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1 | INTRODUCTION

The motion and breakup of drops are common in daily life and
engineering applications.™® Raindrops grow and then fall by
accretion of vapor and coalescence inside the clouds. The largest
recorded raindrop diameter was 8.8-10 mm, measured at the
base of a cumulus congestus cloud in the vicinity of Kwajalein
Atoll in July 1999 and over northern Brazil in September
1995.%7 The maximum dimension of raindrops at ground level is
approximately 4-6 mm.87%° Raindrops result from a complex
mutual interaction between air and its neighbors. The free-fall of
a large raindrop in a gaseous phase can occur in several stages:
destabilization, deformation, and ultimate fragmentation. When
the spherical drop encounters the gas flow, aerodynamic forces
cause the drop to deform and break apart into fragments, a pro-
cess referred to as secondary atomization.**"*® The Weber num-
ber (We) is an essential dimensionless parameter that represents
the ratio of disruptive hydrodynamic forces to the stabilizing sur-

face tension force.
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This study aims to investigate the characteristics of gas-liquid countercurrent
contact processes. In spray towers or other applications, several drops containing
pollutants are entrained by the updraft flue gas, which can easily cause environmen-
tal pollution. Traditionally, this drop entrainment phenomenon is alleviated by
increasing the diameter of the drops. However, the breakup of a large drop would
also cause drop entrainment to become serious, a process referred to as secondary
atomization. Herein, we propose the boundary of three drop modes in the updraft:
drop falling mode, reverse entrainment mode, and breakup entrainment mode. The
critical Weber number (We) is the key dimensionless number marking the beginning
of the drop breakup. The ratio of the drag force to gravity and We are proposed as

criteria for the drop entrainment.

drop breakup, entrainment, gas-liquid countercurrent, secondary atomization

where pg is the ambient gas density, u is the relative velocity between
the gas and drop, Dy is the initial diameter of a liquid drop, and ¢ is
the surface tension.

In many engineering applications, drop behavior also plays an impor-
tant role. Wet flue-gas desulfurization is a gas-liquid two-phase reaction
with high desulfurization efficiency, high reaction speed, and high utiliza-
tion rate of desulfurization additives; as a result, it is widely used in coal-
fired power plants and other factories.’”"2! Although the application of
this technology has greatly reduced the concentration of exhaust smoke
pollutants, the entrainment of drops also leads to a series of new prob-
lems, such as gypsum rain and acid rain that pollute the power plant and
surrounding environment, while also corroding equipment.?22® The spray
tower is the core equipment in the wet flue-gas desulfurization process
of a coal-fired power plant boiler tail gas.?*?¢ In the spray tower, the
limestone slurry washes the flue gas, essentially a gas-liquid two-phase
countercurrent contact process, and a gas-liquid mass transfer is accom-
panied by a two-phase flow process. During the gas-liquid two-phase
countercurrent contact process, drops will continue to leave the spray
layer under the action of the flue gas and enter the mist eliminator for
gas-liquid separation. The upward process of the drops carried by the
flue gas is the continuation of the desulfurization reaction. The size of the

drops determines the gas-liquid two-phase mass transfer reaction rate
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FIGURE 1 Experimental device for the drop entrainment. (A) Experiment sketch of the drop test: 1, air blower; 2, valve; 3, flowmeter;

4, honeycomb plate; 5, drop test section; 6, tube; 7, drop generator; 8, high-speed camera; 9, computer. (B) Gas velocity distribution at the outlet
of the pipe. (C) Drop oscillation in the absence of an external air flow. (D) Deformation degree of the drops in the absence of an external air flow

and provides a design basis for the manufacture of gas-liquid separation
demisters. Therefore, for spray towers, research on internal gas-liquid
countercurrent contact, drop breakup, and entrainment processes are par-
ticularly important.2”-2°

In this study, the behaviors of drops in the updraft under different
conditions were first observed using a high-speed camera; the charac-
teristics of the drop breakup and entrainment were investigated.
Then, a modified map of dimensionless numbers on the drop entrain-
ment relationship was proposed. Three modes of drops in the updraft
and corresponding theoretical range were studied. We investigated
the characteristics of the surfactant solution drop to test the effect of

the dynamic surface tension.

2 | EXPERIMENTAL SETUP

The experimental device for the drop test is shown in Figure 1. The air
flow generated by the air blower passed through the honeycomb plate

and entered the test section. Drops were formed on the nozzle of the

drop generator and fell through the tube in quiescent air before entering
the test section. In this test, the range of the drop diameter was between
1.4 and 4.2 mm, and the range of the corresponding drop volume was
1.4-38.8 mm?®. The drop diameter changed by the exchangeable small-
diameter tube exit, consistent with our previous work.3°-32 The drop gen-
erator, including a cylinder liquid chamber and an exchangeable small-
diameter tube, was fixed at the bottom of the water chamber. Liquid
drops dripped from the tip of the tube under the action of gravity and fell
into the test section. The internal radius R of the drop test section (part 5),
as shown in Figure 1A, was 40 mm, and the length H from the honey-
comb plate to drop test section was approximately 800 mm. The mea-
sured air velocity profile of the drop test section is shown in Figure 1B,
almost similar to the classic power-law profile given by ug/uc = (x/R)i/ n
where u. is the centerline mean velocity of the drop test section, and
x is the horizontal distance from the measuring point to the wall of
the drop test section. The velocity profiles remained constant at dif-
ferent air velocities. The influence of wall effects on the motion of a
falling drop has attracted considerable attention®3~%” because it may

result in a larger fluid friction force on the sphere, whose velocity is
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FIGURE 2 Drop falling mode
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FIGURE 3 Drop reverse entrainment mode

known to be reduced, especially when the sphere is very close to the
wall. The internal radius Ry of the tube (part 6 in Figure 1A) was
12 mm. The tube diameter was relatively large compared to the drop-
let diameter; therefore, wall effects were not significant. Simulta-
neously, the velocity of the falling drop at the tube exit (part 6 in
Figure 1A) was measured using the image method.

A high-speed camera (Fastcam SA2 by Photron Limited) recorded
the entire process of drop deformation and breakup. The experimen-
tal liquid included water, alcohol, and surfactant solutions (sodium
dodecylbenzene sulfonate solution, SDBS). A dynamic surface tensi-
ometer (SITA science line t100, SITA Messtechnik GmbH, Germany)
was used to measure the dynamic surface tension of the surfactant
solutions according to the bubble pressure method. The air velocity in

the test section was 2.8-13.8 m/s, and the Reynolds number Re of

0 ms 5ms 11 ms 16 ms 19 ms 21 ms 27 ms 33 ms

FIGURE 4 Drop-breakup entrainment mode
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FIGURE 5 Three modes of drop behavior in the updraft under
different conditions (alcohol)

the air flow ranged from 1.6 x 10* to 7.9 x 10* The drop Weber
number We ranged from 1.2 to 52.4.

The falling drop at the tube (part 6 in Figure 1A) in the absence of
an external air flow oscillated slightly, as shown in Figure 1C. The
results of the oscillation drops with different properties are shown in
Figure 1D. Here, Dy is the initial diameter of the liquid drop, and D,
is the maximum cross-flow diameter of the oscillation drop. We found
that Dy was slightly larger than Dy in the absence of external
air flow.

For the pure liquid, the falling drop undergoes internal circulation
flow due to the interaction of the gas-liquid interface. For the surfac-
tant solution, the motion of the liquid caused an uneven distribution
of the surfactant on the interface, possibly leading to surface tension
gradients. The surfactant exchange caused the surface tension to vary
locally, thus, generating Marangoni stresses and convections. The
Marangoni effect is the tendency for the mass to travel to areas of
higher surface tension within a liquid, hindering the internal circula-
tion flow of the falling drop. When the falling drops oscillated under
the condition of a large drop in the Reynolds number, the situation
became more complicated. The oscillation of the drop was the main
motion resistance, and the effect of the surfactant decreases

gradually.38-4°
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FIGURE 7 Relationship diagram of the drop entrainment,
no corrected N, water

3 | RESULTS AND DISCUSSION

3.1 | Three modes of drops in the updraft

During the experiment, the air flow continuously exerts a force on the
drop. As a result, the drop deforms in the air flow, and the behavior
trajectory changes. In this experiment, the drop behavior is divided
into three modes: drop-falling mode, reverse entrainment mode, and
breakup entrainment mode, as shown in Figures 2-4. To describe the
behavioral characteristics of the drop, we consider the moment when
the drop entered the updraft as the initial time (t = O ms) and obtain
the time series diagram of the drop through a high-speed camera. In

corrected N, water

the drop falling mode, owing to the weak aerodynamic force, the gas
flow only causes the drop to oscillate and deform rather than to break
or entrainment, as shown in Figure 2. It can be seen from the pictures
that when the drop just enters the gas flow, the drop still maintains a
spherical shape, and then deforms under the action of the gas flow.
Finally, due to gravity, the drop falls.

In the drop reverse entrainment mode, the air flow gradually
slows down the drop, and the aerodynamic forces decrease by com-
peting with gravity. In this process, the drop oscillates and deforms
rather than breaking, as shown in Figure 3. At t = 47 ms, the drop is
at the critical point of falling and then moves upward with the gas

flow. At this time, the drop undoubtedly features a disk-like shape.
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FIGURE 10 Relationship diagram of the drop entrainment,
corrected N, alcohol

In the drop-breakup entrainment mode, the aerodynamic force is
sufficiently large to cause the drop to break against the surface ten-
sion. As shown in Figure 4, the drop gradually deforms and transforms
into two parts—ring- and bag-like shapes—along the direction of the
air flow. The bag-like part breaks first, and the diameter of the frag-
ment is considerably small. The ring part subsequently breaks up, and
the corresponding fragment has a larger diameter than the bag-like
part. As the size of the broken fragments are very small, they are all
entrained with the rising gas flow.

As shown in Figure 5, drop behavior in the updraft is divided into
three modes under different conditions. We find that with an increase in
the drop diameter, the drop falls at a higher gas velocity, implying the area
of the drop-falling mode increases gradually. However, due to the drop
breakup at a high gas velocity (or We), when the drop diameter is bigger
than approximately 2.5 mm, the drop-breakup entrainment mode plays
an important role. Then, with an increase in the drop diameter, the area

of the drop-falling mode decreases gradually.

3.2 | Force analysis of drops

In this experiment, the surface tension prevents the drop from
breaking. The other two main forces—gravity and aerodynamic
force—control the motion behavior of the drop. According to the

aerodynamic formula of the drop,

1 2
F=5CopySuj, (2)

where Cp is the drag coefficient, S is the windward area of the drop,

and ug is the gas velocity. From Equation (2) it follows:
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FIGURE 11 Dynamic surface tension of surfactant solutions

1
F:gﬂ'CngDguz, (3)

where Dg is the initial diameter of the drop. The ratio of the drop
gravity to the aerodynamic force is

_ 4aCopyDju  3Cppyu?

F
F Dol _ ,
G 4n%g Do

where p; is the density of the liquid phase, and g is the acceleration
of gravity. To facilitate the analysis, we propose a dimensionless

number N describing preliminarily the entrainment of the drop:

3CDp u?

~ gDy )
P18Y0

Liu et al.* discovered that Cp is a function of deformation, which is

defined as
Co/Cs=1+2.632[1~ (Do/Drma)?]. (6)
where Cs is the drag coefficient of the drop under the same Re and

Cs, which is 0.44. D,,.x is the maximum cross-flow diameter of the

drop in the airflow, and Hsiang and Faeth*” found that

Drax 1 | 0.19we05. 7)
Do

Thus, by using Equations (6) and (7), Cp of the drop in the gas flow
can be obtained.
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3.3 | Falling velocity of the drop

In the experiments, the falling velocities of drops of different diame-

ters in the air flow are denoted with u;). According to the force bal-

ance between the drop gravity and aerodynamic force, the terminal

velocity formula of the ideal spherical drops is calculated as follows:

uy =174

Dopig

Pg

. (8)

This value is also very similar to the literature report.*®#? It is observed

experimentally that the drop deforms in the air flow, increasing its wind-

ward area increases, resulting in a corresponding increase in the
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aerodynamic force on the drop; therefore, the measured drop termi-
nal velocity is smaller than the theoretical value used in
Equation (8). The drop deformation in Equation (7) is introduced to
modify the theoretical velocity of the drops to eliminate this dif-
ference. Therefore, we finally obtain the formula for the terminal

velocity of the drop in the updraft:

Sodium dodecylbenzene sulfonate solution drop entrainment diagram, corrected N. (A) 0.01 wt%; (B) 0.05 wt%; (C) 0.1 wt%;

. 1.74 Dopig
Uy = T 9)
1+0.19We Pg

The experimental, theoretical, and corrected theoretical values are
shown in Figure 6. After the correction, the theoretical and experi-

mental values exhibit a better fitting relationship.
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3.4 | Analysis of the drop breakup and
entrainment

The relationship between the We and N values under different condi-
tions is discussed to further determine the basis for the occurrence of
reverse and breakup entrainments. Instead of using Cp to correct N,
we try using a simpler N value to study the entrainment, as shown in
Figures 7 and 8. Here, ug is the initial velocity of the drop when it is
just beginning to come into contact with the updraft.

In the above figures, N is the ratio of the aerodynamic force and
gravity without Cp correction; the critical conditions of entrainment
are distributed around N = 1. As the deformation degrees of the drop
vary under different conditions, the drag coefficient Cp is a variable.
In addition to the attempt above, we correct N, which leads to the
data shown in Figures 9 and 10.

After the correction of N, an N value of 1 can be approximated
as the criterion between drop falling and entrainment. This crite-
rion is mutually confirmed with the simplest force model of the
drop and is also consistent with life experience. When the aerody-
namic force is greater than gravity, the drops are entrained; when
the aerodynamic force is less than gravity, the drops fall. In addi-
tion, it can be seen from the figures that under different working
conditions, We = 12 is another criterion when the drops (water
and alcohol) break up and are entrained, consistent with the results
of the literature on secondary atomization.'?*® Therefore, based
on the relationship between We and N, we divide the behavior
characteristics of drops under different conditions into three
areas: the falling area, the reverse entrainment area, and the
breakup entrainment area. Here, we preliminarily propose that the
boundaries of the different areas are N = 1 and We = 12. These
relationships can be used as a practical reference in life and

industry.

AI?BIFJ R NALM

3.5 | Fragment behavior after drop breakup

If the drops break up in the updraft, the fragments formed by the
breakup will be reversely entrained in the air flow. Zhao et al.>° found
that the average particle size of the fragments generated when the

drops were broken was

% = (4:3x10°%) (1 +8900K°% ) W22, (10)

where D, is the average fragment size. In this experiment, the largest drop
diameter used is 42mm, so D, amounts to 1.18 mm. Zhao et al.>®
obtained the gamma distribution of the particle size according to the aver-
age particle size. We take D/D, =2.2 to obtain the largest fragment
diameter, yielding a D value of 2.6 mm. According to the experi-
mental data, a drop with a diameter of 4.2 mm breaks and entrains.
The instantaneous parameters are up = 0 and ug = 8.8 m/s. The
instantaneous N value of a drop with a diameter of 2.6 mm is calcu-
lated by N = 2.5. Therefore, the largest fragment generated when
the drop breaks is N>1, that is, all fragments generated are

entrained by the air flow.

3.6 | Effect of surface tension

In applications, many of the used fluids are solutions containing vari-
ous components. Here, surfactant solutions of different concentra-
tions were selected as test liquids, whose dynamic surface tensions
are shown in Figure 11. The dynamic surface tension increases upon
decreasing bubble lifetime. The horizontal axis t is the bubble lifetime,
as shown in Figure 11.

If the concentration of the surfactant is above the critical
micelle concentration (CMC), micelles form and all additional sur-
factants added to the system are incorporated into these micelles;
therefore, the CMC is an important characteristic. Before reaching
the CMC, the surface tension changes strongly with the surfactant
concentration. After reaching the CMC, the surface tension
changes with a lower slope. Because of the surfactant, the critical
We is nonlinear at different concentrations of the surfactant, as
shown in Figures 12 and 13.

If the surfactant concentration is smaller than the CMC, it is
difficult for the surfactant to be added to the rapidly deformed
interface in the air flow over time. Therefore, as the concentra-
tion of surfactant at the drop interface decreases, the real sur-
face tension increases, thus increasing the aerodynamic force
required for the breakup of the drop, and increasing the critical
We. If the surfactant concentration is higher than the CMC, the
micelles can be considered the source term, which could supply
the monomers to the drop interface.®® Therefore, We first
increases and then decreases with increasing surfactant concen-
tration, as shown in Figure 14. When the critical We reaches the
turning point the surfactant concentration is found to be close
to the CMC.
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4 | CONCLUSIONS

In summary, the characteristics of gas-liquid countercurrent contact pro-
cesses and drop entrainment were investigated. Three different modes of
the falling drop in the updraft were studied: drop-falling mode, reverse
entrainment mode, and breakup entrainment mode. Although the large-
diameter drops can fall in the updraft, they were also prone to breakup
and entrainment. Thus, a larger diameter of the drops does not necessar-
ily lead to a better anti-entrainment effect. Furthermore, the theoretical
formulas for predicting the boundary condition of the drop behavior were
obtained. A dimensionless number We-N map of falling drop regions was
proposed, which helps understanding the phenomena of the drop behav-
ior in the updraft. The criterion of the different modes was found to be
the corrected N = 1 and We = 12. Finally, the effect of the dynamic sur-
face tension on the drop breakup and entrainment was investigated,
showing that the critical We first increased and then decreased upon

increasing surfactant concentration.
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