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ABSTRACT: A new experimental method is developed to investigate the effect of dissolved substances on the
evaporation rate of small water droplets suspended in the atmosphere. The laboratory setup is based on converting a
generated droplet jet of complex structure into a directed flow of evaporating droplets falling in a vertical tube. Images
of falling droplets captured by a high-speed camera through a window in the vertical channel wall are used to determine
the sizes and velocities of individual droplets. The computational modeling of droplet motion and evaporation proved
useful at all stages of the experimental work: from selecting the position of the vertical channel to processing the
experimental data. It was found that even a 0.1% mass concentration of the dissolved ionic salt KCI has a considerable
effect on decreasing the evaporation rate of the droplets. In contrast, a typical fungicide with a mass concentration of
2.5% has only a slight impact on the evaporation rate. The laboratory results enabled the authors to refine the evaporation
model of water droplets to account for the presence of dissolved substances. Modified models of this type are expected
to be useful in controling crop spraying and also in other potential applications.
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1 Introduction

The effect of dissolved substances on the evaporation rate of small airborne droplets of aqueous
solutions is of interest for studying some natural phenomena in nature and solving various industrial
problems in quite different applications. Among others, we should mention the drying of droplets in the
pharmaceutical industry to obtain solid drugs in the form of powders or tablets [1-3] and some processes
in food production [4]. The application in agriculture, which was the main motivation for this work, is
to control the spraying of crop protection products [5-10]. The transfer of aqueous solution droplets and
watered aerosols in the atmosphere, which is important for meteorology and possible pathogen transfer,
should also be mentioned [11-13].

The research efforts have been focused mainly on pharmaceutical applications where water evaporation
causes a non-volatile dissolved substance to form a solid crust on the droplet surface. Subsequent water
evaporation from the droplet center usually results in the breakdown of the solid shell. As for the droplets of
a salt solution, this often leads to the appearance of hollow particles with orifices through which the vapor
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and concentrated solution escape to the outside, forming small solid particles. This interesting phenomenon
and related effects are discussed in papers [14-20].

The present work is oriented mainly towards agricultural problems related to the drip irrigation
of plants. Therefore, only low-concentration solutions of dissolved substances are considered, and the
main issue concerns the reduction of the droplet evaporation rate due to the dissolved substances. The
influence of the same additives to water droplets on the balance between evaporation and condensation
in the conditions of an equilibrium cluster of levitating small droplets was studied by the authors in
papers [21-23]. The experiments showed a significant effect of even small concentrations of some non-
volatile substances dissolved in water on the increase of the equilibrium droplet size, which is associated with
the hindered evaporation of water at increasing concentrations of these substances near the surface of the
evaporating droplet.

To the above-mentioned applied problem, one has to deal not with equilibrium droplets, as in the droplet
cluster, when evaporation is compensated by condensation from the surrounding humid air. Therefore,
one should consider a physically simpler process when the condensation of water vapor is negligible. We
can focus on the motion and evaporation of the droplets suspended in atmospheric air. Unfortunately, the
physical simplicity of the process (in comparison with the equilibrium droplet cluster) is combined with
new difficulties of measurements, since one has to track the droplets travelling in the gas. As a result, it was
necessary to create a fundamentally new laboratory setup and to develop a special measurement technique.

2 Laboratory Setup and Experimental Procedure

It is impossible to measure the size and velocity of individual evaporating droplets in the original
droplet jet of a complex structure. The experimental technique used in this work eliminates the need to
study the sprayed droplet stream. The basic idea of the present paper was to convert the complex droplet
stream generated by the dispenser into a directed flow of evaporating droplets falling in an air-filled vertical
tube. This can be done using a design shown in Fig. 1, where “1” is the plastic protective casing, inside
which there is an ultrasonic dispenser (Altrasonic, China), the horizontal axis of which coincides with the
axis of the protective casing. The cylindrical part of the casing (inner diameter of 38 mm) ends with a
vertical channel “2” of square cross section of 17 x 17 mm. Only those droplets whose horizontal motion
has completely ceased due to the viscosity of the gas remain in the vertical channel. These droplets fall
vertically downward under the action of gravity. Of course, the viscosity of the gas leads to a stabilization of
the droplets’ falling velocity, which changes only as a result of the gradual evaporation of the droplets. The
distance of the vertical channel from the dispenser was chosen to observe a sufficient number of droplets
falling in the channel. The corresponding calculations will be considered below. Two opposite rectangular
windows “ww” (17 mm width and 19 mm height) were closed with a transparent film. The falling droplets
are illuminated and observed through these windows. The vertical position of the windows was chosen to
exclude the effects of the flow disturbances at the lower and upper ends of the channel. The LED light source
BM-50 V 3200/5600 (Logocam, Israel) and a high-speed camera FASTCAM Nova (Photron, Japan) with a
lens AF-S VR Micro-Nikkor 105 mm £/2.8 G (Nikon, Japan) are used.

Distilled water and solutions of fungicide “Therapist Pro” and KCI with a mass concentration of C, =
0.25% for the fungicide and C,o) = 0.1% for KCI were sprayed. The dispenser generates droplets that vary
considerably in size, but only droplets with a radius of 30 < a < 40 um were suitable for analyzing droplet
images. Smaller droplets are difficult to distinguish, and larger droplets fly too quickly through the camera’s
field of view. All experiments were performed at air temperature T,;, = 30 £ 0.5°C and the air relative
humidity @, = 20 + 1%.
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Figure 1: The image of the experimental setup

The natural uncertainty of the initial velocity of droplets generated by the dispenser and the complex
interaction of evaporating polydisperse droplets at the initial part of the droplet jet [24-32] does not require
theoretical analysis for the problem being solved. To clarify the droplets’ motion from the dispenser to
the top of the vertical channel, it is sufficient to consider a single-droplet model, neglecting the droplets’
evaporation in this part of their trajectories. The velocity components of a droplet of radius a, which flies out
of the dispenser horizontally with initial horizontal velocity u, and zero vertical velocity, change with time
according to the equations:

dud 3CD Pair 2
dt " 8a py arua(0) =0 (1)

=g 2R () =0 ®
where p,; and p,;; are the densities of water and air, g = 9.81 m/s? is the acceleration of gravity, and Cp, is the
drag coefficient, which can be calculated from the Reynolds number of the droplet Reg = 2 p,i g /#air using
one of the approximate relations [33-37]. The known formula Cp = 24/Re4 is applicable only at Reg < 0.5,
when the Stokes approximation can be used to streamline the droplet with air. At a = 50 pum, substituting
the density of air p,;; = 1.184 kg/m’ and its dynamic viscosity #,;; = 1.85 x 107> Pa's, we obtain Rey = 0.64 for
up = 0.1m/sand Regq = 0.96 for 1y = 0.15 m/s. At these values of Reynolds number, the Stokes formula slightly
underestimates the drag coeflicient. Nevertheless, the systematic error is small and the Stokes approximation
can be used for calculating the droplet motion. In the adopted model, it is convenient to introduce the droplet
dynamic relaxation time.

2 2
Trel = _Pwﬂ > (3)
9 ’1air

and rewrite Eqs. (1) and (2) as follows:

g = —uq/Trel> ua (0) = uo, (4)
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Va =g —va/Trel>va (0) = 0. (5)

The trajectories of water droplets obtained by solving these equations for typical values of the droplet
radius and its initial velocity are shown in Fig. 2, where y and z are the horizontal and vertical coordinates,
respectively. The calculations allowed us to choose a horizontal distance of 35 mm from the dispenser to the
axis of the vertical channel. Subsequent experiments confirmed the correctness of this choice. Fig. 2 shows
that the droplets moving above the entrance to the vertical channel move almost vertically. The fall of slowly
evaporating droplets continues in the channel.

-30 - T " T

0 2 4 y, mm

Figure 2: Calculated initial parts of trajectories for a droplet of radius a = 50 um: I—uy = 0.1 m/s, 2—u, = 0.15m/s

Note that the dynamic relaxation time of a water droplet in immovable air does not depend on the
droplet velocity, and it is equal to 7, = 0.03 s at @ = 50 pm. Such a small relaxation time means droplets
fall in the vertical channel in a quasi-steady regime. In other words, the registered droplet velocity at each
moment corresponds to the equilibrium of the forces acting on the droplet. At the equilibrium condition
v4 = 0, the current radius of a falling droplet can be calculated as:

a= 2 Nair v (6)
V 2pug

For convenience of calculations, this equation can be written as follows:

a[um] =2.91y/vq [mm/s]. (7)

It should be noted that Eq.(7) is based on the Stokes approximation, which is applicable at a
small Reynolds number. We will check below if this approach is sufficiently accurate for our laboratory
experiments.
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3 Experimental Results

Fig. 3 shows an example of a series of frames with an interval of §¢ = 0.02 s (recording frequency
5000 fps). Water droplets A and B are selected for the analysis. The distances between the vertical positions
of the droplet A at different time moments are designated as H;, i = 1,.. ., 4. The camera resolution provides
H; measurement with an accuracy of £20 um. The ability to observe the trajectory of an individual droplet is
necessary, since it is not the absolute value of the velocity that is important, but its change as the evaporating
droplet falls. The recorded droplets were tracked along their entire trajectory. Only droplets with a radius of
30 to 40 um were observed. The image of smaller droplets was blurred, and larger ones fell too quickly, making
it difficult to determine their size change. Of course, the conclusion about the effect of impurities on the
evaporation rate of droplets was made after averaging the measurements for several dozen similar droplets.

W _10t002s  f+004s  L+006s __ I+008s

] B
H,
___________________ A 3

H,

................. A

B
H;

Figure 3: Typical images depicting falling droplets of pure water

The results for two initial and two final time intervals shown in Fig. 3 are presented in Fig. 4. The four
points on each of the colored lines in Fig. 4 do not lie on straight lines. In other words, the line segments
connecting the first two points and the last two points are not parallel. The tangent of the angle of inclination
of these lines is the average droplet falling velocity at the considered part of the trajectory. For example, the
velocity of droplet A decreases from about v4 = 161 to v4 = 159 mm/s, and the velocity of droplet B decreases
from about v4 =179 to vq = 177 mm/s. Calculations according to Formula (7) show that the named values
of the droplet velocity correspond to a decrease in the radius of droplet A from a = 36.9 to a = 36.7 pum,
and of droplet B from a = 38.9 to a = 38.7 um during the time At = 0.08 s. Interestingly, the decrease in
the droplet size is the same for both droplets. It will be shown below that this result agrees well with the
evaporation theory.
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Figure 4: The distance travelled by the droplets of pure water

In addition to the unavoidable measurement error, there is a systematic error due to the Stokes
approximation. To estimate this physical error, it is necessary to determine the Reynolds number of the
observed droplets. Using the above-specified values of a and v4 gives the following range of Reynolds
number variation: 0.68 < Req < 0.83. It turns out that we are beyond the applicability range for the Stokes
approximation. The associated error can be estimated by comparing the Stokes formula Cp = 24/Re4 and
more accurate Oseens relation Cp = 24/Req + 4.5 applicable when Reg <5 [38]. Having substituted the
values of Req = 0.68 and Regq = 0.83 to the above relations, we find that Stokes” formula underestimates the
drag coefficient for water droplets A and B by 11-13%. As a result, Eq. (7) overestimates the equilibrium
droplet radius by about 6%. This systematic error is the same for pure water and aqueous solution droplets.
Therefore, this error doesn't affect the relative change in the evaporation rate of water droplets with dissolved
substances. So, the further processing of experimental data on the droplet falling velocity is carried out by
the simplest Eq. (7). For pure water, the average rate of droplet radius decrease is about Aa/At = 2.5 um/s.

To obtain more accurate results, measurements were taken of the fall velocity of 90 droplets (thirty
droplets of pure water and thirty droplets of fungicide and KCl solutions). The average values of the rate of
decrease in the radius of the drops were found to be 2.7 um/s for water, 2.4 um/s for the selected fungicide
solution at Cyo = 0.25%, and 1.5 pm/s for the KCl solution at a concentration of Cso = 0.1%. The first of these
three values can be compared with the theoretical prediction for pure water droplets. The results for the two
solutions will be used to make the corrections to the droplet evaporation model.

4 Computational Model for Falling Droplets of Water Solutions

The problem statement for an isothermal droplet falling in immovable air is as follows:

dT, 3 T4 — Tair
Pwa—U1 =-= (ﬂ'ﬂL - kaird—): T (0) = Ty, (8)
dt a a
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d :
pwd—j =m,a(0) = ap )

where ¢, is the specific capacity of water, Ty is the droplet temperature, 71 is the mass rate of vapor flow from
the droplet, L is the latent heat of evaporation, and k,;, is the thermal conductivity of air. As we assumed
the Stokes flow around the droplet, the value of Nu = 2 was used in the energy equation as was done in
papers [19,21]. Eq. (8) is simpler than a similar equation in the mentioned papers due to the absence of the
external thermal radiation absorbed partially by the droplets.

It is assumed that the values of py,, ¢y, and L for the low-concentration aqueous solutions are the same
as those for pure water. At the same time, the value of 71 depends on a dissolved substance. Therefore, the
resulting time dependences of Ty and a are different for various solutions. The coupled Egs. (8) and (9) should
be completed by the evaporation model, which takes into account the rarefied gas flow in the Knudsen layer
at the droplet surface [38,39]. The kinetic theory of gases describes the free-molecular flow in the Knudsen
layer [40,41]. The diffusion equation for a continuous medium can be used outside this layer.

In the case of pure water, the mass flow rate of water vapor is determined as follows [42,43]:

. _ M,,
i = Dpair In 1-y(Tg, px) Px v (T, ¢) = Psat (T) vap (10)

aRair (Tair) (Pair) Tair 1- 1// (Tair> (Pair) (Pair ’ pair Mair (T’ (P)

where D is the diffusion coefficient of water vapor in air, R,;, is the gas constant for humid air, p,;, is the
atmospheric pressure, pg, is the saturation pressure of water vapor [44], My,, and M,;, are the molecular
masses of water vapor and humid air, and the value of ¢ at the boundary of the Knudsen layer is determined
from the mass balance:

sa T, D air 1- T, 5
fev p t( d) ((PK_1)= p In 1//( d (PK) PK (11)
A\ /ZﬂRvap Td aRair (Taira q)air) Tair 1- 1// (Tair’ (Pair) (Pair

The molecular mass and gas constant of humid air are:

R Rair 0
Mair(T’ ¢) = )Rair(T’ ¢) = M’ T > (12)
Ran (T ¢) R

where R,;; o and M,;, o are calculated for the dry air and R = 8314 J/(kmol K) is the universal gas constant. The
coeflicient f., = 0.0024 in Eq. (11) was suggested in [43,45] to avoid time-consuming numerical solutions.
The above model has been validated by comparing calculations and the experimental data of [46].

Calculations for the conditions of the laboratory experiment show that the mass rate of evaporation of
pure water droplets is equal to i1 = 2.926 g/(m” s) and is constant during the droplets’ falling in the vertical
channel. According to Eq. (9), we obtain the linear decrease of the droplet radius over time at a rate a »
2.93 um/s. The latter value practically does not depend on the initial radius a, (see Fig. 5a). The resulting
equilibrium velocities of water droplets calculated using Eq. (7) are shown in Fig. 5b.
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Figure 5: (a) decrease in the radius of evaporating water droplets over time, (b) decreasing the equilibrium droplet fall
velocity: I—ag = 45 pm, 2—ag = 50 um, 3—ay = 55 um

The theoretically predicted value of a for pure water droplets is close to the average experimental

value a2 = 2.7 um/s obtained in Section 4. The ratio of y = a2y /a = 0.92 will be used below to derive an

ex €X
approxinfate equation for the mass evaporation rate for droplets (I;f various aqueous solutions.

This means that laboratory methodology is sufficiently accurate and applicable for comparative experi-
ments with aqueous solutions of various substances at their small concentrations. Of course, the mass rate of
evaporation, 71, is also a constant value that does not depend on the droplet velocity. The effect of dissolved
substances on the mass evaporation rate of droplets can be accounted for using the following exponential
approximation for the correction factor:

i (Cs) = yrin (0) x (1 - exp (=§Cso1/Csol,1)) (13)

where Cy,,; is the concentration of a solute in the above laboratory experiments and the correction coefficient
& can be obtained from these experiments. Approximation (13) is physically correct in both limiting cases:
m (Cs) » Yy (0) x ECS(,I/CSOI,I at fCSOl/Csol,l <1 and m (Cyo)) » Yy (0) at 1 < chsol/Csol,l and Cgq <
CX. For a solution of a typical fungicide & = 0.356, and an aqueous solution of KCl is characterized by
the correction coefficient of & = 0.556. Based on recent studies [22,23], the relatively strong effect of NaCl
and KCl salts on water droplet evaporation is explained by the very low diffusion coefficient of these salts in
water. As a result, a thin layer with an increased concentration of dissolved salt forms on the surface of the

evaporating droplet, which reduces the mass evaporation rate of water.

According to the authors, the same laboratory setup and similar procedure (with possible additional
infrared heating) can be used to study specific effects (up to the formation of hollow solid particles) observed
in droplets of aqueous solutions with a high concentration of non-volatile substances.
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5 Conclusions

A new experimental method and laboratory setup were developed to investigate the effect of low-
concentration dissolved substances on the evaporation rate of small water droplets suspended in the
atmosphere. The main idea of this method is based on converting a complex droplet jet produced by an
ultrasound dispenser into a directed flow of evaporating droplets falling in a vertical tube. The computational
modeling of droplet motion was used to choose the setup geometrical parameters. Images of droplets with
radii from 30 to 40 pm captured by a high-speed camera of 5000 fps were used to determine the velocities
and sizes of individual falling droplets. The calculations using the previously developed evaporation model
for pure water droplets agree well with the measurements. The new experimental data for low-concentration
aqueous solutions of various substances were used to modify this evaporation model for these solutions. It
was confirmed that the correction factor for droplets of aqueous solution of a typical fungicide is insignificant
for agricultural applications. At the same time, the modified evaporation model for the sea salt components
gives a realistically lower evaporation rate. The suggested approximate exponential variation of the correction
factor is convenient for estimations at not small concentrations of dissolved substances. The latter is expected
to be important for some industrial and geophysical applications.
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Nomenclature
a Droplet radius
Cp  Drag coefficient

Mass concentration
Specific heat capacity
Diftusion coeflicient
Coefhicient in Eq. (11)
Acceleration of gravity
Vertical distance

Thermal conductivity
Latent heat of evaporation
Molecular mass

Mass flow rate

@
=N

Nusselt number

o

Pressure

T ZIROoE DRSO N
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R Gas constant

Re Reynolds number

T Temperature

t Current time

u Horizontal velocity

v Vertical velocity

y Horizontal coordinate

z Vertical coordinate

Greek Symbols

n Dynamic viscosity

P Density

T Characteristic time

0] Relative humidity

Subscripts and Superscripts

air Air

av Average

D Drag

d Droplet

ev Evaporation

exp  Experimental

fu Fungicide

K Knudsen

max Maximum

rel Relaxation

sat Saturation

sol  Solute

vap  Vapor

w Water

0 Initial
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