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Abstract. The experiments on measuring the evaporation rate of liquid sessile droplets into air show that the rate
of evaporation increases in the presence of forced convection flows. However, data on the effect of convection on
the evaporation process is often contradictory and should be clarified. The paper presents a numerical analysis
of evaporation from the surface of a water droplet subjected to forced convection in the gas phase. The drop is
located on a smooth horizontal isothermal substrate; the mode with constant contact angle is considered. The
form of the drop has axial symmetry, the same for the velocities and pressure. Forced convection compatible with
the symmetry conditions are represented by flows directed downward along the axis of the system and diverging
along the sides near the drop and the substrate. The mathematical model is constructed for evaporation controlled
by diffusion in the gas phase and takes into account surface tension, gravity, and viscosity in both media, buoyancy
and Marangoni convection. The results indicate the existence of the mutual influence of liquid and gaseous media.
Thus, a drop vibrates under the influence of movements in the atmosphere, which generates a density wave in the
gas: the drop “sounds”. The magnitude of the velocity in a liquid is 50 times less than the characteristic velocity
in air. It is found that the evaporation rate does not change in the presence of forced convection flows, which
contradicts most of the experimental works. The reason for the discrepancies is supposed to be the appearance
of nonequilibrium conditions at the boundary of the condensed phase, under which the evaporation regime ceases
to be diffusional.
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Pe3iome. Pe3dynbTaThl 3KCNEPMMEHTOB N0 U3MEPEHMIO CKOPOCTU UCMAPEHUS C NMOBEPXHOCTU XUAKOM exallen kan-
JI1 B BO3yX YKa3bIBAIOT, HTO KOHBEKTUBHbIE MOTOKM HaJ, MOBEPXHOCThIO YBEIMYMBAIOT CKOPOCTb McnapeHus. OgHako
[aHHble OTHOCUTENIBHO TOrO, B KAKOW Mepe KOHBEKLMS BINSET Ha NPOLLECC UCMNapeHUs, CUIbHO Pas3HATCH, 4acTo
NPOTMBOPEYMBBI N TPEOYIOT YTOUHEHNA. B paboTe NpoBeAeH YMCNEHHbI aHaNN3 UCNapeHns C MOBEPXHOCTU Karnn
BO/Zbl B HENTPaAsbHbIN ra3 — BO34yX B NPUCYTCTBMN KOHBEKTUBHbLIX TEHEHMIN B ra30BOoN dase. Kanng pacnonaraercs
Ha rOpM30HTaNIbHOW, FAaaKon, N30TEePMMYECKON MOA0XKE, PACCMOTPEHA MOa C MOCTOSIHHLIM YI/IOM CMa4ynBaHUS.
3apava pelleHa B 0CECUMMETPUYHOM MPUBIMXKEHUN, TEYEHNUS BbIHYXOEHHOM KOHBEKLUU, COBMECTUMBIE C YCII0-
BUAMW CUMMETPUN, NPEeACcTaBieHbl NOTOKAMW, HanpaBieHHbIMU BHU3 BAOJSIb OCU CUCTEMbI U PACXOOALLMMUCS MO
CTOpOHaM B6M3KM Kanam 1 NoAnoXK1. MaTtemaTtnyeckas MOAeNb YYNTbIBAET BIUSIHUE CUJT MOBEPXHOCTHOMO HaTsA-
XEHUS, TATOTEHNS U BA3SKOCTU B 06enx cpeaax, BO3MOXHYIO CBOOOAHYIO MPaBUTALMOHHYIO KOHBEKLMIO B Fra30BOWA
M XMOKOW cpenax, KOHBEKUMO MapaHroHu B Kanfe 1 NoCTpoeHa A9 UCnapeHus, KOHTponmpyemoro andoysnen
B ra3zoBon ¢ase. [NonyyeHbl pesdynbTaThbl, CBUAETENLCTBYIOWME O B3AVMHOM BIMAHUN XWUAKOW U Fra30BOW Cpea;: ka-
nnsa konebneTcs Nog, BAMSHUEM ABMXEHUNM B aTMOCdepe, 4TO NOPOXAAeT BOJIHY MIOTHOCTU B rade: konebniowasacs
Kanng «3By4nT». BennumHa ckopocTu B xmnakomn cpeae B 50 pa3 MeHbLLE XxapakTepPHOW CKOpoCcTy B BO3ayxe. O6Ha-
PY>XEHO, YTO CKOPOCTb UCNAPEHNSA HE NBMEHSAETCS B MPUCYTCTBUM TEHEHNIN BbIHYXXAEHHON KOHBEKLMW, YTO NPOTU-
BOPEYUT BONbLUMHCTBY 3KCMEPUMEHTaNbHbLIX PAbO0T. MNpeanonoXxmTensHas NPUYMHA PaCXoXOeHUM 3akoyaeTcs B
BO3HWUKHOBEHWNM HEPABHOBECHbLIX YCIOBUIM HA rPaHULLE KOHAEHCUPOBaHHOM ¢asbl, NPy KOTOPbLIX PEXMM UCNapeHunst
nepecTaeT 6bITb ANDPY3NOHHBIM.

KnioueBble cnoBa: vcnapeHune, anddysuns, nexawias kanns, BblIHYXAEHHAs KOHBEKLMS, YNCIIEHHOE MOAENNPO-
BaHue

e Moctynuna: 21.01.2021 » Aopa6oTaHa: 01.03.2021 ¢ MpuHaATa kK ony6nukoBauuio: 12.07.2021

Ansa untnposBaHusa: KopeHyeHko A.E., XykoBa A.A. VicnapeHue XnaKon nexarien kanam B yC/I0BUSAX BbIHYXOEHHOMN
KOHBeKUMn. Russ. Technol. J. 2021;9(5):57-66. https://doi.org/10.32362/2500-316X-2021-9-5-57-66

Mpo3payHocTb PUHAHCOBOIN AeATeNbHOCTU: HUKTO 13 aBTOPOB He MMeeT GUMHAHCOBON 3aMHTEPECOBaHHOCTY B
npeacTaBfeHHbIX MaTepuanax unnm Metoaax.

ABTOpPbI 3a9BASAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.

INTRODUCTION extent to which these phenomena affect the evaporation

rate differ widely and are sometimes contradictory. For

Evaporation of liquid from the surface of droplets is a
part of the water cycle, is often encountered in everyday
life, and is therefore actively studied theoretically and
experimentally [1—6]. For surface evaporation of water, it
was experimentally determined that convective air flows
over the surface sometimes accelerate the evaporation, and
that the evaporation is the more intense, the lower is the
ambient humidity ¢. However, the published data on the

example, experimental studies of evaporation from the flat
surface of water in the presence of convective flows showed
an increase in the evaporation rate, which was characterized
differently: as either linear in flow velocity V [7], or
described by a polynomial of the third degree [8], or
proportional to ~J32 [9], whereas numerical calculations
indicated that the effect of convection on the evaporation
rate is weak [2, 10]. The dependence of the evaporation rate
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on the difference between the saturated vapor pressure over
the surface (p,) and the partial vapor pressure in the
surrounding air (p,) was experimentally described by a

formula of the form (p, — p,o)", where the Dalton
approximation predicted 7 =1 [10], Tang and Etzion [7],
and Al-Shammiri [9] obtained the n values smaller than 1,
Boetler et al. [12] and Pauken et al. [13] calculated the n
values larger than 1, and Jodat and Moghiman [8] proposed
an expression relating » to the air flow velocity. Also
different are opinions on the role of free convection in
evaporation. Guéna et al. [14] experimentally investigated
the evaporation rate from the surface of sessile and hanging
water droplets and obtained equal values of the evaporation
rate, which suggested the absence of the effect of
gravitational convection in the gas phase. However, Kelly-
Zion et al.’s in their experiments determined [15] that the
evaporation rate from the surface of a sessile droplet is four
times higher than that calculated for diffusion-controlled
evaporation. Obviously, these contradictions are due to the
fact that the conditions of the experiments [7—15] differed,
but the reasons why the action of the same factors on
evaporation brings about different responses are unclear.
Investigation of evaporation fromthe surface ofadroplet
requires one to take into account a lot of possible physical
phenomena. For example, evaporation causes cooling of
the droplet, which is generally nonuniform. This leads to
a nonuniformity of the saturated vapor concentration over
the surface, and also can lead to thermocapillary convection
in the bulk of the droplet. Description of evaporation under
gravity can be complicated by free convection in both
the gas and the liquid media. Any external perturbations,
mechanical or thermodynamic, can cause free vibrations
of the droplet [16] and probably influence the evaporation.
The main purpose of our studies is to numerically analyze
the evaporation from the surface of a sessile droplet into
a neutral gas. The calculations took into account the
effect of the surface tension, gravity, and viscosity in both
media, the possible free gravitational convection in the gas
and liquid phases, and the Marangoni convection in the
droplet. The effect of gravity on the shape of the droplet
was also taken into account, and consideration was made
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Fig. 1. Experimental design

of the movements of the surface of the droplet that are
unrelated to the displacement of the droplet because of the
decrease in the volume. We perform our analysis step by
step; in this work, the effect of forced convection on the
evaporation rate, the shape of the droplet, and the motion
of its boundaries.

1. DESCRIPTION OF MATHEMATICAL MODEL
1.1. Design of computer experiment and notation

Let us consider a liquid droplet lying on a horizontal
surface, and let R be the radius of a spherical droplet of the
same volume. The sessile droplet is in the atmosphere of a
neutral noncondensable gas. The problem is solved in an
axisymmetric assumption by the finite-difference method.
The sizes of the computational space by far exceed the
droplet radius: R ,H > R (Fig. 1 is sketchy, not to
scale). A difference scheme is constructed as follows [16]:
(1) the computational space at z<H is divided into
horizontal layers so that the droplet is sliced into layers of
equal thickness /. with radius 7;; (2) the computational
space in the gas above the droplet (at z > H ) is also divided
into horizontal layers of thickness, which may exceed 4,
(not shown in Fig. 1); and (3) the computational space is
divided into vertical layers (not shown in Fig. 1). Because
of the complex shape of the subject of computation, the
computational grid near the boundary of the droplet
thickens to more accurately represent the shape of the
boundary. The boundary of the droplet is given by a set of
points (ih,, ;) connected by line segments.

The following notation is introduced: p, is the
density of the liquid; p,, 7, and p, are the density,
temperature, and pressure of the gas at the boundaries of
the computational space, respectively, 7, is the
temperature of the substrate; v, and v, are the kinematic
viscosities of the liquid and the gas, respectively; n; and

g are their

thermal conductivities; ¢ and ¢, are their specific heat

n, are their dynamic viscosities; K; and X

capacities; M| and M, are their molar masses; B, is
the thermal expansion coefficient of the liquid; D is the
diffusion coefficient of the vapor in air; A is the heat of
evaporation; Gy, Oy, and Oy are the surface tensions
at the liquid—gas, gas—solid, and liquid-solid interfaces,
respectively. The subscripts /, g, and v refer to the liquid,
the gas, and the vapor, respectively.

1.2. The main approximations of the model

It is assumed that the liquid is incompressible
and Newtonian, the neutral gas and its mixture with
the vapor are ideal gases, and the substrate is smooth
and isothermal. The evaporation is assumed to be
slow; therefore, over the surface of the liquid, there
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is an equilibrium saturated vapor. A two-dimensional
problem is considered under the assumption of the
axial symmetry of the droplet, the flows, and the vapor
pressure, temperature, and concentration distributions
in the absence of flows of the media in the azimuthal
direction.

1.3. Equations and boundary conditions

The conservation equations for the liquid in the
droplet are written as follows:

—

aa—f+(w)0=—ﬁ’”vﬁz%éﬁl(f—n), Q)
V.V=0, ()
- +V(VT)_[3101V T. 3)

Here, P is the excess of the pressure over the
hydrostatic pressure in the liquid; V= {Vr, VZ} and T
are the velocity and temperature distributions,
respectively; and g is the acceleration of gravity. The
buoyance in Eq. (1) is taken in to account in the
Boussinesq approximation.

The behavior of the gas is described by the following
equations:

A @)v:_gepﬂfvzwé, )
% +(pV)=0, 5)

I v(vr)= ;ngw O
aa_fm(w:): DV2C. (7)

System (4)—(7) is supplemented with the equation of
state of the vapor—gas mixture:

-1
PR, T c 1-C
p=—2= ,M=(—+— . (8)

M M, M,

Here, p, p, and M are the pressure, density, and molar
mass of the mixture, respectively; C is the mass fraction
of the vapor; and Rg is the universal gas constant.

The wupper and lateral boundaries of the
computational space are the unperturbed gas medium
with given vapor mass fraction C, density p,, pressure
P> and temperature 7.

At the gas—substrate interface, the impermeability,
constant temperature, and no-slip conditions are
specified.

At the liquid—gas interface S
conditions are set [17]:

1) The partial vapor pressure p,, is equal to the
saturated vapor pressure of the liquid at the temperature
of the surface and with taking into account the curvature
K(z) and the presence of the neutral gas:

- the following

Pyeo
P~ Pyeo

Pus = Pyeo T (—Gng + p),

where p,., and p,,, are the pressure and density of the
vapor over the flat surface of the liquid (K =o0),

respectively; Pryoo is calculated as

P, = 6,112 L2299 1egang p(z) s
the air pressure over the surface of the droplet. The
curvature is calculated from the expression
K(zi)z lel +R2_il; here, R,; and R, are the radii of
normal cross sections of the droplet, which are calculated
from geometric considerations [16]. The mass fraction
of the vapor over the surface of the droplet is found as

Cs - p VSMI , (9)
pngTs
where p, is the density of the gas—vapor mixture over
the surface of the droplet.
2) The normal component of the velocity of the gas
medium over the surface of the droplet is determined by
the Stefan condition:

pd=C_,

(I—CS)-(V-ﬁ—VSIg )— o

(10)

Condition (10) is written in a frame of reference in
which the interface is immovable and describes the
diffusion-controlled evaporation: the diffusion air flow
to the surface should be compensated for a convective
flow from the surface; VSlg is the velocity of the liquid—

gas interface in a laboratory frame of reference.

3) The discontinuous change in the normal
component of the tension at Slg is described by the
Laplace equation

ool -5, |-

_(ﬁTﬁ|g —p(ﬁg 'ﬁ_VSlg)ZJZGIgK’ (11)
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where the components of the tension tensor T are
writtenas T;; = —p5,-j +n(8ui/8xj +auj/8xi), and Sl.j
is the Kronecker delta.

4) The discontinuous change in the tangential
component of the tension is equal to the tangential
component of the surface tension gradient:

do

—(ﬁT%’|g —pV, ~%(Vg - VSlg )) =-I=F (VT),. (12)

Equation (12) assumes a linear dependence of the
surface tension on temperature:

do

Gzoo—d—T(T—Tg).

5) The tangential components of the velocity and the
temperature at the interface is continuous:

: (13)

T

Vl|’[ :Vg

=T, (14)

6) The heat flux experiences a discontinuous
change because of the absorption of the latent heat of
evaporation:

oT
_kla_n

oT
| 2L
[ & on

In Eq. (15), the local mass flux on the surface is
expressed as

1 +aal) '(Vl =V )‘

+pe,T, (Vg i=Vs, )J: - (15)
g

o aC o
=pC-(Vg~n—VS1g)—pD$= -(Vg-n—VSIg). (16)

The velocity of the interface is found from Egs. (10)
and (16) is written as

Vs, = (A7 i=e7 i) fla-p) - a7

lg
7) The condition at the three-phase boundary has the
form

0, = const,

(18)

where 0, is the equilibrium contact

cose0 = (Ggs — Oy )/Glg .

angle:

Fig. 2. Computational space
(arrows show the air inlet and outlet zones)

To create forced convection flows compatible with
the axial symmetry conditions, air is blown through
an opening at the top of the computational space and
leaves this space through a slot in the lateral walls at
the bottom near the substrate (Fig. 2). The gas velocities
were chosen so that the amounts of air and the vapor in
the bulk remain unchanged during convection.

Equations (1)—(18) are nondimensionalized as
follows. Of the parameters of the liquid, the distance is
scaled relative to R; the velocity, v, / R ; the pressure,
pr12 / R? ; and time, R? / V. Of the parameters of the gas
medium, the distance is scaled relative to R ; the
velocity, Uy; the density, p,; and time, R /U,. The
dimensionless variables are hereinafter denoted by tildes.

2. NUMERICAL SOLUTION METHOD

System (1)—(18) was solved by the finite-difference
method. Equations (1)—(3) of liquid dynamics were
solved by the Gauss elimination method; the equations
for the behavior of the gas medium were solved by the
Thomas algorithm; and the solutions were joined at the
interface using the boundary conditions. The solution
procedure was inspired by split-step methods [19]: each
time step was divided into a liquid characterization
substep and a gas characterization substep, each of the
substeps comprising several subsubsteps.

Substep 1: Liquid characterization. The equations
for the liquid in the droplet are solved. Substep 1 consists
of the following subsubsteps:

o the velocity and pressure distributions in the liquid
are calculated by solving Egs. (1), (2), (11), and (12)
by the Gauss elimination method. The values of the
velocities in the gas for substituting into Egs. (11)
and (12) are taken from the previous time step;
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o the temperature distribution in the droplet is
calculated by solving Egs. (8) and (15). The
temperature distribution in the gas and the
evaporation intensity 7 are taken from the previous
time step.

Substep 2: Gas characterization. Substep 2
consists of the following subsubsteps:

e the velocity distribution in the gas is calculated
by solving Egs. (4), (10), and (13); the normal
components of the velocity in the gas near the
surface of the liquid are given by the Stefan
condition, and the tangential components thereof
are continuous. The value of the gas density is
taken from the previous time step, and the values
of the tangential components of the velocities on
the surface of the droplet are taken from substep 1
(liquid characterization);

e the density distribution in the gas is calculated by
solving Eq. (5). Near the surface of the droplet, the
density of the gas mixture is approximated by a
polynomial because there are no physical conditions
restricting the value of the density or its derivatives;

e the temperature distribution in the gas is calculated
by solving Egs. (6) and (14);

e the vapor mass fraction distribution in the gas is
calculated by solving Eq. (7), in which the vapor
mass fraction in the mixture over the surface of the
droplet is calculated from formula (9);

e the new shape of the free liquid is calculated from
formulas (18) and

The computational grid is reconstructed at each
time step according to the changes in the shape of
the droplet. The variables for the liquid and the gas
were nondimensionalized differently; therefore, there
were several gas characterization substeps per liquid
characterization substep.

The described code was tested on test problems
[16, 20] and showed good agreement with analytical
solutions and experimental results.

All the calculations in this work were performed for
the evaporation of a droplet of water into air. The
physical characteristics of the liquid are the following:
the density is p, =1000kg/m?, the molar mass is
M, =0.018 kg/mol, the thermal conductivity is
K; =0.55 W/(m-K), the viscosity is V| = 1076 m?/s,
the specific heat capacity is ¢ =4200 J/(kg-K), the
volumetric ~ thermal  expansion  coefficient s

B;=1.27-103 K~!, and the heat of evaporation is
A=2.26-10° J/kg. The physical characteristics of the
gas are the following: the molar mass is
Mg =0.029 kg/mol, the specific heat capacity is
g =720 J/(kg-K), the
conductivity of the gas medium in Egs. (4) and (6) were
calculated from formulas of the kinetic theory of gases
[21], and the diffusion coefficient of water vapor in air
was calculated in an approximation of the hard-sphere
model [22]. The temperature of the substrate was
T, =293 K. The characteristics of the interfaces are the
following: G}, =7.3-1072 N/m, ), =G, =0 N/m,

viscosity and  thermal

S

and

do
d_T‘ =1.7-107* N/(m-K). The sizes of the droplet

and the computational space are R=0.5mm and
R, =H_,=5cm. The evaporation occurs in dry air:
C,=0.

The following values of the dimensionless numbers
determining the motion in the liquid and the gas. The
Marangoni number is Ma =130, which is sufficient to
induce thermocapillary instability in the droplet because
this value exceeds the critical value Ma_ =80 (for a
liquid film). The Reynolds numbers in the gas
(Re o= 115) and in the liquid (Re; =0.5) are relatively
low; therefore, in both cases, only laminar flows can
occur. The critical Grashof number is Gr. =1000 (for a
liquid in a cylindrical vessel heated from below). This
means that free gravitational convection in a droplet
with Gr=3.2 is impossible.

The initial state of the system is the following: the
media are at rest at temperature 7' =T, =T, =293 K;
the pressure in the gas is p = p,= 10 Pa; evaporation
is absent, as if the droplet is covered with a film, and at
time =0, the film is removed. The initial equilibrium
shape of the droplet is calculated by minimizing the
mechanical energy [16].

The convergence of the written code was checked
by comparing the results obtained on various grids at
various time steps, and the parameters of the scheme were
chosen to obtain a solution that would be independent of
computational step sizes.

3. RESULTS AND DISCUSSION
3.1. Flow patterns in the gas and the liquid

Forced convection flows were given as follows. At
the upper boundary of the computational space at

z=H g, there is round opening of radius R,;, =5 mm,
through which dry air is blown (Fig. 2). The flow
velocity profile is square: V,=U, (1 —rz/Rzir),

U, =0.37 m/s. At the lateral boundary at » = R, there

cs?
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is a slot, through which air leaves the computational

space; the width of the slot is chosen so the amount of

air entering the space is equal to the amount of air
leaving the space.

Three cases were calculated:

(1) the evaporation occurs into stagnant air;

(2) in the gas medium, there are forced convention
flows, which exist from the initial time throughout
the computational time range;

(3) inthe gas medium, there are forced convection flows
that are similar to those in case 2, with the difference
that the former are pulsating; i.e., the state of forced
convection as in case 2 is periodically replaced by
the state in which the velocities at the inlet and
outlet openings become zero. The movements in
the gas, unsupported by external forces, rapidly die
out.

Figure 3 shows the velocity distribution of the gas—
vapor mixture over the droplet in case 2. The convective
flow moves down along the axis of the system and
diverges over the droplet. The velocities over the surface
of the droplet are almost perpendicular to the surface.
The component of these velocities that is normal to the
surface is a Stefan flow. As Fig. 3 shows, the velocities
of the convective flow over the droplet are twice and
more as high as the velocity of the Stefan flow. Over the
top of the droplet, a stagnant zone is formed where two
vertical flows meet: the downward convective flow and
the upward Stefan flow.
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Fig. 3. Velocity distribution in the bulk
of the gas near the surface of the droplet under forced
convection conditions

¥
LT T R4

AABFFTITAAAAAARNDTCCNRCCL Ll L) br
LIS FTTAAAANNTTTSCLLELLLL L

r
Fig. 4. Velocity distribution in the droplet under forced
convection conditions in the gas phase

The convective flows in the gas cause motion inside
the liquid. In the droplet, there is a vortex, the flow
in which falls down along the surface of the droplet
and rises up along the axis (Fig. 4). The velocities in
the droplet are much lower than those in the gas. For
example, the velocity of the flow in the gas at the point
A (Fig. 3) is 5 cm/s, whereas the velocity of the flow
in the droplet near the surface is about 1 mm/s, i.e., 50
times lower.

Figure 5 presents the time dependence of the
deviation of the droplet height from the initial
(equilibrium) value in two cases of evaporation:
evaporation in the presence of pulsating forced
convection flows and evaporation into stagnant air.
Figure 5 also illustrates the time dependence of the
forced convection velocity U; the period of pulsation
of the convective flows was 0.5 s. It was determined that
the droplet responses to the convection pulses by
vibrations at a frequency of ~250 Hz, which is the
eigenfrequency of the axisymmetric normal mode of the
droplet [16]. Figure 5 shows that the mechanical
equilibrium of the droplet is disturbed in both cases, in
both the presence and the absence of convective flows.
The droplet height in the presence of convective flows is
smaller than that in the absence of convection; the
difference is ~0.2 um. This means that the convective
flow flattens the droplet. As is seen from Fig. 5, in the
stagnation intervals, when there are no convective flows,
the droplet height is restored and becomes equal to the
height of the droplet evaporating into stagnant air. The
free vibrations under convection conditions have lower
amplitude than in the absence of it; probably, they are
suppressed by the convective flow.

Ah, um Uy, m/s

0.3
-1.0 4
-0.2
-1.51 0.1
T T g T T g T T u 0.0
1.0 1.1 1.2 1.3 1.4 1.5
ts

Fig. 5. Time dependence of the deviation of the droplet
height at the top from the initial (equilibrium) value in
cases 1 (dashed line) and 3 (semibold solid line), and
the time dependence of the maximum air velocity in the
convective flow (bold solid line)

There is also a feedback effect of the movement
on the liquids on the gas. The vibrations of the
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droplet give rise to a density wave in the gas; i.e.,
the vibrating droplet emits a sound. The density
oscillations are low: their amplitude is about 0.01%
of the air density.

3.2. Time dependence of the evaporation rate

Figure 6 shows the time dependence of the
evaporation rate J, which is the mass of the liquid that
leaves the surface of the droplet per unit time. Figure
6 presents three curves, each corresponding to one of
the three considered evaporation cases. In the studied
evaporation time range, one can see a short (<1 ms)
transient process, during which the evaporation
rate varies over a wide range. This is related to the
nonequlibrium initial state of the system. Then, there
is an interval of steady-state evaporation, in which the
evaporation rate varies insignificantly—because of
the decrease in the surface area of the droplet and in
the surface temperature of it under the action of the
evaporation. As is seen from Fig. 6, the curves at the
stage of steady-state evaporation for different cases
coincide with each other so that the difference does
not exceed 1%. This confirms the conclusions made
by authors of other computational works that the
evaporation rate under the considered conditions is
independent of the presence of convective flows in the
gas phase [2, 10]; however, this contradicts the results
of experimental studies of evaporation under forced
convection conditions [8, 9, 15].

_rh,ug/s
16 |
: o -
1 o-2
14 A -3

10 1

0.0 0.5 1.0 ts
Fig. 6. Time dependence of the evaporation rate from
the surface of the droplet in various evaporation cases

It was assumed that this disagreement is due to the fact
that, in forced convection experiments, Stefan condition
(10) is violated, whereas in numerical calculations,
this condition is postulated. It is impossible to directly
check whether or not the Stefan condition is valid in the
experiment; however, there is indirect evidence that it is
invalid. For example, the dependence of the evaporation
rate from the surface of a droplet under diffusion control
on the contact radius is a linear function [14, 15], and
the fact that this condition is invalid suggests that the
evaporation is not diffusion-controlled. Thus, the
nonequilibrium conditions produced by the action of
the convection on the surface of the droplet increase the
evaporation rate.

CONCLUSIONS

The evaporation from the surface of a sessile droplet
in the presence of forced convection flows in air was
numerically studied, and the following results were
obtained.

The forced convection in the gas phase affects the
shape of the droplet and the flows in it. In the case of
pulsating convective flows, the droplet responds to the
beginning and end of the convection by vibrations at the
eigenfrequency of its normal mode. After the vibrations
die out, there is a flow in the droplet, which is caused by
the flows in the surrounding air that are tangential to the
surface of the droplet.

The curves ofthe time dependences of the evaporation
rates in the cases of the evaporation into stagnant air and
in the presence of forced convection flows coincide with
each other, which agrees with the results of computational
works [2, 10], but contradicts the data of experimental
studies [7-9, 15]. It was assumed that this disagreement
is due to the appearance of nonequilibrium conditions at
the boundary of the condensed phase, under which the
evaporation ceases to be diffusion-controlled. Thus, to
numerically describe the effect of convection in the gas
phase on the evaporation from the surface of a liquid, it
is necessary to have a model of the interaction of flows
with the matter in the Knudsen layer, at the boundary of
which the obtained conditions should be joined with the
systems of equations written for bulk regions.
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