. In the new model, the heat exchange coeffi-
cient accounts for the non-stationary character of
heat exchange and the influence of evaporation on
this process. Numerical results were reported for sev-
eral primary reference hydrocarbons (𝑛-heptane, 𝑛-
decane, 𝑛-dodecane, and 𝑛-tetradecane) at gas tem-
peratures from 400 to 1500 K and pressures from 1
to 40 MPa. According to the cited authors, the new
model provides the more realistic characteristic times

of droplet heating and evaporation. Nevertheless, the
obtained results contain a number of shortcomings. In
particular, the droplet temperature was evaluated us-
ing an approximate transcendental equation, which is
valid, if the temperatures of the droplet surface and,
therefore, the surrounding gas are low. As a result,
in the calculations, the surface temperature of the
droplet during its evaporation in heated air began to
exceed the boiling point. Moreover, the spontaneous
ignition is possible for the examined hydrocarbons
in heated air, which remained beyond the authors’
attention.

Alcohols are widely used in internal combustion
engines as additives to diesel fuel or gasoline [27,
28]. Most often, these are lower alcohols such as
methanol or ethanol. Nevertheless, other alcohols
such as propanol, 𝑛-butanol, and 1-pentanol are com-
ponents of the next biofuel generation. They are con-
sidered to provide better fuel properties than lower
alcohols do.

The aim of this study is to determine the spe-
cific features of the evaporation of the droplets of
binary solutions of monoatomic alcohols at elevated
temperatures. This process is considered as a prelim-
inary stage before the fuel ignition in heated cham-
bers. As research objects, droplets of ethanol, bu-
tanol, and their mixtures in stationary heated air are
dealt with. The droplets were placed on a thermo-
couple surface, and the thermocouple was arranged
in an oven.

2. Mass Exchange of a Droplet

Consider a spherical droplet of a binary solution. The
droplet radius equals r𝑠, which is larger than the free
path length of molecules in the gas phase surround-
ing the droplet (Fig. 1). We assume that the evapo-
ration of each solution component from the droplet
surface occurs independently with the formation of a
saturated layer. This layer, besides the binary mix-
ture components ethanol (the subscript 1) and bu-
tanol (the subscript 2), also includes air (the sub-
script a). Then, 𝑌1𝑠+𝑌2𝑠+𝑌𝑎𝑠 = 1, where 𝑌𝑖 =𝜌𝑖/𝜌𝑔
is the mass fraction of the component in the gas
phase, 𝜌𝑖 is the partial density of the 𝑖-th component,
and 𝜌𝑔 is the average mixture density. Hereafter, the
subscript 𝑠 means the value of the relevant quantity
near the droplet surface.

The velocity 𝑢 of the Stefan flow at the distance 𝑟
from the droplet center can be expressed in terms of
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the droplet evaporation rate �̇�:

4𝜋𝑟2𝜌𝑔𝑢 = �̇�1 + �̇�2 = �̇�.

Taking the Stefan flow [17,29] into account, the mass
and heat flows in the gas phase through any spherical
surface of the radius 𝑟 > 𝑟𝑠 can be written in the form

�̇�𝑖 = −4𝜋𝑟2𝐷𝑔𝑖𝜌𝑔
𝑑𝑌𝑖

𝑑𝑟
+ 4𝜋𝑟2𝑢𝜌𝑔𝑌𝑖, (1)

�̇� = −4𝜋𝑟2𝜆𝑔
𝑑𝑇

𝑑𝑟
+ 4𝜋𝑟2𝑢𝜌𝑔𝑐𝑝𝑔𝑇 =

=
∑︁
𝑖

�̇�𝑖𝐿𝑖 + 4𝜋𝑟2𝑠𝑢𝑠𝜌𝑔𝑠𝑐𝑝𝑔𝑇𝑠. (2)

Hereafter, the subscript i marks the quantities re-
lated to the i -th component of the fuel mixture;
�̇�𝑖 = −𝑑𝑚𝑖/𝑑𝑡 is the mass flow of the component,
i.e., its evaporation rate; 𝐷𝑔𝑖 is the diffusion coeffi-
cient of the vapor in the environment.

The mass flow �̇�𝑖 of the i -th component from the
droplet surface is coupled with the total evaporation
rate of the droplet �̇� via the formula �̇�𝑖 = 𝑍𝑖�̇�,
where 𝑍𝑖 is the share of the mass flow of the i -th
component in the total mass flow. Then, after inte-
grating Eq. (1) with the boundary conditions 𝑌𝑖 = 𝑌𝑖𝑠

at 𝑟 = 𝑟𝑠, and 𝑌𝑖𝑔 = 0 at 𝑟 → ∞, we obtain that the
mass evaporation rate of a droplet with the diameter
𝑑 = 2𝑟𝑠 equals

�̇� = 2𝜋𝑑
Sh

2
𝐷𝑔𝑖𝜌𝑔 ln (1 +𝐵𝑖), (3)

where
𝐵𝑖 =

𝑌𝑖𝑠

𝑍𝑖 − 𝑌𝑖𝑠
,

is the Spalding number for the mass transfer, and Sh
is the Sherwood number. Hence, for the ith compo-
nent of the mixture,

�̇�𝑖 = 2𝜋𝑑
Sh

2
𝐷𝑔𝑖𝜌𝑔𝑍𝑖 ln(1 +𝐵𝑖). (4)

As a result, the droplet size and mass decrease ac-
cording to the equations

−𝑑(𝑑)

𝑑𝑡
=

4

𝑑

Sh

2

𝐷𝑔𝑖𝜌𝑔
𝜌𝐿

ln(1 +𝐵𝑖),

�̇� = −
𝑑
(︀
𝜋𝜌𝐿𝑑

3/6
)︀

𝑑𝑡
, 𝑑 (𝑡 = 0) = 𝑑0.

(5)

where 𝜌𝐿 is the droplet density.

The values of the mass evaporation rate and the
rate of droplet diameter change should not depend
on the choice of the 𝑖-th component in formulas (3)
and (5). The assumption of the equality of the diffu-
sion coefficients of the components in the gas phase
(𝐷𝑔1 ≈ 𝐷𝑔2) means the equality of the component
Spalding numbers, 𝐵1 ≈ 𝐵2. This latter equality
brings us to the conclusion that the mass flows of
the components from the droplet are interrelated as
the mass concentrations of their saturated vapors:
�̇�1

�̇�2
=

𝑍1

𝑍2
=

𝑌1𝑠

𝑌2𝑠
.

Taking into account that 𝑍1 + 𝑍2 = 1, we have

𝑍𝑖 =
𝑌𝑖𝑠

𝑌1𝑠 + 𝑌2𝑠
. (6)

According to Dalton’s law 𝑝′1 + 𝑝′2 + 𝑝′𝑎 = 𝑃0, the
equation of state for the ideal gas 𝜌𝑖 =

𝜇𝑖𝑝
′
𝑖

𝑅𝑇 , and
Raoult’s law 𝑝′𝑖𝑠 = 𝑋𝜈𝑖𝑝𝑖𝑠, the mass fraction of each
alcohol in the mixture near the droplet surface is pro-
portional to the molar fraction 𝑋𝜈𝑖 of the component
in the solution, the partial pressure 𝑝𝑖𝑠 of the sat-
urated vapor of the pure component, and the ratio
between the molar masses of the components, 𝜇𝑖, in
the gas mixture at the droplet surface, �̄�𝑔𝑠:

𝑌𝑖𝑠 =
𝜌𝑖
𝜌𝑔

= 𝑋𝜈𝑖
𝜇𝑖𝑝𝑖𝑠
�̄�𝑔𝑠𝑃0

=

= 𝑋𝜈𝑖
𝜇𝑖𝑝𝑖𝑠

𝜇1𝑋𝜈1𝑝1𝑠 + 𝜇2𝑋𝜈2𝑝2𝑠 + 𝜇𝑎 (𝑃0 − 𝑝′1 − 𝑝′2)
. (7)

Here, 𝑃0 = 105 Pa is the atmospheric pressure, 𝑝′𝑖 is
the partial pressure of the 𝑖-th component above the
solution surface, and 𝑋𝑖 is the mass fraction of the
𝑖-th component of the binary solution in the droplet:

𝑋𝑖 =
𝑚𝑖

𝑚1 +𝑚2
, 𝑋1 +𝑋2 = 1, 𝑋𝜈𝑖 =

𝑋𝑖

𝜇𝑖

𝑋1

𝜇1
+ 𝑋2

𝜇2

.

The common solution of the system of equations
composed of two Eqs. (7) written for two solution
components makes it possible to obtain the follow-
ing corrected expression for the concentration of the
saturated vapor near the droplet surface:

𝑌𝑖𝑠 = 𝑋𝜈𝑖
𝜇𝑖𝑝𝑖𝑠

𝜇𝑎 (1 + 𝑘𝑎)𝑃0
, (8)

where
𝑘𝑎 = 𝑋𝜈1

𝜇1𝑝1𝑠
𝜇𝑎𝑃0

(︂
1− 𝜇𝑎

𝜇1

)︂
+𝑋𝜈2

𝜇2𝑝2𝑠
𝜇𝑎𝑃0

(︂
1− 𝜇𝑎

𝜇2

)︂
.
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The correction 𝑘𝑎 increases (decreases) proportionally
to the difference between the molar masses of each
component and air. In particular, for the case of in-
dividual liquid vaporization (𝑋𝜈1 = 0 or 𝑋𝜈2 = 0) at
low air temperatures (𝑝1𝑠 ≪ 𝑃0), we have 𝑘𝑎 ≈ 0, and
the molar mass of the mixture is equal to the molar
mass of air, which can be seen from the comparison
of Eqs. (7) and (8). At high temperatures (𝑝1𝑠 ≈ 𝑃0),
we have 1 + 𝑘𝑎 ≈ 𝜇1/𝜇𝑎, and the molar mass of the
mixture is close to the molar mass of the vapor.

When the droplet is surrounded by a heated
gaseous environment, it is necessary to consider the
temperature dependence of the vaporization heat. To
within an error of 2%, this dependence can be deter-
mined using Watson’s formula [30]. In the tempera-
ture interval from 0 ∘C to the liquid boiling point, this
formula can be linearly approximated as follows [29]:

𝐿𝑇 = 𝐿𝑇0

(︂
𝑇cr − 𝑇

𝑇cr − 𝑇0

)︂0.38
≈ 𝐿𝑇0

−𝐴(𝑇 − 𝑇0), (9)

where

𝐴 =
0.38𝐿𝑇0

𝑇cr − 𝑇0
,

𝑇cr is the critical liquid temperature (in K units), and
𝑇0 is some characteristic temperature. For ethanol,
𝐿273K = 951 kJ/kg and 𝑇cr = 514 K; and for butanol-
1, 𝐿273K = 736 kJ/kg and 𝑇cr = 563 K. The ne-
cessity to take this temperature dependence into ac-
count is evidenced by the 13%-difference between
the vaporization heats at 273 K and the boiling
point for ethanol, the corresponding 30%-difference
for butanol.

Substituting expression (9) into the Clausius–
Clapeyron law in the differential form,

𝑑𝑝

𝑑𝑇
=

(𝐿𝑇0
−𝐴(𝑇 − 𝑇0))𝜇

𝑅𝑇 2
𝑝, (10)

and solving this equation, we obtain the temperature
dependence of the saturated vapor pressure 𝑝𝑖𝑠 over
the surface of a pure liquid in the form [29]

𝑝𝑖𝑠 = 𝑃0 exp

[︂
𝐿𝑇0𝑖𝜇𝑖

𝑅

(︂
1

𝑇𝑏𝑖
− 1

𝑇𝑠

)︂]︂(︂
𝑇𝑠

𝑇𝑏𝑖

)︂−𝐴𝑖𝜇𝑖
𝑅

×

× exp

[︂
𝐴𝑖𝜇𝑖𝑇0

𝑅

(︂
1

𝑇𝑏𝑖
− 1

𝑇𝑠

)︂]︂
. (11)

where 𝑇𝑏𝑖 is the boiling point of the i -th component,
and 𝑇𝑠 is the droplet surface temperature. Thus, in
formula (11), unlike to the usual exponential temper-
ature dependence

𝑝𝑖𝑠 = 𝑃0 exp

[︂
𝐿𝜇𝑖

𝑅

(︂
1

𝑇𝑏𝑖
− 1

𝑇𝑠

)︂]︂
, (12)

which is obtained provided that the vaporization heat
is constant, we have a correction factor that takes
the temperature dependence of the specific vaporiza-
tion heat into account. If we assume that the func-
tion 𝐿𝑇 (𝑇 ) changes weakly with the temperature
(𝐿𝑇 (𝑇 ) ≈ const), this will substantially simplify the
integration of Eq. (10) and will allow its direct substi-
tution into formula (12). As a result, both expression
(12), taking the dependence 𝐿𝑇 (𝑇 ) into account and
expression (11) are in accurate agreement (with an er-
ror not exceeding 10%) with the following empirical
dependences [31]:
for ethanol,

lg 𝑝𝑠 = 7.81− 1919

𝑇 − 21
;

and for butanol-1,

lg 𝑝𝑠 = 8.72− 2265

𝑇 + 7
;

where 𝑝𝑠 is reckoned kPa units.

3. Heat Exchange of a Droplet

A droplet of the binary solution was suspended on
a thermocouple. The droplet temperature (assuming
that it does not differ from the average droplet tem-
perature) changes and reaches a stationary value ac-
cording to the differential equation

4

3
𝜋𝑟3𝑠 𝜌𝐿𝑐𝐿

𝑑𝑇𝑠

𝑑𝑡
= 𝜆𝑔4𝜋𝑟

2 𝜕𝑇𝑔

𝜕𝑟

⃒⃒⃒⃒
𝑟=𝑟𝑠

−

−𝐿1�̇�1 − 𝐿2�̇�2 +𝑁𝑄𝑚 (13)

with

𝑇𝑠(0) = 𝑇𝑏.

The first term on the right-hand side of Eq. (13) de-
scribes the heat flow coming to the droplet surface
from the environment, the second and third ones the
heat that is spent for the droplet evaporation, and the
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fourth one the heat that arrives through the thermo-
couple electrodes (𝑁 = 2). In order to determine the
temperature gradient in the gas near the droplet sur-
face, it is necessary to solve the equation of thermal
conductivity in the gas phase accounting for the Ste-
fan flow and the boundary conditions at the droplet
surface and at the boundary of the reduced film:

𝑑

𝑑𝑟

(︂
4𝜋𝑟2𝜆𝑔

𝑑𝑇𝑔

𝑑𝑟

)︂
=

𝑑

𝑑𝑟

(︀
4𝜋𝑟2𝑈𝜌𝑔𝑐𝑝𝑔𝑇𝑔

)︀
, (14)

with

𝑇𝑔 (𝑟 = 𝑟𝑠) = 𝑇𝑠, 𝑇𝑔 (𝑟 = 𝑟𝑓 ) = 𝑇𝑔∞,

where 𝜆𝑔 is the coefficient of thermal conductivity in
the gas [W/(m K)], 𝑇𝑔 is the gas temperature [K],
and 𝑟𝑓 is the radius of the reduced film.

In the framework of the quasi-stationary thermal
model, while determining the mass evaporation rate
for the droplet in the first approximation, the follow-
ing condition is assumed to be obeyed at the droplet
surface: all heat coming from the environment to the
droplet is spent for the evaporation,

𝐿1�̇�1 + 𝐿2�̇�2 = 𝜆𝑔4𝜋𝑟
2 𝑑𝑇𝑔

𝑑𝑟

⃒⃒⃒⃒
𝑟=𝑟𝑠

. (15)

Doubly integrating Eq. (14) from 𝑟𝑠 to 𝑟 and tak-
ing condition (15) into account bring us about the
following expression for the mass evaporation rate of
the droplet:

�̇� =
4𝜋𝑟𝑠𝜆𝑔

𝑐𝑝𝑔 (1− 𝑟𝑠/𝑟𝑓 )
ln

[︂
1 +

𝑐𝑝𝑔 (𝑇𝑔∞ − 𝑇𝑔𝑠)

𝐿1𝑍1 + 𝐿2𝑍2

]︂
. (16)

Therefore, the heat flow from the environment to the
droplet equals

𝜆𝑔4𝜋𝑟
2 𝑑𝑇𝑔

𝑑𝑟

⃒⃒⃒⃒
𝑟=𝑟𝑠

= 4𝜋𝑟2𝑠
𝜆𝑔Nu

2𝑟𝑠

𝐿1𝑍1 + 𝐿2𝑍2

𝑐𝑝𝑔
×

× ln

(︂
1 +

𝑐𝑝𝑔 (𝑇𝑔∞ − 𝑇𝑠)

𝐿1𝑍1 + 𝐿2𝑍2

)︂
,

where Nu= 2/ (1− 𝑟𝑠/𝑟𝑓 ) is the Nusselt crite-
rion. Just this expression is used, when describing the
heat exchange of an evaporating droplet consisting of
a pure liquid [17]. Then Eq. (13) for the temperature
change of a spherical droplet of a binary solution dur-
ing its evaporation into a gaseous environment takes
the form

𝜌𝐿𝑐𝐿𝜋
𝑑3

6

𝑑𝑇𝑠

𝑑𝑡
= 𝜋𝑑2

𝜆𝑔Nu

𝑑

𝐿1𝑍1 + 𝐿2𝑍2

𝑐𝑝𝑔
×

× ln

(︂
1 +

𝑐𝑝𝑔 (𝑇𝑔∞ − 𝑇𝑠)

𝐿1𝑍1 + 𝐿2𝑍2

)︂
−
∑︁
𝑖

𝐿𝑖�̇�𝑖 +𝑁𝑄𝑚. (17)

with

𝑇𝑠 (𝑡 = 0) = 𝑇𝑠0.

To estimate the heat transfer through the thermo-
couple electrodes, the following differential equation
describing the thermal conductivity through a long
thin cylinder with the simultaneous convective heat
transfer can be considered:

𝜆𝑚
𝑑2𝑇

𝑑𝑥2
=

2𝛼

𝑟𝐵
(𝑇 − 𝑇𝑔∞) , 𝛼 =

𝜆𝑔Nu𝑚
2𝑟𝑚

,

with

𝑇 (𝑥 = 0) = 𝑇𝑠, 𝑇 (𝑥 = ∞) = 𝑇𝑔∞,

where 𝑟𝑚 is the thermocouple radius, 𝑥 is the dis-
tance from the given cross-section to the droplet,
𝜆𝑚 is the thermal conductivity of the thermocou-
ple material, and Nu𝑚 is the Nusselt criterion (we
put Nu𝑚 = 0.5). The amount of heat coming to the
droplet through the thermoelectrode per unit time is
determined from the expression

𝑄𝑚 = 𝜋𝑟2𝐵𝜆𝑚
𝑑𝑇

𝑑𝑥

⃒⃒⃒⃒
𝑥=0

= 𝜋𝑟𝐵𝜆𝐵

√︂
2𝛼𝑟𝐵
𝜆𝐵

(𝑇𝑔∞ − 𝑇𝑠) .

A chromel-alumel thermocouple of the K-type and
200 𝜇m in diameter was used. At 20 ∘C, the
thermal conductivity of both alloys equals 𝜆𝑚 =
= 17.6 W/(m ·K).

Inside the film, the following temperature depen-
dences were used for the required parameters:

∙ for the diffusion coefficients of the components,

𝐷𝑔𝑖 = 𝐷𝑔𝑖0

(︂
𝑇𝑠 + 𝑇𝑔∞

2𝑇0

)︂𝑛𝑖

;

∙ for the density,

𝜌𝑔 = 𝜌𝑔0
2𝑇0

𝑇𝑠 + 𝑇𝑔∞
;

∙ and for the thermal conductivity coefficient of the
gas mixture,

𝜆𝑔 = 𝜆𝑔0

(︂
𝑇𝑠 + 𝑇𝑔∞

2𝑇0

)︂𝑛0

;

where 𝑇𝑔∞ is the ambient temperature.
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The density and the specific heat of a droplet are
determined as follows:

𝜌𝐿 =

(︂
𝑋1

𝜌1
+

𝑋2

𝜌2

)︂−1

and

𝑐𝐿 = 𝑋1𝑐1 +𝑋2𝑐2,

respectively. Similarly to the specific vaporization
heats, the temperature dependences 𝜌𝐿(𝑇 ) and 𝑐𝐿(𝑇 )
for ethanol and butanol in an interval of 273–473 K
can be approximated by the expressions [32]

𝜌1

[︁
kg/m

3
]︁
= 804− 0.659 (𝑇 − 273)−

− 2.66× 10−3(𝑇 − 273)2,

𝜌2

[︁
kg/m

3
]︁
= 825− 0.709 (𝑇 − 273)−

− 1.42× 10−3(𝑇 − 273)2,

𝑐1 [J/(kg ×K)] = 2270− 5.44 (𝑇 − 273)+

+4.89× 10−2(𝑇 − 273)2,

𝑐2 [J/(kg ×K)] = 2200 + 7.09 (𝑇 − 273)+

+3.16× 10−2(𝑇 − 273)2.

The system of equations (5) and (17) was solved
numerically using the finite difference method. Other
calculation parameters are 𝐷𝑔10 = 10 × 10−6 m2/s,
𝐷𝑔20 = 7.1 × 10−6 m2/s, 𝜌𝑔0 = 1.29 kg/m

3, 𝜆𝑔0 =
= 0.0224 W/(m×K), 𝑇𝑏1 = 351 K, 𝑇𝑏2 = 391 K,
𝑛𝑖 = 1.75, and 𝑛0 = 0.75.

In the limiting cases, when the concentration of ei-
ther of the mixture components is taken equal to zero,
the model makes it possible to describe the evapora-
tion of a one-component fuel.

4. Analysis of Numerical Results

The results obtained while solving the system of equa-
tions (5) and (17) for the evaporation of droplets of
the binary (50/50 wt%) mixture of ethanol and bu-
tanol with an initial diameter of 1.4 mm are depicted
in Fig. 2. The evaporation temperature of the droplet
of the binary solution does not remain constant. It is
in the dependences of the droplet diameter on the
temperature rather than on the time, where the dif-
ferences in the evaporation of the droplets of a one-
component liquid fuel and a binary solution manifest
themselves.

The analysis was carried out with and without ac-
counting for the influence of thermoelectrodes. The
final sections of curves 1 in Fig. 2 were plotted
as dashed curves, because the minimum size of the
droplet during its evaporation cannot be smaller than
the size of the thermocouple junction. It is evident
that the additional heat supply via the thermocou-
ple affects the rate of the process. However, the main
features do not change.

In particular, each of the time dependences
of the droplet temperature and squared diameter
(Figs. 2, a–d) has two inflection points at the same
time coordinates. The extremes in the time depen-
dences of 𝑑

𝑑𝑡𝑑
2 are weakly pronounced: the evap-

oration constant remains practically constant even
for the binary solution. In order to determine why
they appear, it is necessary to consider the time be-
havior of the droplet and gas mixture compositions
(Figs. 2, e–f ).

Provided the equal initial contents of ethanol and
butanol in the droplet (Fig. 2, 𝑒), the vapor near the
droplet surface at the initial evaporation stage mainly
consists of ethanol (Fig. 2, 𝑓). As the droplet temper-
ature increases in time, the amount of ethanol in the
near-surface layer increases. As a result of the com-
petition between two opposite processes (the growth
of the droplet temperature and the reduction of the
ethanol content in the droplet), the ethanol surface
concentration 𝑌1𝑠 reaches a maximum value. This is
the origin of the appearance of the first inflection
point in the dependence 𝑇 (𝑡).

The second inflection point is associated with an
increase of the butanol concentration in the near-
surface layer and its equalization with the ethanol
concentration. Above this point, the vapor in the
near-surface layer mainly consists of butanol vapor.

5. Experimental Study
of Evaporation of Droplets
on a Thermocouple

The droplet was suspended on a chromel-alumel
thermocouple with a thermoelectrode thickness of
200 𝜇m. With the help of a special mechanism, it was
introduced through a hole into the upper part of a
horizontally located hermetic oven, where a constant
temperature of heated air was maintained. The oven
was illuminated through its transparent side wall with
white light. A contrast image of the droplet was reg-
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Fig. 2. Evaporation kinetics of the droplets of the binary solution of ethanol and butanol (50/50 wt%) in air at the temperature
𝑇𝑔∞ = 368 K: the droplet temperature (𝑎), the droplet squared diameter (𝑏), the time derivative of the droplet temperature (𝑐),
the time derivative of the droplet squared diameter (𝑑), the mass fraction 𝑋1 of ethanol in the solution and the mass fraction
𝑍1 of ethanol in the total mass flow during the evaporation (𝑒), the surface concentrations of the saturated ethanol (subscript 1)
and butanol (subscript 2) vapors (𝑓). Curves 1 correspond to a droplet on a thermocouple, and curves 2 to a free droplet. The
initial temperature of the droplets is 295 K, and the diameter is 1.4 mm

istered through the other side of the oven making use
of a web camera. As a result, the droplet appeared
dark against a light background. The digital image
processing made it possible to obtain the time de-
pendence of the droplet diameter. The thermocouple
readings were registered using a Picotest300 multi-
voltmeter at a frequency of 5 values per second.

The experiments were performed at three different
air temperatures: 368, 485, and 565 K (Fig. 3). The
autoignition temperatures in air are 677 K for ethanol
and 613 K for butanol. In both cases, the droplet tem-
perature did not exceed the boiling point of the less
volatile component (the boiling points are 351 K for
ethanol and 391 K for butanol). As the droplet size

approached the thermocouple junction size, the ther-
mocouple readings approached the temperature of the
heated medium. Furthermore, butanol remnants on
the junction evaporated very slowly at lower air tem-
peratures. Therefore, the droplet diameters after the
end of the evaporation were substantially different
(see Fig. 2, 𝑏).

From Fig. 2, one can see that, in the framework of
this model, the stationary temperature of the droplet
on the thermocouple is higher than the corresponding
value in the absence of a thermocouple. This result
contradicts the results of work [23]. However, in work
[23], the droplet was first suspended on the cold junc-
tion of a thermocouple and afterward introduced into
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Fig. 3. Time dependences of the temperature (𝑎, 𝑐, 𝑒) and diameter (𝑏, 𝑑, 𝑓) of the droplets of ethanol (hollow circles), binary
solution 50% ethanol + 50% butanol (solid circles), and butanol (diamonds) in air at temperatures of 368 (𝑎, 𝑏), 485 (𝑐, 𝑑),
and 565 K (𝑒, 𝑓). Solid curves demonstrate the results of numerical calculations taking into account heat losses through the
thermocouple; symbols correspond to experimental data

the oven. Therefore, the thermocouple electrodes did
not have enough time to heat up significantly, so the
heat was taken out through the thermocouple.

In our studies, droplets with a definite composi-
tion were also suspended on a thermocouple and in-
troduced into a heated oven. However, immediately
after the first droplet had evaporated, the thermo-
couple was removed from the oven, and the next
droplet was hung on the junction. This procedure was
repeated several times. As a result, the dependences
registered for the first droplet were always substan-

tially different from the subsequent ones, which were
identical. This occurred, because, during the first ex-
perimental cycle, the thermocouple electrodes were
gradually heated up near the droplet almost to the
temperature of the medium. In further cycles, the
thermoelectrodes were already heated, and heat was
supplied to the droplet through them. The model de-
scribed by Eqs. (5) and (17) makes allowance for the
presence of heated thermocouple electrodes.

The presence of a moderately volatile alcohol in the
solution leads to the situation where, as the temper-
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Fig. 4. Dependences of the stationary droplet evaporation temperature on the air temperature.
Calculation by Eq. (17): (1 ) 100% butanol, (2 ) 75% butanol + 25% ethanol, (3 ) 50% butanol +
+ 50% ethanol, and (4 ) 100% ethanol. Experimental data: (solid circles) 100% butanol, (dia-
monds) 50% butanol + 50% ethanol, and (hollow circles) 100% ethanol

ature of the gas medium increases, the temperature
of the droplet during its evaporation approaches the
boiling point of the highly volatile alcohol and can ex-
ceed it, only if the content of the latter in the solution
substantially decreases.

The temperature of a droplet of a binary solution
of ethanol and butanol changed monotonically from
the evaporation temperature of pure ethanol to the
evaporation temperature of pure butanol. However,
it was possible to distinguish separately the stage of
droplet heating and the next stage, when the rate
of temperature change was much lower. This change
is associated with a change in the droplet composi-
tion. The evaporation temperature of a droplet of a
binary solution was closer to the evaporation temper-
ature of the less volatile component.

At the same time, the changes of the droplet diame-
ter were practically the same within the experimental
error.

6. Analytic Evaluation
of the Temperature of One-Component
Fuel Droplet

In order to determine the stationary temperature 𝑇𝑠

of the droplet surface during the evaporation, it is
enough to put zero the right-hand side of Eq. (17)
without taking the heat transfer through the thermo-
couple electrodes into account. As a result, we obtain
the equation

ln

(︂
1 +

𝑐𝑝𝑔 (𝑇𝑔∞ − 𝑇𝑠)

𝐿1𝑍1 + 𝐿2𝑍2

)︂
=

=
Sh

Nu
Le ln

(︂
1

1− (𝑌1𝑠 + 𝑌2𝑠)

)︂
, (18)

where

𝑍𝑖 =
𝑌𝑖𝑠

𝑌1𝑠 + 𝑌2𝑠
, 𝑖 = 1, 2,

and Le is the Lewis number. This expression also
demonstrates the equality of the rates of liquid mass
evaporation in the framework of the thermal and dif-
fusion models.

The exact analytic solution of Eq. (18) is compli-
cated due to the exponential (Arrhenius-type) tem-
perature dependence of the quantities 𝑌𝑠. However,
this equation can be rewritten as the dependence of
the medium temperature on the droplet one:

𝑇𝑔∞ = 𝑇𝑠 +
𝐿1𝑍1 + 𝐿2𝑍2

𝑐𝑝𝑔
×

×

(︃(︂
1

1− 𝑌1𝑠 − 𝑌2𝑠

)︂Le Sh
Nu

− 1

)︃
. (19)

The relevant Lewis numbers are Le = 0.578 for
ethanol and Le = 0.418 for butanol. The ratio be-
tween the Nusselt and Sherwood numbers depends on
the convection level. For instance, Nu/Sh≈ 1 in the
case of film flow, and Nu/Sh≈ Le𝑚, where 𝑚 = 0.33,
if the blowing velocities are low.

In Fig. 4, 𝑎, the calculated and experimental de-
pendences 𝑇𝑠(𝑇𝑔∞) are depicted. As the temperature
of the gas medium increases, the droplet evapora-
tion temperature monotonically approaches the boil-
ing temperature, but does not exceed it. It is the use
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Stationary temperatures of droplets, 𝑇𝑠 [K], at their evaporation in heated air

Alcohol 𝑇𝑠, K
Numerical calculation of the system Calculation of 𝑇𝑠 by Experiment on a

of equations (5) and (17) chromel-alumel thermocouple

without suspension with suspension (18) (19) (20) 𝑇𝑠, K 𝑇𝑔 − 𝑇𝑠, K

Ethanol 295 278 285 282 282 282 285 10
368 299 312 307 308 307 309 59
485 315 328 323 331 325 323 162
565 321 336 329 343 332 327 238

Butanol 295 291 293 292 292 292 293 2
368 325 337 328 328 330 329 33
485 346 363 351 358 351 355 130
565 355 372 359 374 362 361 204

50% Ethanol + 295 282 287 285 285 285 288 7
+ 50% Butanol 368 304 318 312 314 313 318 50

485 319 334 330 338 332 339 146
565 327 342 337 351 340 347 218

of our approach that allowed such a restriction to be
made.

In particular, at low ambient temperatures 𝑇𝑔∞ <
< 𝑇𝑏, the droplet temperature differs little from
𝑇𝑔∞: 𝑇𝑔∞ − 𝑇𝑠 ≪ 𝑇𝑔∞. Then the quantity
𝑐𝑝𝑔 (𝑇𝑔∞ − 𝑇𝑠) ≪ 𝐿1𝑍1+𝐿2𝑍2 and 𝑌1𝑠+𝑌2𝑠 ≪ 1. In
this case, the expression for determining the evapo-
ration temperature looks like

𝑐𝑝𝑔 (𝑇𝑔∞ − 𝑇𝑠)

𝐿1𝑍1 + 𝐿2𝑍2
=

Sh

Nu
Le (𝑌1𝑠 + 𝑌2𝑠),

whence
𝑇𝑔∞ = 𝑇𝑠 +

𝐿1𝑍1 + 𝐿2𝑍2

𝑐𝑝𝑔

Sh

Nu
Le (𝑌1𝑠 + 𝑌2𝑠). (20)

However, already at ambient temperatures above
500 K, the application of this expression leads to
considerable errors (see Table). It is so, because, as
the temperature increases, the sum 𝑌1𝑠 + 𝑌2𝑠 → 1
and the influence of the Stefan flow from the droplet
surface, which is not taken into account in for-
mula (20,), becomes substantial. The total evapora-
tion rate increases, which should decrease the droplet
temperature.

It is more classic to use the Newton–Richmann law
without taking the Stefan flow into account. Then the
equation for the evaporation temperature looks like

𝑐𝑝𝑔 (𝑇𝑔∞ − 𝑇𝑠)

𝐿1𝑍1 + 𝐿2𝑍2
=

Sh

Nu
Le ln

[︂
1

1− (𝑌1𝑠 + 𝑌2𝑠)

]︂
,

whence
𝑇𝑔∞=𝑇𝑠 +

𝐿1𝑍1 + 𝐿2𝑍2

𝑐𝑝𝑔
×

× Sh

Nu
Le ln

(︂
1

1− (𝑌1𝑠 + 𝑌2𝑠)

)︂
. (21)

Formula (19) makes it possible to evaluate the
evaporation temperature of a droplet of the binary
solution as well. However, as is shown in Figs. 2
and 3, the droplet temperature does not have a
clearly pronounced plateau. From the data exhibited
in Fig. 3, it is possible to distinguish the temperature
at which the rate of temperature change considerably
decreases. This is the conditionally the first inflection
point in the time dependences of the droplet temper-
ature (solid diamonds in Fig. 3). One can see that
the experimental values of this temperature for the
50% ethanol + 50% butanol mixture are substantially
higher than the calculated results. Such a discrep-
ancy is explained by a change in the droplet compo-
sition. Namely, the alcohol fraction decreases signifi-
cantly, when this inflection point is reached. Curve 2,
which was calculated for the 25-% molar fraction of
ethanol, gives a better agreement.

In work [33], by the example of water evaporation,
it was shown that the temperature difference between
the droplet and the environment depends linearly on
the temperature of the latter. In Fig. 4, 𝑏, the re-
sults of the numerical solution of Eq. (19) are pre-
sented. One can see that the linear character of the
dependence of the difference 𝑇𝑔∞ − 𝑇𝑠 on 𝑇𝑔∞ is ob-
served at the environment temperatures higher than
the liquid boiling point, 𝑇𝑔 > 𝑇𝑏 (Fig. 4, 𝑏).

In Table, the evaporation temperature values for
the droplets of ethanol, butanol, and their 50/50 wt%
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solution are quoted, which were obtained by numer-
ically solving the system of equations (5) and (17),
calculated according to formulas (19)–(21), and ob-
tained experimentally. In general, a good agreement
is observed for monofuel droplets. In the case of evap-
oration of the droplets of binary solutions, the tem-
peratures at which their quasi-stationary evaporation
with a low rate of temperature increase begins are 5–
10 K higher than the calculated ones.

In the considered model, the influence of the heat
supply through the thermocouple increases the sta-
tionary evaporation temperature of the droplet by
5%. As one can see, the experimental value lies be-
tween the two values obtained numerically.

7. Conclusions

The numerical simulation of the evaporation of a
droplet of a bicomponent fuel in air heated above
the boiling point of the most volatile component has
made it possible to reveal some features in the evo-
lution of the temperature and the squared diameter
of the droplet. It is shown that the corresponding
curves have two inflection points, which are associ-
ated with the competitive processes of the droplet
composition change and the droplet temperature in-
crease. As it takes place in the case where a droplet
evaporates in air at room temperature, the evapora-
tion of the droplet of a binary fuel can be divided
into two stages according to the position of the sec-
ond inflection point in the time dependence of the
droplet temperature: 1) the simultaneous evapora-
tion of both liquids with a dominating contribution
of the more volatile substance and 2) the evaporation
of the less volatile component.

A formula is proposed for the analytic determina-
tion of the temperatures of the droplets of one- and
two-component liquid fuels in heated air with regard
for the temperature dependence of the vaporization
heat and the Lewis number.

The obtained results can be useful in further stud-
ies dealing with the evaporation and ignition of mul-
ticomponent fuels based on the diesel fuel, alcohols
(including bioalcohols), and biolubricants. By vary-
ing the composition of the fuel mixture, it is pos-
sible to affect the main characteristics of the igni-
tion and combustion processes of liquid multicom-
ponent biofuels, and, as a result, minimize the fuel
consumption and improve the environmental perfor-

mance of combustion products in internal combus-
tion engines without making any structural changes
in them.
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О.К.Копiйка, В.В.Калiнчак, О.С.Черненко

ВИПАРОВУВАННЯ КРАПЕЛЬ
БIНАРНИХ СУМIШЕЙ НИЖЧИХ
ОДНОАТОМНИХ СПИРТIВ
У НАГРIТОМУ ПОВIТРI

Представленi результати дослiдження процесу випаровува-
ння одиночних крапель нижчих спиртiв – етанолу, бутанолу
та їх бiнарних сумiшей з початковим розмiром крапель 1,5–
2,5 мм у нагрiтому повiтрi при атмосферному тиску. Пока-
зано, що друга точка перегину на часовiй залежностi тем-
ператури i квадрата дiаметра дозволяє роздiлити час випа-
ровування на двi стадiї: 1) одночасне випаровування обох
спиртiв з переважним вмiстом бiльш летючого спирту та
2) стадiї випаровування важколетючого спирту. Термопа-
ра, що в умовах експерименту нагрiвалася в печi, приводи-
ла до зменшення часу випаровування краплi i збiльшення
стацiонарної температури випаровування краплi. При тем-
пературах повiтря, вищих за температуру кипiння рiдинно-
го палива рiзниця мiж температурами газового середовища
i поверхнi краплi, що випаровується, лiнiйно залежить вiд
температури газового середовища. Запропоновано форму-
лу для розрахунку в нагрiтому повiтрi температури випа-
ровування краплi бiнарного розчину, що дозволяє оцiнити
температуру, при якiй починається квазистацiонарне випа-
ровування краплi з малою швидкiстю збiльшення темпе-
ратури. При розрахунках використовувалася температур-
на залежнiсть питомої теплоти пароутворення та вiдмiн-
нiсть числа Льюїса вiд одиницi. Наголошується на необхi-
дностi врахування течiї Стефана в фiзико-математичному
моделюваннi.

Ключ о в i с л о в а: випаровування, спирти, розчин, кра-
пля, термопара.
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