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Settling and evaporation of a cloud of bidispersed drops in heated air
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The results of an experimental study of the dynamics of gravitational settling and evaporation of cloud of the
bidispersed drops in heated air are presented. The qualitative picture of the cloud settling and the its evaporation
characteristics in the temperature range 473—633 K was obtained. A comparison with the characteristics of settling
and evaporation of single drops was made. The sizes of single drops correspond to the ones of the drops from the

cloud.
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The study of the characteristics of settling and evaporation
of a cloud of drops with controlled values of their sizes
and volume concentration is of interest in experiments into
the interaction of drops during collisions [1], evaporation
in a high-temperature medium [2], and other physical
processes characterizing the motion of gas-droplet media.
The majority of published papers on the characteristics of
motion and evaporation are focused on single drops, streams
of successively moving drops, or clouds of polydispersed
drops forming when liquid is atomized by nozzles [3-5].
The results of experimental studies into the patterns of
motion and evaporation of a bidispersed cloud of drops
provide a detailed insight into the mechanisms of individual
»elementary“ processes and allow one to evaluate the
validity of models characterizing them and, consequently,
enhance the reliability of developed physical and mathemat-
ical models and computer codes for calculation of two-phase
flows with deformable particles of a dispersed phase [1].

In the present study, we report on the procedure and
results of an experimental study of the patterns of settling
and evaporation of a cloud of bidispersed drops in free fall
in heated air.

A setup including a device for producing a cloud of
bidispersed drops, a heater, and equipment for visualizing
the settling process and measuring the drop mass was used
in experiments. The device for production of drops [6]
features two cylindrical chambers with working liquid that
are separated by a partition. It allows one to form two
horizontal drop layers via two sets of capillaries (Vogt
Medical injection needles) of different diameters that are
distributed evenly on the bottom covers of the chambers.

In the course of experiments, the excess pressure in each
of chamber was raised slowly to the levels of Ap;, Ap;
providing a given time for drop formation during liquid flow
through the capillaries; when stable drops formed at the
ends of capillaries, the pressure in the chambers was reset to
zero. Pressure pulses were induced to ensure simultaneous
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separation of drops of each layer from the capillaries in the
chambers.

The Tate formula was used to calculate the diameters
of capillaries that ensure the production of drops of given
diameters Di(i =1, 2) [7]:
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where d; is the internal (for non-wetting liquids) or external
(for wetting liquids) diameter of the capillary; p, o are the
density and the surface tension coefficient of liquid; and g is
the gravitational acceleration.

The mass flow rates providing a given drop formation
time were calculated in advance to determine the values of
Ap; and Apy:

: (2)

where my is the mass of drops with diameter D; and t; is
the time of drop formation at the end of the capillary.

The value of tj =50s was chosen according to the
criterion of zero disturbing influences exerted on a drop
during its slow formation from liquid entering through the
capillary. According to [7], the deviation of the measured
diameter of a forming drop from the one calculated using
the Tate formula does not exceed 0.5% at formation time
ti ~ 1 min.

Volumetric flow rate of liquid Q through the capillary is
specified by the Poiseuille formula [8]:
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where r is the internal capillary radius, u is the coefficient

of dynamic viscosity of liquid, and | is the capillary length.

Mass flow rate of liquid G through the capillary is given
by the formula

Q = > (3)
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where Sis the cross-sectional area of the capillary channel.
The relation for Ap; follows from (4):

~ 8auli . 8yl m
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The values of amplitude P; > 10Ap; and duration
Atj = 70ms of pressure pulses for each chamber ensuring
stable and simultaneous separation of each layer of drops
were determined in the course of test experiments.

A setup similar to the one discussed in [9] was used
to determine the patterns of evaporation of a cloud of
bidispersed drops in heated air. A heater consisting of a
ceramic tube with an internal diameter of 250 mm and a
height of 1 m was positioned in the cluster settling region.
Wire nichrome spirals connected to a power source were
mounted on the inner surface of the heater. Thermal
insulation was provided by thin sheet steel covering the
outer surface of the heater; asbestos gaskets were installed
at the heater inlet and outlet. A receiving container mounted
on a VK-150.1 analytical laboratory balance with an error
of £10 mg was positioned in the lower part of the setup.

The equipment for visualizing the process of drop
cloud settling and measuring its settling velocity included
two high-speed MER2-502-79U3C video cameras with a
framing rate of 450 fps installed at different distances from
the region under study. One of the cameras had a shooting
field of 10 x 10cm that allowed us to estimate the size of
drops. The other camera was focused on the region of drop
cloud settling and was used to determine experimentally
the settling velocity of the center of mass of monodispersed
drop clusters via frame-by-frame processing of video records
in Core]DRAW with an error of ~ 4%.

This setup was used to perform a series of experiments
into the dynamics of settling and evaporation of a cluster of
bidispersed drops of distilled water. Droplets of controlled
sizes D; = 2.9mm, D, = 3.7mm were formed using 21G
and 16G medical injection needles, respectively.

The dynamics of settling and the characteristics of evapo-
ration of single drops with their diameters corresponding to
the examined bidispersed cloud were studied for compar-
ative analysis. The sizes and evaporation characteristics of
single drops were determined experimentally by measuring
the mass of 200—300 identical drops that passed through the
heater at a given temperature. The velocity of single drops
and the dependence of the distance traveled on time were
found by solving the drop settling equation numerically [9].

Figure 1 presents a qualitative pattern of formation and
gravitational settling of a bidispersed cloud of drops at
different distances X from the lower layer of drops (plane
B—B in Fig. 1). It follows from Fig. 1 that two layers
of monodispersed drops form in planes A—A and B—B at
the initial moment of time (Fig. 1,a). Following separation
of drops from the capillaries, a cloud of bidispersed drops
forms at distance X ~ 1.5c¢cm (Fig. 1,b), which starts to
stratify into two separate monodispersed clusters at distance
X = 5.0cm (Fig. 1,¢). When the cloud is divided into
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Figure 1. Qualitative pattern of formation and gravitational
settling of a bidispersed drop cloud (20 drops 3.7 mm in diameter
and 20 drops 29 mm in diameter). a — Formation of two drop
layers in planes A—A and B—B (x ~ Ocm); b — motion of the
bidispersed drop cloud (X =~ 1.5cm); ¢ — stratification of the
bidispersed cloud into two monodispersed clusters (X ~ 5.0 cm).

10 mm

two clusters, the concentration of drops in each of them
decreases, and their further settling proceeds in the ,,blow-
through“ cloud regime [10] at the velocity of a single drop
with its diameter equal to the diameter of drops in the
cluster (Fig. 2).

The intensity of drop evaporation in the cloud was
estimated based on the evaparation rate W of drops passing
through the heater with a varying average temperature
inside its cavity. Evaporation rate W was calculated as [9)

AR
W_pT,AR_Ro—Rk_Ro{l—\?l—Am},

Am—= o~ Mk
Mo

where AR is the drop radius reduction from Ry to Ry due
to evaporation; My, My are the drop masses before and after
heating; and Am is the relative change in mass of a drop
during evaporation.
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Figure 2. Dependences of the distance traveled on time.
1,2 — Calculated dependences X(t) for single drops with a
diameter of 2.9 and 3.7mm, respectively. Open and filled
circles represent the measured values for the center of mass of a
cluster of monodispersed drops with a diameter of 2.9 and 3.7 mm,
respectively.
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Figure 3. Experimental dependences of the drop evaporation
rate on the air temperature in the heater. / — Single drop with a
diameter of 2.9 mm, 2 — single drop with a diameter of 3.7 mm,
3 — bidispersed cloud (20 drops 3.7 mm in diameter and 20 drops
29mm in diameter), and 4 — monodispersed cluster (40 drops
with a diameter of 2.9 mm).

Equivalent drop radius Re = /0.5(R} + R3) was used as
Ry for a bidispersed cluster. The time of passage through
the heater 1 m in length was determined in accordance with
the plots (Fig. 2).

Figure 3 shows the dependence of the evaporation rate
for single drops and mono- and bidispersed clusters on the

air temperature in the heater. Quantitative data on the
evaporation rate for single drops and its dependence on
temperature are consistent with the results of studies [11,12]
conducted under similar conditions. It follows from Fig. 3
that the evaporation rates for single drops 2.9 and 3.7 mm in
diameter differ insignificantly within the temperature range
of 475—600 K. The intensity of evaporation of a cluster of
monodispersed drops is significantly lower than that of a
single drop. This effect has also been noted in [4] and
is apparently associated with the presence of a layer of
water vapor between drops in the cluster. The effect of
vapor on the rate of evaporation of the bidispersed cloud
is less pronounced (Fig. 3) than the corresponding effect
for the monodispersed cluster. The evaporation rate for the
bidispersed cluster (curve 3 in Fig. 3) calculated based on
the results of direct measurements of Am is higher than
the corresponding values for the monodispersed cluster
(curve 4 in Fig. 3), that may be attributed to collision
of drops of different sizes in the process of settling, their
coagulation, fragmentation, and formation of secondary
drops [1]. These processes may affect both the settling rate
of the resulting polydispersed drops and the velocity of their
evaporation.
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