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We have analyzed the experimental data on evaporation of water
droplets in a wide range of pressure (760—15 mm Hg) at a constant
temperature. It is shown that, at pressure lower than 100 mm
Hg (in the so-called transient regime of evaporation), formulas
of the conventional theory depart from the experimental data.
These departures increase with decreasing in pressure. We have
found that, in the transient evaporation regime, the condensation
coefficient of water a of a water droplet depends on its radius
r according to the phenomenological relation r - @ =const. We
have proposed a formula for the water droplet evaporation rate
at a constant temperature that describes the experimental data
in the entire range of pressure, even at low pressures where the
conventional theory does not correspond to the experimental data.

Introduction

The consistent theoretical description of evaporation
of liquid and solid droplets that starts from the first
principles requires solving the problem of physical
kinetics with the formulation of adequate boundary
conditions on the droplet surface. Unfortunately, a
realization of this approach at the moment is connected
with serious mathematical complexities. Moreover, the
final analytic expressions obtained within the framework
of some simple models are, as a rule, too cumbersome
and cannot be reliably compared with experiment.
Bhatnagar, Gross, and Krook (BGK) proposed the
simplified procedure of solving the kinetic Boltzmann
equation. Numerical solutions of the Boltzmann
equations with the collision term in the BGK form were
found in [2]. At the same time, the distribution function
contained some numerical parameter that was chosen
from a condition of the best fitting with the experimental
data. The physical meaning of this parameter is the
condensation coefficient. We will discuss this coefficient
below in detail by using a phenomenological approach.
To our mind, the last approach is more efficient
from the implementation point of view. At the relatively
high evaporation rates or in the transient regime of
evaporation, the main problem is a fitting of two
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regimes. The first one is the kinetic regime that
corresponds to the free evaporation of a liquid from
the droplet surface within a domain of a few mean free
paths in size. The second regime corresponds to the
subsequent diffusion withdraw of the vapor through a
buffer gas (diffusion regime). This approach is based on
the phenomenological Fick law that allows one to obtain
the Maxwell formula of the evaporation rate of spherical
droplets. It is in a good agreement with experiment for
very small Knudsen’s numbers Kn= A/r << 1 (A is the
mean free path of molecules of a droplet of radius r)
or under conditions of the diffusion evaporation. With
increase in the Knudsen number or in the transient
regime, one has to take into account the first-order
corrections in the small parameter Kn<< 1. They are
responsible for jumps of the macroscopic quantities
near the interface: temperature, concentration, and
hydrodynamic velocity (for moving droplets) [3].

The Maxwell formula admits the introduction of
different corrections depending on the evaporation
regime. In particular, the Fuchs correction to the
Maxwell formula allows one to take into account a jump
of concentration near the droplet surface. Fuchs and
Sutugin have intensively developed this direction of the
phenomenological theory [4—5].

In this paper, we have analyzed the experimental
data on the water droplet evaporation in a wide range
of pressure at a constant temperature that have been
obtained in the Aerosol Laboratory of Kyiv University.
Our main objectives are the study of the transient
evaporation regime at a constant temperature and
establishing the phenomenological relations between
parameters that control the process.

1. Basic Formulas of Evaporation Theory

At very small Knudsen’s numbers Kn at relatively high
pressures (of the order of the atmospheric one), the
evaporation rate of a droplet or the rate of decrease in
the droplet surface S(t) is described by the well-known
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Maxwell formula [4]

as g 87 D(Cy — Coo), (1)
dt p

where D is the diffusion coefficient of vapor molecules in
a buffer gas, Cj is the vapor concentration on the droplet
surface, C, is the vapor concentration at the infinite
distance from the droplet, p is the droplet density.

The concentration of vapor on the droplet surface
Cp is usually accepted to be equal to a pressure of the
saturated vapor Cs(T') (T is a temperature of the droplet
surface). This quantity as a function of the temperature
and could be found in the tables for many liquids. It
is clear that, in the regime of intensive evaporation,
the concentration of vapor on the droplet surface differs
considerably from the equilibrium concentration. Below,
we show this by the direct experiments.

According to (1), the rate of varying the droplet
surface (evaporation rate S(t)) at fixed temperature and
pressure is a constant. Therefore, S(t) is a linear function
of time. At the same time, the dependences of the droplet
mass m(t) and radius r(t) are nonlinear functions of
time. Further, we will study S(¢t).

It follows from (1) that S(t) is a linear function
of inverse pressure 1/p at a constant temperature, as
dictated by a dependence of the diffusion coefficient on
p. The experiments confirm this only at comparatively
high pressures. With a further decrease in the pressure,
the experimentally measured evaporation rate grows
but slower than the Maxwell formula requires. A
disagreement between theory and experiment increases
with 1/p.

In fact, with decrease the pressure, one has to take
into account the concentration jump. Formula (1) holds
true provided that a withdraw of vapor from the surface
is realized through the diffusion mechanism (in the
diffusion approximation, the mean free path A — 0).
The kinetic regime of evaporation takes place at low
pressures at distances of a few mean free paths from the
droplet surface A. In this domain, the vapor molecules
pass the distance A with no collisions. Collisions and, as
a consequence, the diffusion withdraw of vapor starts
from the distance A where the vapor concentration
is usually denoted by C;. From the continuity of
the kinetic and diffusion fluxes of vapor, we could
obtain the Maxwell formula with the Fuchs correction

[4]
_87TD(C0 — Coo)

S:
D )
p(rua + TIA)

(2)
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is the fourth part of the mean average velocity of a
molecule vy (k is the Boltzmann constant, M is the
mass of a molecule), « is the condensation coefficient.
It is defined as a ratio of the number of molecules that
condense on the surface to the total number of molecules
that collide with the surface per unit time. This quantity
could not be computed reliably at present time and
is introduced in (2) as a phenomenological parameter.
Another parameter A could be neglected provided that
A<,

Now we consider the denominator of (2) to clarify
its dependence on the Knudsen number Kn= A/r. An
evaluation of the diffusion coefficient D = %’UT)\ allows
us to rewrite the denominator in the following way

where r is the radius of a droplet, v = vr/4 =

D L—iKn—l—#
r+A  3a 1+ ~Kn’

A=A
ruQ

(2a)
Here, v is a numerical coefficient.

For small Kn << 1, denominator (2) or expression
(2a) to within linear terms in the small parameter may
be presented as 1+ (5= —v)Kn. Putting on an additional
constraint ay << 1, we obtain the Maxwell formula
with the Fuchs correction

_SWD(CO - COO)
p(1+2) 7

rTux

S = Kn<<1l, ay<<lLl. (3)

If the last inequality (3) is violated, one has to take into
account corrections associated with A.

It is worth noting that different corrections may be
introduced in the Maxwell formula. For example, in
processing the experimental results, we used formula (3)
with a correction on the Stefan flux [4]:

g _8TD(C—Ca) o

Do + Poo
St=(1+2122) (4

2p

where pg is the pressure of the vapor on the droplet
surface, pso is the pressure of vapor far from the droplet,
p is the pressure in the chamber, where evaporation is
studied. The Stefan correction is considerable at low
pressures.

As was mentioned above, there is no reliable theory
of the condensation coefficient at the moment. A review
of the experimental results on this issue is given in [6]. In
this paper, we considered « as a fitting parameter and
found it from the best agreement of the experimental
curves S(1/p) with theoretical ones (3) or (4).

With a further decrease in the pressure, one could
see that the experimental evaporation rate differs
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Fig.1. Evaporation rate of water droplets in neon atmosphere
versus inverse pressure at a temperature of 10 °C and a humidity of
75%. Experimental points — #; calculations according to: Maxwell
formula (1) — 1; Maxwell formula with Fuchs correction (2) — 2;

phenomenological formula (8) — &

from (4). Attempts to fit the theory and the experiment
by choosing the proper fitting parameter with the help
of (4) require relatively small a. In this case, D/rua
becomes of the order of unit and cannot be treated
as a correction any more. Moreover, the small « that
fit the experimental and theoretical dependences of the
evaporation rates (4) at large 1/p spoil it at middle and
small 1/p.

To illustrate the peculiarities of droplet evaporation
in a wide range of pressures, we present a typical
experimental dependence S(1 /p) in Fig.l for water
droplets and the same dependences according to the
theoretical formulas (1) and (4). Based on the analysis of
numerous experimental data on evaporation of droplets
of different liquids, we could state that the entire range
of pressures (from the normal up to very low ones) could
be divided into four domains. Particularly, for water, we
get:

1. High pressures (760—400) mm Hg, where the
evaporation rate of droplets is described by the Maxwell
formula (1).

2. Intermediate pressures (400—100) mm Hg, where
the evaporation rate of droplets is described by formula
(4) with the relevant condensation coefficient.

3. Low pressures (100—20) mm Hg, where the
evaporation rate could not described satisfactorily by
formulas (1)—(4);

4. Evaporation in vacuum (free evaporation).

The first and fourth regimes have been much studied
theoretically with sound experimental confirmation.
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Below we consider the evaporation of water droplets in
the regimes that correspond to the pressure ranges 2 and
3.

2. Evaporation of Water Droplets
at a Constant Temperature

The experimental studies of evaporation of droplets of
different liquids in a wide range of pressures in the
atmosphere of different gases have been performed in
the Aerosol Laboratory of Kyiv National University. The
aim of these experiments was to establish the limits
of applicability of formulas (1)—(4) and to compare
the evaporation rates of liquid droplets under different
conditions: under electromagnetic irradiation and in the
dark regime (with no radiation) [7], in the presence of
organic impurities in the atmosphere of different buffer
gases and with no impurities [8].

It is necessary to note that the process of intensive
evaporation of droplets is accompanied by a considerable
cooling of the droplet surface. For example, under the
evaporation of water droplets in the atmosphere of dry
nitrogen when the pressure decreases from 750 to 15
mm Hg, their temperature drops from 12 to —5 °C.
An analysis of experimental results is considerably
complicated by simultaneous formation of jumps in the
temperature and concentration [9].

In due time, at the Aerosol Laboratory of Kyiv
University, a special method that provides a constant
temperature of evaporating droplets was elaborated [10].
Varying the pressure in a chamber was provided with
the help of a special vacuum pump. The pressure in
the chamber was measured by a mercury manometer
and controlled by an electronic device. The hermetically
closed chamber allowed one to conduct measurements at
a constant pressure during a long time. A given humidity
of the gas phase was kept by the saturated salt solutions.

The droplets were suspended on one junction of a
thermocouple. The second junction was located pretty
far from a droplet. The latter is heated by electric
lamps whose radiation was focused on the droplet. An
automatic device regulated an electric current in the
lamps to provide the zero difference of temperatures
between the droplet and the environment, AT = 0.

To define the evaporation rate of a droplet, it was
photographed in equal intervals of time along with a
scale ruler. The photographs were processed by the
method of graphic integration to define the droplet
surface at every moment of time and the rate of its
decrease S. The error of the experiment was about 1—

2%.
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Fig.2. Experimental dependences of the droplet surface versus time
S(t) for evaporation in neon atmosphere at a temperature of 10
°C and a humidity of 75%, p =const (mm Hg)

3. Dependence of the Condensation Coefficient
on Droplet Radius

Figure 2 presents the experimental dependences of
the water droplet surface on time S = f(t) during
evaporation in the neon atmosphere at a temperature
of 20 °C for eleven different values of the pressure. It
could be seen from Fig.2 that the dependences S = f(t)
are linear functions in the entire range of pressures.
We obtained linear dependences for the evaporation of
water droplets in the atmosphere of other gases as well.
Further, we defined the evaporation rate for each value
of the pressure from the slope tangent of lines S = f(t)
to the time axis.

The experimental dependences of the water droplet
evaporation rates versus the inverse pressure 1/p in the
definite range of pressure in the atmosphere of three
gases (He, Ne, Ar) at a temperature of 10 °C and a
humidity of 75% are presented in Fig.3. One could see
that the evaporation rate is not a linear function of 1/p
and considerably depends on the buffer gas.

The experimental dependences S = f(1/p) (Fig.3)
were approximated by formula (4). The condensation
coefficient o has been chosen from the best fitting of

Computed values of « for water droplets of different radii
r and their product ra in the atmosphere He, Ne, Ar at
10 °C; humidity was 53% or 75%

Humidity 53%

radius |[Condensation coef. af ra,
r,cm | Ar | Ne | He 10%cm

0.03 0.016 0.016 0.016 4.8 0.014 0.014 0.014 4.2
0.056 0.009 0.009 0.009 5.04 0.0075 0.0075 0.0075 4.2
0.08 0.006 0.006 0.006 4.8 0.005 0.005 0.005 4.0

Droplet Humidity 75%
Condensation coef. o ra,

Ar | Ne | He [10%cm
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Fig.3. Experimental evaporation rate of water droplets versus
inverse pressure in atmosphere of Ar, Ne, He at a temperature
of 10 °C and humidity of 75%

experimental data. The values of a obtained while
processing the experimental data are presented in the
table.

From the table, one could see that the water
condensation coefficient « at a constant temperature
does not depend on a buffer gas provided that other
conditions of evaporation are the same. It depends on
the droplet radius r only. If we assume that a is a
constant at a constant temperature (as it is meant in
many papers), then the evaporation rate must change
with varying the droplet radius. But it contradicts our
experimental data (Fig.2). Therefore, we have to make
an important conclusion that the product of the droplet
radius 7 by the condensation coefficient « is a constant
at a constant temperature:

ra = const = 4.5 - 10" * cm. (5)

It is clear that this relation cannot be applied to the
plane surface. Empiric relation (5) holds true in the
transient regime of evaporation and gives an additional
information on the condensation coefficient. It allows
one to understand the dispersion in magnitudes of the
condensation coefficient obtained by different authors
experimentally. Unfortunately, in most papers, their
authors did not indicate a size of the evaporating surface.
Due to importance of this relation, we have checked it
using one more approach (see the next section).

4. Dependence of the Vapor Concentration on
the Evaporation Rate near a Droplet

In the process of intensive evaporation, the vapor
concentration on the droplet surface Cy departs from
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Fig.4. Concentration C versus evaporation rate of water droplets
in different gases at temperatures of 10 and 20 °C and a humidity
of 53%

its equilibrium value and shows a dependence on the
evaporation rate, in particular, on S. To illustrate
this, we have measured the evaporation rates of water
droplets at a constant temperature in the atmosphere
of different gases. Figure 4 presents the dependences of
the vapor concentrations C; near the droplet surface on
the evaporation rate S calculated on the base of the
experimental data with the help of (4)

$ = 87D(Cy — Cx)St/p (6)

for two different temperatures, 10 and 20 °C. Here
(1 is the vapor concentration at a distance r + A,
where the diffusion mechanism of evaporation takes
place. The dependences C; = C1(S) obtained with
the help of (6) with regard for the experimental
values of S turned out to be linear functions and to
within the experimental error coincided for all buffer
gases at the same temperature. Only at very small
S , the concentration C; practically coincides with the
concentration of equilibrium saturated vapor Co(T') at a
temperature of the droplet surface (see Fig.4).

From the phenomenological point of view, the
concentration (7 for particular conditions of the
experiment must be a function of the temperature and
the evaporation rate C; = C4 (T, S) At small S, it may
be presented as

C1 = Co(T) — B(T) - S, (7)

where [(T) is some coefficient that depends for a
particular droplet-buffer gas system only on temperature
T. According to our experimental data, §(T") does not
depend on a type of the buffer gas (Fig.4).
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After the substitution of (7) into the Maxwell
formula (1), we obtain a new formula for the evaporation
rate of water droplets at a constant temperature

Yo 87TD(CO - Coo)
= p(1+87DB/p)’

The coefficient [ is a phenomenological parameter
that equals the tangent of the slope of the straight
lines (7) to the S axis (Fig.4). Our experimental data
give B = 0.04 g-s/cm®. A structure of formula (8)
is the same as the Maxwell formula with the Fuchs
correction (4). But it is surprising that (8) describes
the experimental evaporation rate of water droplets at
a constant temperature in the entire range of pressures.
One could see it from Fig.1 where curve (3) calculated
with the help of (8) is in a very good agreement with the
experiment.

To our mind, the existence of the connection between
the droplet radius and the concentration coefficient
is extremely important from the practical point of
view. We decided to check (5) by using the following
argumentation. A rate of varying the droplet mass m(t)
with time in the kinetic regime is given by the relation
m = 4rr?au(Cy — C1). On the other hand, m = 47r?7p
and S = 877 for spherical droplets. Combining these
relations and using (7), one could obtain

ra = p/(8rupf). (9)

At a constant temperature, the right-hand side of (9)
is a constant, and we come back to (5).

Relation (9) shows that the product must be
a function of temperature. A processing of our
experimental data shows that it weakly depends on the
temperature decreasing with increase in 7'. For example,
at AT = 10°C, the product varies only by 1—2%.

We would like to note that (8) describes the
evaporation regime at a constant temperature. This
regime could be needed at special technologies of
drying. Formula (8) could be applied in the case of
evaporation of liquid droplets with a low specific heat
of evaporation that is accompanied by a slight variation
in the temperature of droplets.

(8)

Conclusions

The special method of keeping the constant temperature
during the evaporation process of water droplets allowed
one to eliminate the cooling effect. It makes possible to
study the condensation coefficient and the concentration
of vapor near the droplet surface in detail.
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From the analysis of experimental data, we have
found that the evaporation rate of water droplets
considerably depends on the buffer gas. It increases while
passing from Ar to Ne, and to He.

We have established the phenomenological relation
between the condensation coefficient of water droplets
«a and their radius r: ra =const. This could explain a
considerable dispersion in magnitudes of « obtained by
different authors for the same liquid with the help of
different methods.

The phenomenological formula (8) for the
evaporation rate of water droplets at a constant
temperature is proposed that fairly well describes the
experimental results in a wide range of pressures (750—
15 mm Hg). It takes into account the dependence of the
vapor concentration near the droplet surface on a rate
of varying its surface. At a constant temperature, this
dependence is extrapolated by a linear function with the
slope that does not depend on a type of buffer gas. To
our mind, it is always true because, actually, the small
parameter of expansion is the ratio /vy << 1 (the rate
of varying the droplet radius to the thermal velocity of
vapor molecules). The phenomenological parameter (3
for a given droplet and a buffer gas depends only on the
temperature of evaporation and slowly decreases with
increase in the temperature.
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OCOBJINBOCTI BUIIAPOBYBAHHA KPAIIJIMH BOJIN
[IPY IIOCTINHIN TEMIIEPATYPI

B.M. Maavrnes, B.M. Hyocnuti, I.M. Bepbincvka,
0.A. Bazopodns

Pezwowme

IIpoanani30BaHO €KCIIEPUMEHTAJBH] JaHI 3 BUIAPOBYBAHHS KpPall-
JMH BOJY B INMPOKOMY Aianmasoni ruckis (760—15 mm pr. cr.)
npHU NOCTiiiHIA TeMmmepaTypi, mo 3abe3medyeThbCcsa 3a JIOIOMOTO
crenjasbpHOl Meromuku. IIpoinocTpoBano, M0 OpH THCKAX, HEXK-
qux 3a 100 MM pT. cT. (B TaK 3BAHOMY IEpEXiJHOMY DEXKHMi BH-
Ha.pOByBa.HHﬂ)7 dopmysu cTaHZAPTHOI TEOPil HE Yy3rO[KYyHThCs 3
ekcrrepuMeHTOM. lli HEy3romkKeHHs HMOTJIHOJIIOIOTHCS i3 3MeHIIeH-
HAM THCKY. BCTaHOBJIEHO, IO B mepexigHOMy pexXuMi BHIAPOBY-
BaHHA KOedIiIieHT KOHIEHCAI[il BOAU @ HA IIOBEPXHI Kpaluti 3aJje-
KUTH Bif 11 paziyca r. 3HaiijeH0 heHOMEHOIOTiYHe CIIiBBiJHOIIEH-
He r - o =const. 3anponoHOBaHO (HOPMYILy MBHAKOCTI BHIAPOBY-
BaHHS KpAIlJIMH IIPH I[OCTiiiHiI# TeMmmepaTypi, gka Jo00pe omucye
eKCIIepUMEeHTAJIbHI gaHl B ycboMy [fiama3oHi THCKiB, HaBiTH mpum
HU3bKHX THCKaX, KOIU (POPMYJIH CTAaHJAPTHOI TeOpil He mpalfo-
OTh.

OCOBEHHOCTHU UCITAPEHN A KAIIEJIb BOJIBL
[IPY IIOCTOSAHHOM TEMIIEPATYPE

B.H. Maavnes, B.M. Hyocnouti, I.H. Bepbutckas,
0.A. Bazopodnasn

Pezwowme

HpOaHaJ’II/IBI/IpOBaHbI 9KCIIEPUMEHTAJIbHBbIC JaHHBbIC II0 HUCIIAPEHUIO
Kalesjlb BOJALI B IIMPOKOM [uana3oHe gasieHuit (760—15 MM pr.
CT.) IpH NOCTOSHHON TeMIeparype, 4TO 00eCIeInBaeTCs C IOMO-
IbIO CHEIUAIbHON MeToguKu. IIponsIrocTpupoBaHo, 4TO IPH JAaB-
snenusx, Huke 100 MM PT. CT. (B T. H. IEPEXOJHOM DEXKUME HCIIA-
peHust), craHgapTHEE (DOPMYJIBI TEOPHHA HE COLVIACYIOTCS C DKC-
MEePHUMEHTOM. DTH PACXOXKJEHUS YBEJIUUUBAIOTCS C yMEHbIIEHHEM
ABJICHUsI. YCTAHOBJIEHO, UTO B IIEPEXOHOM PEXHUME HCIAPEHUS
KO3 DUIIMEHT KOHAEHCAIMU BOIbI (v HA TOBEPXHOCTH KAILIH 3aBU-
cut oT ee pajguyca r. HaiigeHo (peHOMEHOJIOrn4eckoe COOTHOIIEHE
r - a =const. [Ipeggoxena (popmyiia CKOPOCTH HCIAPEHUST KAIEJIb
NIPHU [IOCTOSHHOM TeMIepaType, KOTOpas XOPOIIO OIUCHIBAET JKC-
nepuMeHTAJbHBIE JaHHBIE BO BCEM JHAlla30He TaBJICHUH’, JaKe Ipu
HHU3KUX JABJIEHUAX, KOrZa (hOpMyJbl CTAaHJAPTHOU TEOPHHU HE pa-
6oTaroT.
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