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Removal of Micron-Size Droplets from an
Air Stream by Means of Electric Fields

C. K. Riahi-Nezhad, C. Tsouris, D. W. DePaoli, and V. F. de Almeida

Nuclear Science and Technology Division, Oak Ridge National
Laboratory, Oak Ridge, TN, USA

Abstract: In many tank retrieval and waste treatment operations conducted for the U.S.
Department of Energy, small droplets of aqueous solutions containing radioactive
materials are formed in air streams. These droplets need to be separated before the
air is released to the environment. The use of an electric field to separate water
droplets from an air stream has been investigated. A test chamber of 10 x 10cm
cross-section and approximately 94 cm long mounted vertically was set up without
packing, with two parallel-plate steel electrodes facing each other at a distance of
8cm. An air stream containing water droplets formed by ultrasonic humidifiers was
forced through the chamber. A laser-light-scattering particle-sizing system was used
to measure the droplet size distribution. The droplet removal efficiency increased
approximately linearly with electric field strength over the range investigated except
when the field was raised to 3.0 to 3.50kV/cm, suggesting a saturation effect. The
analysis showed that the removal efficiency is a function of the initial droplet concen-
tration. For instance, for a droplet concentration of 24.2 g/ m?, the maximum removal
efficiency was approximately 85%, while that for a concentration of 8.3 g/ m® was 65%
under the same experimental conditions. Droplet size measurements revealed that the
average size of droplets did not change significantly with voltage; however, the number
distribution of drops did change. Appreciable changes in the number of droplets were
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observed for droplet sizes in a typical range of 4 to 10 wm. The results of this research
may be useful in developing effective applications of electric fields for the elimination
of mist from air or gaseous streams.

INTRODUCTION

The growing concern regarding the production of radioactive aerosols during
treatment and sludge retrieval operations in high-level radioactive waste tanks
has led the U.S. Department of Energy (DOE) to an increasing interest in
reducing the emissions, worker exposure, cost, and increased waste volume
from such tanks.

It should be emphasized that the human exposure to hazardous aerosol
particles, in general, and submicron particles, in particular, has been a major
health concern over the past decade. Submicron particles (including droplets)
constitute the most serious environmental- and health-related problems. One
problem is that such small particles are able to penetrate into the human lung
system, where the exchange of gases between blood and air takes place (1).
The human lower pulmonary system is unfortunately very efficient in
retaining particles in the 1 pm range (2, 3). The deposition of small particles
in the pulmonary system tends to intensify such respiratory diseases as bronchi-
tis, emphysema, and lung cancer (3). In addition, submicron particles will stay
in the atmosphere for a considerable period of time, scattering the sunlight and
dissipating over a large area (4).

Itis known that the removal of small particles from process or waste streams
is costly and often very time consuming (5). Elimination of liquid droplets
and/or solid particles from gas or vapor streams is a common operation in a
variety of chemical and environmental processes. Typical mist eliminators are
designed to operate as coalescers or agglomerators and thereby form larger
droplets that can be removed from the process by gravity or shear forces.
Droplets of a size smaller than 10 wm are, in general, difficult to remove
from gaseous streams. Current particle-removing techniques (cyclone, elec-
trostatic precipitator, scrubbers, etc.) have been used to remove larger
droplets/particles from a carrier gas with high efficiency (6). The effect of
electric fields on particle agglomeration has been investigated by Loffler
and Gutsch (7) and Zhang et al. (8), while Luckner et al. (9) have studied
electric-field bed filtration. An electrically driven process, including mechan-
isms such as electrocoalescence and electrophoresis, is employed in this
research, with the objective to remove fine droplets from a gaseous stream.

Granular filtration (deep-bed filtration) is mechanically simple and
consumes little energy. However, it relies principally on the mechanisms of
interception, sedimentation, diffusion, inertia, and surface forces, which yield
low collision efficiency between particles and collectors (10). It is well known
that the efficiency of aerosol filtration in fiber mats (11) and in granular beds
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(12) can be improved by the application of an electric field to the filter media.
A filtration efficiency greater than 99% has been reported in the literature (13).

In addition, several reports on investigations of electrically enhanced
aerosol filtration in fiber filters have been published (11, 14—16). Successful
mathematical analyses of electrified fiber filtration have also been presented
(17, 18).

The primary aim of this research is to investigate drop coalescence and
demonstrate the effectiveness of electric fields in the removal of fine aerosol
droplets in the absence of packing materials such as those in filters. The
overall experience and knowledge gained will be useful in developing
effective applications of superimposed electric fields for the elimination of
mist from air or gaseous streams. Experimental studies have been undertaken
for enhancing the agglomeration of small droplets by means of direct current
(dc) electric fields. Measurements have been conducted in order to accomplish
the following tasks: (a) quantify removal of drops by an electric field and
(b) measure drop size distribution along the flow chamber and determine
the effect of an electric field on drop coalescence.

EXPERIMENTAL SETUP AND METHODS

The experimental setup for this study is shown schematically in Figs. 1 and 2.
The aerosol observation chamber unit was designed to allow application of a

Exit f) >

100m~&

Transmitter | |]| Receiver
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Figure 1. Diagram of electrocoalescence unit system.
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Figure 2. Schematic diagram of experimental setup.

relatively strong electric field. The chamber unit is made of clear Lexan with
a cross-sectional area of 10 x 10cm and approximately 94cm long.
On opposite sides of test windows, two 9- x 60-cm steel electrodes
are mounted vertically inside the chamber. The rectangular test view window
is made of flat optical glass (nonreflecting) of dimensions 2 x 60cm
(Fig. 1). A heating tape was attached to the glass to keep its temperature
slightly above ambient to prevent accumulation of moisture during
operation. A high voltage of up to 28kV was applied to the positive
electrode during the experiment by a dc power supply; the other electrode
was connected to ground.

The top section of the chamber is connected by flexible ductwork to the
exhaust in a hood. Two sampling ports are available on the test section of
the chamber. At the bottom of the tunnel, mist from two ultrasonic humidifiers
was introduced into the air stream by a diffuser (as shown in Fig. 2).
The bottom part of the test section was connected to the steel duct, which
was heated before each experiment to prevent condensation. Supplied house
air was passed through a flow meter and an air filter before delivering the
mist through the test section of the chamber. At the entrance of the test
section, a honeycomb baffle was placed for constant and evenly distributed
airflow. It should be noted that distilled water was used for the two ultrasonic
humidifiers (Electro-Tech System, Model 5612) that generated the aerosol
flowing through the test chamber.

A probe was used to measure the relative humidity/temperature of
flowing air at the exit of the test section. The concentration of water
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droplets in the gas stream was determined by condensation of droplets from an
isokinetically collected sample stream. The flow rate of the sampling stream
was set such that the velocity at the sampling line entrance was equal to the
average velocity in the chamber. In addition, the copper sampling probe
was heated to evaporate the deposited water droplets at the edge of and
inside the probe. To capture the water droplets using an isokinetic sampling
probe, a slush of dry ice and methanol was prepared in a Dewar flask.
During sampling, a controlled flow rate of gas was pulled out by house
vacuum through a copper coil (2.0 m long and 1.25cm ID) immersed in the
slush. The copper coil was weighed before and after sampling using a
sensitive balance (Metter PJ 3600 Delta Range). A battery-powered relative
humidity /temperature probe (ALNOR APM-360) was used to monitor
the inlet and exit relative humidity for mass balance calculations. A
pressure device (SENSOTEC SC Series) was also connected to the
relative humidity /temperature probe chamber to monitor the pressure drop
in the dry-ice system. The details of calculations of droplet concentration
are described by Riahi-Nezhad (19).

Particle Size Distribution Measurements

The aerosol size distribution in the test chamber is determined by laser light
scattering using a Malvern Spraytec RTS 5006 droplet sizing system, which
is mounted on a movable stage for measurements at various heights along
the column. The particle-sensing region or sample-volume forward direction
is collected by the receiver lens and focused onto an annular ring detector.
More details about the RTS 5006 particle size analyzer are provided by
Riahi-Nezhad (19).

Before drop size distribution measurements were recorded in each run,
the reference noise and then the background measurements were obtained.
The background is a measure of stray light in the optical system and, most
importantly, particulate contamination of the windows. The computer con-
tinuously records and saves drop size distribution data. Variables such as
light transmission, particle diameter (pm) vs. cumulative volume (%), and
volume frequency (%) for each run are also continuously recorded.

RESULTS AND DISCUSSION

Prior to the discussion of experimental results, it is important to point out the
following observations:

e At zero voltage, the mist distribution was uniform throughout the test
chamber.
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e Ata given voltage level, the water droplets were deposited first on the lower
end of the positive electrode. As the experiment progressed over time,
droplet accumulation was observed to progress up the surfaces of both
electrodes. Droplets drained down the electrodes and pooled on the
bottom of the test unit.

e The electric field caused the mist motion to change from a uniform to a non-
uniform pattern with motion toward the positive electrode. This fluctuating
droplet motion toward the electrodes was especially intense in the voltage
range of 20kV and above.

e In all cases, at high voltages, droplet buildup at the lower level of the test
chamber caused a short circuit between the positive and negative electrodes,
resulting in sparks and thereby automatically shutting down the electric
field for safety reasons. It was therefore necessary to limit the voltage
drop across the electrodes to 26kV to avoid electrical arcing in the test
apparatus.

Test Conditions

All experimental measurements were obtained at room temperature of
approximately 23°C and ambient pressure of 750 mm Hg. The air density
(Pair = 1.19 kg/m3), air dynamic viscosity (W = 1.86 x 1073 kg/m-s),
and duct equivalent diameter (D, = 0.115 m) were assumed for the calculation
of Reynolds number in all experiments. The accuracy of the dry-ice trap
method was tested by measuring the mass of water vapor in the air passed
through the trap and using a material balance equation. The mass of
water from the room air collected in the trap and that calculated by using
the material balance (assuming an ideal gas) were compared; the error
was found to be within 6%. This range was confirmed for different flow
rates used in the experiments (Table 1).

Table 1. Percent error of measured and calculated mass of collected water from room
air at variable flow rates

Flow rate Measured Calculated Percent
Run (L/min) mass (g) mass (g) error
1 3.0 0.38 0.40 5.00
2 4.5 0.50 0.53 5.66
3 5.0 0.58 0.62 6.50
4 5.5 0.48 0.50 4.00
5 6.0 0.50 0.53 5.70
6 7.0 0.63 0.65 3.08
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Each experimental run was made at a fixed value of the airflow rate and
mist flow rate. The range of Reynolds number was from 940 to 2400 in all
experiments. The mist concentration and light transmission were measured
for each experiment at applied voltages of 0, 10, 15, 18, 20, 22, 24, and
26kV. These values were selected based on the power supply and the test
chamber limitations.

Effects of Electric Field Strength on Droplet Concentration

Figure 3 shows experimental data obtained by the isokinetic/dry-ice sampling
method at a Reynolds number of 1350. The standard deviation for all
experimental data is shown in the form of error bars. The figure indicates
that as the applied electric potential increases, the quantity of the mist in
the air stream decreases. This is due to the increasing number of collisions
between droplets (agglomeration), between droplets and electrodes, and
between droplets and the chamber walls as the droplets flow in the tunnel
under the influence of the electric field.

Effects of Electric Field Strength on Light Transmission

Figure 4 shows the relationship between the concentration of collected
droplets and light transmission. Examination of each individual data point
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Figure 3. Droplet concentration vs. applied voltage at a Reynolds number of 1350.
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Figure 4. Droplet concentration vs. percent light transmission at Reynolds number of
1350 under varying applied voltage.

reveals that the light transmission is related directly to mist concentration and
can be used for estimating droplet concentration.

Effect of Electric Field on Droplet Number

A number of experiments were conducted to quantify the effect of electric
field on both average droplet size and droplet size distribution. The average
droplet size (d,,.) was calculated by averaging all sizes of droplets that
passed through the laser path. The number of droplets was determined in
the following manner:

e Determine the average droplet volume, V,y. = 47/3 (daye/ 2)>.

e Measure the mist density obtained via the dry-ice method.

e Multiply the volume frequency obtained from the light-scattering instru-
ment by the mist density to determine the total water volume fraction,
V., for each discrete droplet size.

e Estimate the number of droplets by dividing V, by V..

Figure 5 shows the distributions of number of droplets vs. the average droplet
size at Reynolds number 1620 and inlet mist concentration of 12.4 (g/m3)
for a range of applied voltages. The figure reveals that the size range of
droplets does not change significantly with voltage; however, the distribution
of the number of droplets does change. The changes are rather significant for
droplet sizes in the range of 4 to 8 wm. For instance, when the applied
voltage increases from 0 to 22kV, the number of droplets decreases from
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Figure 5. Number of droplets vs. particle diameter at inlet mist concentration of
12.4 g/m? and Reynolds number of 1620.

1.3 x 10" to 4.0 x 10® for the droplet size 5.23 wm. This large reduction is
attributed to the collision of droplets with the electrodes and the test chamber
walls. As a result of these collisions, many droplets attach to the chamber
wall and electrodes and eventually flow downward to the chamber floor.

Size Distribution Measurements

A number of experiments were conducted to determine whether the size of
droplets could vary as the Reynolds number and mist concentration change
under different voltage levels. In one experiment, the airflow rate was arbitra-
rily changed to a specific value corresponding to a Reynolds number of 1230.
At this number, the measured droplet concentration from the dry-ice trap
method was 12.1 (g/ m?) for a zero voltage.

The droplet size distributions for 0 and 26 kV are shown in Figs. 6a and
6b. A comparison of the two figures indicates that the size distribution range is
increased from 3.97 to 31.56 wm to 3.97 to 47.78 wm. It also reveals that the
light transmission is increased from 63.5 to 94.4%. The reason for these differ-
ences could be the enhanced agglomeration and droplet removal at higher
voltages. The droplet size is a bimodal distribution, which is expected for
agglomerating systems. In droplet size distribution measurements, we have
observed bimodal distributions, even at 0 V. This implies that agglomeration
of droplets occurs due to shear flow in delivery lines and in the input stream.
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Figure 6. Droplet size distribution for Reynolds number of 1350. (a) Voltage =
0.0kV and initial droplet concentration = 12.1 g/ m?; (b) Voltage = 26 kV and droplet
concentration = 5.96 g/m’.

Droplet agglomeration continues in the column due to the electric field,
leading to more effective removal of droplets.

Light Transmission Profiles Along the Column

A number of experiments were carried out to investigate the effect of applied
voltage on the light transmission profile along the column using a constant
flow rate. The results of this experiment are shown in Fig. 7. This behavior
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Figure 7. Percent light transmission vs. height of column at Reynolds number of
1620 and inlet mist concentration of 27.3 g/m’.

may be explained as follows. Transmission was essentially constant with no
applied voltage, while light transmission increased with distance along the
duct at greater values of applied voltage. The standard deviation for all exper-
imental data obtained from repeated experiments is shown in the form of error
bars. A large error bar indicates poor repeatability of the experiments, which
may be attributed to a number of factors, including heat generated in the
medium. This heat generation results in local temperature gradients, which,
in turn, gives rise to gradients in the conductivity and permittivity of the
medium. This effect can induce unwanted fluid movements that cause errors in
measured data. Another reason could be the collision of the droplets on the
laser observation window, which causes moisture to appear on the window
and thereby results in inaccurate measurement.

Multiple Mist Densities at Constant Flow Rates

A number of experiments were carried out to better understand the influence
of electric field on initial droplet concentration at a constant flow rate. In this
regard, three different initial droplet concentrations were used under a variable
electric field that changed from 0 to 28 kV. The results of these experiments
are shown in Fig. 8. As seen in the figure, as the voltage increases, the
droplet concentrations uniformly decrease from the three different starting
levels and approach the same value. This behavior may be caused by the
buildup and re-entrainment of water droplets from the surface of the electro-
des. It should be noted here that these measurements are only drop
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Figure 8. Collected droplets in outlet gas stream vs. applied voltage at Reynolds
number of 1350.

concentrations since the humidity at the exit of the sampling stream has
already been subtracted.

Constant Initial Mist Concentration

Experiments were conducted to investigate the effect of variable flow rate
on droplet concentration under various electric field strengths. In each set
of experiments, the starting droplet concentration was the same. The results
of these experiments for a starting droplet concentration of 14.5g/m’
and Reynolds numbers of 940, 1350, and 1680 are shown in Fig. 9. As seen
in the figure, the droplet concentration uniformly reduces with voltage to
a certain value. However, after this point, further increases in the voltage
no longer change the droplet concentration. This appears to be due to charge
saturation.

Removal Efficiency of Droplets

A key objective of this research was to quantify the removal efficiency of
droplets from an air stream at constant flow rates under a dc electric field.
To achieve this objective, several experiments were carried out. In this
regard, three different droplet concentrations were used under a variable
electric field that changed from 0 to 28 kV. The results of these experiments
are shown in Fig. 10, which reveals that the removal efficiency of all three
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Figure 9. Collected droplet in outlet gas vs. applied voltage at Reynolds numbers of
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droplet concentrations varies approximately linearly with the applied voltage.
At a droplet concentration of 8.3 g/ m°, saturation occurred at electric fields
above 3.0-3.5kV/cm and the removal efficiency was steady at 63.5%. At
droplet concentrations of 24.2 and 16.3 g/m>, the removal efficiencies were
84.0 and 79.0%, respectively. Comparing the plots, we can conclude that
the higher droplet concentration gives higher removal efficiency, presumably
due to a larger number of droplet collisions.

SUMMARY AND CONCLUSIONS

A series of experiments were conducted in a carefully designed duct in
order to quantify the effect of an applied electric potential on the reduction

100
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Figure 10. Percent removal efficiency vs. applied voltages at a Reynolds number
of 1350.
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of water droplet content in simulated moist air streams. Analysis of the data
showed that the water droplets in the mist ranged in diameter from a few
micrometers to about 20 wm, more or less, in each of the test experiments.
The droplet loadings in the inlet air streams, determined by freezing
samples withdrawn isokinetically, ranged from nominal values of 8 to
24 g/m3. The following conclusions are drawn from experimental results
and observations:

1. In all but one of the cases investigated, the applied electric potentials
reduced the mist content of the air exiting the test unit as the potential
was increased from O to 28kV. In that particular case, there was no
further reduction in water droplet content of the air stream when the
potential was increased from 24 to 28 kV, suggesting that a saturation
effect may be occurring.

2. The efficiency of the droplet removal process ranges from about 65 to 85%
on a mass basis for the series of runs at nominal Reynolds numbers of
1350, with the higher efficiencies corresponding to the higher nominal
initial droplet loading of 24 g/m3. The removal efficiency of 65% was
achieved for a nominal droplet loading of 8 g/ m’.

3. In a strict sense, the effect of the applied electric potential on the water
droplet content of the air stream is not linear. However, fitting the data
with a linear model may be useful for preliminary engineering design
purposes.

4. The water droplets migrate to the electrodes when the electric potential is
applied across the plates, as evidenced by water accumulation on the plate
surfaces. Although not quantified, it appeared that more water accumu-
lated on the positive electrode than on the negative one. Accumulation
of mist on the plates results in draining of water down the plates and
pooling at the bottom of the unit. Mist begins to form near the bottom
of the electrode plates and progresses in time up the plates. This
migration of mist from the air stream to the plates due to the influence
of the electric potential is the principal mechanism of droplet removal
from the air stream in these experiments.

5. Experiments show that the droplet content of the air stream decreases
approximately linearly with the distance up the test unit. This result
suggests that further increases in removal efficiencies can be achieved by
the use of electrode plates longer than the 60 cm used in these experiments.

6. There is limited evidence that the electric potential promotes droplet
coalescence in the size range of approximately 10 to 20 wm. This
process should improve droplet collection efficiency in a filter installed
downstream of an electric potential demisting unit in an actual
application, although sufficient data are not provided here to quantify
the extent to which the overall droplet collection efficiency may be
improved.
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