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EXECUTIVE SUMMARY

ES.1 1Introduction

Reports of application of charged water sprays to control
dust concentrations in the workplace have existed for less than
a decade (l). The purpose of the effort reported here is to
evaluate this method as an aid to individuals in the underground
mining community who are responsible for specifying and imple-
menting respirable dust control technigques. The work was per-
formed by Foster-Miller, Inc. of Waltham, MA, under United States
Bureau of Mines (USBM) Contract No. HO212012. It was adminis-
tered under the technical direction of the Tw1n Cltles Mlnlng
Research Center. T T

ES.2 Program

The work was divided into two phases:

a. Phase I State-of-the-Art Review
1. Prior experience
2. Equipment
3. Theoretical development
b. Phase II Testing
1. Laboratory testing
2, Mine testing.

ES.3 Phase I Findings

Prior efforts by researchers (10, 11) working under con-
tract to the U.S. Environmental Protection Agency have demon-
strated significant reductions in fugitive dust values under a
range of operating conditions. Data extracted from their results
which demonstrates the effect of adding charge to water sprays
is presented in Figure ES-1. Others have reported using charged
spray for reducing dust in laboratory studies (1, 5, 6, 9), but
the evidence presented in Figure ES-1 is the most convincing.

Review of previous theoretical explanations of charged
droplet dust scrubbing uncovered little of practical value for
the engineering of charged spray systems. In this program, the

characteristic time technique of Melcher et al (1l7) was expanded
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to mathematically model dust collection efficiencies (see
Appendix A). Comparison of the predictions based on this model
with the results of experiments indicates the charge on the dust |
particle to be higher than would be expected naturally. It is
felt that the dust particles are charged by ions produced from
the charged spray process. The ionically charged dust is then
precipitated from the cloud due to repulsive electrostatic
forces. This additional dust particle charging leads to reduced
characteristic times -~ the time for a given dust concentration

to be reduced by 1l/e or to approximately 37 percent of the

original level,

Examination of the marketplace identified available charged
spray eqguipment for agricultural, paint spraying and dust con-
trol applications. Only one company, Keystone Dynamics, was
actively marketing commercially charged sprayers specifically
for dust control - under the trade name of Dustron.

ES.4 Phase II Findings

Laboratory Testing

The commercially available charged spray dust control eguip-
ment was tested in a laboratory dust chamber. The dust reduction
achieved in the presence of charged spray was much greater than
for equivalent spray uncharged. On a unit water basis, effective-
ness was greater by about a factor of 10 than that expected for
hydraulic sprays, even to pressures of 1000 psi. Figure ES-2
shows typical dust decay characteristics for dust in the presence
of no sprays, with uncharged water spray and charged water spray.
As can be seen, the charged spray reduces dust levels far more
rapidly than does the uncharged spray.

The reciprocal of the net slope of the curves for the
charged spray (charged spray slope minus the dust only slope)
is the characteristic time identified in the mathematical model.
In Appendix B, a dust reduction efficiency relationship is
developed using the reduction slope and the aerodynamic residence
time. With this relationship, laboratory experience may be
scaled to full scale applications.

Laboratory tests were performed on three types of dust:

a. Arizona road dust (fine)
b. Milled talc

c. Milled molybdenum ore,
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No significant difference in dust reduction effectiveness existed =
between these dusts or between application of positively or
negatively charged spray. These results are contrary to those
reported by Hoenig (5), but consistent with Brookman (10). The
polarity insensitivity is consistent with ionic charging of the

dust particles.

Electric fieldstrength measurements on the charged droplet
cloud yielded values as high as 10° v/m. This is one-third the
electrical breakdown point of air, that is, sparkover. The po-
tential for sparks from the charged droplet cloud is high. For
this reason, explosive atmospheres must be avoided.

Mine Testing

A field test of charged water sprays was performed at a )
mine in Colorado. The test was set up along an underground belt
from a primary crushing plant. Six charged spray heads were used.
Twice as many units would have been desirable for the air flow
encountered, but a purchase cost of about 512,000 for the six
units was all the program budget allowed. Predicted dust reduc-
tion with the six spray heads ranged from 10 percent to 33 per-
cent depending on the airflow rate at the time. Maximum dust
reduction occurs at minimum airflows due to increased residence
time.

Predicted dust reductions could not be confirmed. This is
“due to the presence of solids in the spray water. ~The spray wats¥—
‘was taken from a recirculating mill process water system. This
type of water supply typically has suspended and dissolved solid
material within it. When the water sprays were activated, meas-
ured particulate levels increased several fold over the levels
existing prior to activating the sprays. Careful analysis
yielded the following explanation. The fine droplets produced
by the atomizing sprays evaporated in the ventilation air, leaving
behind a dust particle formed from the dissolved solids in the
water. This explanation was supported by water analysis indicat-
ing high dissolved solids content and by subsequent operation of
the spray heads on mine water at our laboratory facility. Lack of
Tyndall effect in water samples eliminated suspended solids as a
leading candidate.

This occurrence was unexpected. No previous researchers
have reported a similar experience. The important lesson --
solids-free water must be used with atomizing sprays, charged or
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uncharged. Small droplets evaporate rapidly leaving a respirable
solid particle that can dramatically increase the respirable dust
levels in the air.

ES.5 Conclusions

a. On a unit water use basis, charged sprays are much
more effective at dust reduction than traditional
hydraulic sprays. Charged sprays offer the most
promise for respirable dust control where large amounts
of water cannot be used.

b. Unlike hydraulic sprays, charged sprays require a
residence time for the charged droplets and the dust
particles to interact. Charged sprays are most ef-
fective, therefore, where ventilation velocities are
low.

C. Charged sprays must not be employed in gassy mines
because of the spark hazard from the charged c¢loud.

d. Water free of solid material is essential with atomizing
sprays to avoid increasing dust loadings in the air.

e. Positively charged and negatlvely charged droplets are
equally effective.

£. Combinations of positively charged and negatively
charged droplets are less effective than either alone.

g. Little variation in effectiveness was observed between
various types of dust.

h. Models may be employed to predict effectiveness for
.specific conditions.

ES.5 Recommendations

Charged sprays are most effective where air velocities are
low and most desirable where water usage must be minimized. They
cannot be applied where methane or other explosive gases are
present. Further, eguipment costs are high where full scale
airflows must be controlled. For these reasons, their application
in underground mines is limited. Surface facilities and milling
operations are more likely to benefit from the application of
charged sprays.
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Equipment should be developed to produce large volumes of
charged spray at costs below current levels. Such equipment
will broaden the applicability of this technology. We believe
the basic technology exists but development is required.

Fundamental studies are needed on measuring dust electric
mobility (velocity of a charged particle in a unit electric
field} in the presence of charged spray. This is an area where
little data exists. Speculation was required to correlate this
program's experiment with theory.

Present egquipment is noisy due to compressed airflow.
Further fog produces decreased visibility. Further studies to
reduce these problems are warrented.
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1. INTRODUCTICN

This is the Final Technical Report on USBM Contract No,
HO0212012, "Evaluation of Charged Water Sprays."” Effort on this
program spanned the time period from January 15, 1981 to

October 15, 1982. The effort expended and results obtained are
described herein.

1.1 Background

Respiratory ailments due to fine dust suspended in the
workspace alir is a major contributor to illness and death for
miners. Hence, the development of techniques for reducing
respiratory dust levels is of major importance to the mining
industry. The U.S. Bureau of Mines initiated and sponsored this
effort to evaluate the use of charged water spray or fog for
reducing respirable dust concentration levels. Prior research
by others has indicated that charged sprays, when applied to
airborne dust, produce agglomeration and dust level reductions
well beyond that achieved with conventional hydraulic sprays.
Objective evaluation and documentation of this technique applied
to mining was warranted tc provide the basis for a feasibility
assessment.

1.2 0Objective

The broad objective of this program was to detéfﬁiﬁéﬁgﬁ@wfﬁ
verify the feasibility of using charged water sprays and mists
for the control of respirable dust in underground nongassy

mines,

1.3 Scope of Effort

The program was divided into two phases:

a. Phase I - Technology Review, Mathematical Model
Development and Mine Test Site Selection

b. Phase II - Laboratory and Mine Testing.
Phase I effort included:

a. Evaluation of prior experience in reducing dust con-
centration levels through charged water sprays

b. Evaluation of commercially available charged water
spray eguipment
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c. Development of a mathematical model for dust reduction
by charged water sprays

d. Review of charge levels on dust particles

e. Selection of a mine site for demonstration of charged
water sprays

f. Planning for laboratory and mine testing.

The efforts of Phase I were summarized in a Phase I report and
presented orally to USBM personnel.

Phase II effort included:

a. Laboratory investigation of dust reduction using com-
mercially available charged spray equipment through:

1. Direct measurement of dust levels
2, Measurement cf the charge on water clouds
3. Correlaticn of dust reduction to mathematical
model.
b. Mine site investigation of system performance and
limitations.

The presentation of this report parallels the phased effort
starting with the technology review through mine tests.

All raw data was submitted to the Technical Project Officer.
Interested persons may obtain copies through him.
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2. TECHNOLOGY REVIEW

2.1 Historical Review

The equipment for charged droplet removal of airborne dust
is divided into two types. The first type is egquipment that
exists in the middle ground between wet scrubbers and electro-
static precipitators. The origin of this technology is fre-
guently referenced to a 1944 patent by G.W. Penney. In this
equipment, the dust is intentionally charged just as it is in
an electrostatic precipitator. The charged dust is then brought
into contact with charged water droplets where the dust is re-
moved. This equipment is enclosed in a casing with inlet and
outlet ducts.

The other charged droplet scrubbing device is operated in
open space and is intended for control of fugitive dust emission
or dust in large work spaces. This technology is an extension
of open water sprays for knockdown of airborne dust. It is
this technology that is the subject of interest to this program.
The use of intentionally charged water sprays for reducing sus-
pended dust concentrations started with work by Hoenig (l) re-
ported about 1973. Hoenig and others (to be discussed later)
have successfully applied charged water sprays to industrial
dust pollution sources. Many of these sources are similar to
dust sources found in underground mining, such as rock breaking,
conveyor loading or chute dumping.

Considering the similarity of the mining situation to the
industrial situation and the reported successes in industrial
applications, an investigation of the feasibility of applying
charged water sprays to underground dust sources was warranted.
The remainder of Section 2 develops a picture of the state of
the art prior to this program.

2.1.1 Fundamental Concepts

Water sprays, mists and fog are known to remove dust. In
mining and industry, water sprays are used to control dust from
a wide variety of sources. In nature, cloud droplets and rain-
drops are the important removers of dust from the earth's
atmosphere.

Conventiconal water sprays (uncharged) rely principally on
inertial impaction of smaller dust particles onto larger water
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drops. The water drop/dust particle{s) then settles out of the
air due to gravity or other forces. While inertial impaction is
a very important mechanism for uniting the dust particles with
water drops, other mechanisms exist, such as:

a. Diffusion (Brownian motion)

b. Electric forces between charged particles.

While these are general categories, finer divisions are made,
such as diffusion in the presence of evaporation (condensation)
and electric forces between neutral particles in the presence
of an external electric field (dipole forces).

The relative effect of these mechanisms depends somewhat on
the size of the dust and drops. Particularly size sensitive is
the inertial impaction mechanism. It is unfortunate that as the
size of the dust particles drops below the 5 um level [(the
respirable range), collecting dust by impaction becomes increas-
ingly difficult. More energy must be put into the system to
increase the relative velocity between the droplet and the dust
and thus increase the probability of impaction.

This limitation may be partially overcome by placing an
electrical charge of opposite sign on both the dust and the
drop to produce an attractive force (Coulomb force) between them.
The mechanism is similar to that of electrostatic precipitators
(ESP), where an electric charge is placed on the dust particles and
an electric field forces the dust particles to the walls of the
system. For charged spray systems, the surfaces of the drops
become the "walls"™ of the system.

Qualitatively, these mechanisms are easily understood.
Quantitative understanding of all the details is more difficult.
The qualitative understanding of the mechanism probably provided
the insight for the design of several electrostatic scrubbers.
These devices, while differing in design, use both wet scrubbers
(mostly inertial impaction) mechanisms and electrostatic precip-
itator (electric force) mechanisms for cleaning a confined gas
stream. Similar to ESPs, the dust is brought to a high level of
charge, then contacted with the charged drops. The intentional
dust charging and the enclosed gas stream differentiate this
allied branch of technology from that of charged water sprays.
Readers interested in electrostatic scrubbers will find further

information from the references (2-4).
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The subject of this program is the control of suspended
dust in open space (not confined by duct work). Intentionally
charged water spray (mist or fog) is directed into a dust
cloud. ©No intentional charging of the dust is attempted. This
raises the question of the charges on the dust. This question
is considered in the following subsection.

2.1.2 Charge on Dust

Key to the concept of charged water sprays for controlling
dust is the fact that the dust is naturally electrically charged.
Workers in aerosol science (the science of fine ligquid or
solid particles suspended in air) have long recognized that most
dust particles in a dust cloud bear an electric charge. Generally,
the clouds possess a nearly neutral net charge (approximately
equal numbers of positive and negatlve charges) . ’

Work by Hoenig (5) and Hissler (6) has shown that finely
divided mineral dust in the respirable size range shows a
dominance of negatively charged particles. Hoenig measured the
net charge by size range on a dust sample fractionated by a
cascade impactcr. Each stage of the impactor defines a dust
particle size range. The apparatus was also able to detect the
net charge on each stage. From this data, the net charge by
size range in arbitrary units can be constructed. It was
recognized that absclute charge units are perferred to arbitrary
units; but the experimental procedures would have been con-
siderably more difficult. Results of measurements using this
apparatus do, however, provide insight into the charge charac-
teristics of respirable dust. Most materials favor a net
negative charge on the respirable size material. 1In private
conversations, Dr. Hoenig indicated that high guartz/silica
material always favors a negative charge in the respirabkle range.
Magnetite ore (most Fe3 04) however, does show positive charge
characteristics in the respirable range.

Hdssler's apparatus and experimental procedures were more
sophisticated than Hoenig's. The apparatus monitored the
trajectory of a single dust particle which was settling due to
gravity and subjected to a transverse electric field driven by an
applied voltage with a saw-tooth wave form. The size of the
particle was deduced by Stoke's settling velocity. The trans-
verse acceleration and velocity due to the electric field was
proportional to the charge on the particle. The trajectory of

the particles was recorded photographlcally " From the
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photographs and the parameters of the experiment, the absolute
charge and the particle size were calculated. Like Hoenig's
findings, these results for quartz dust also show a dominance of
negative charge.

Research indicates that respirable dust generated by
underground mining operations is likely to carry an electric
charge. High quartz and silica materials show a dominance
of negative charge with a minor positively charged fraction.
The physics of the mechanisms that charge the dust are not well
understood nor have enough experiments been performed to
accurately predict the expected magnitudes of charge on dust
particles. At this time, common wisdom is that a charge of
roughly 50 to 70 elementary units (an elementary cE@rge unit is
the magnitude of the charge on electron, 1.6 x 107 Coulomb)
may be used as typical for respirable dust.

For removal of dust, the complement to charged dust is
charged water spray. The following subsection describes the
generic mechanisms for producing charged water spray.

2.1.3 Charging Water Sprays
Charged water drops may be produced in a variety of ways.
This subsection qualitatively discusses the generic methods.
Quantitative discussions are found in the references (7,8).
Ramifications of the various approaches applied to dust control
in underground, nongassy, nhoncoal mines are considered.
Basic technigues for charging water drops are:

a. Electrostatic induction

1. With fluid nozzle grounded
2. With fluid nozzle at high potential (contact
charging)
b. Ion bombardment charging (ionized field charging)
c. Spray electrification.

Discussions of the mechanism are based on Figure 1.
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Inductive Charging S
.J’

rd

Inductive charging has two forms. In one EEEE, the charged RS

drop is formed from a grounded nozzle, while in the other the
charged drop is formed from a nozzle at high potential. Some
pecple prefer to consider the second case a special technigue
called contact charging. For both cases, the charge is electro-
statically induced on the surface of the water or other con-
ducting liguid by an applied electric field before the drop
separates from the bulk liquid. Upon separation, the drop carries

off the induced charge. The magnitude of the charge on the
droplet is determined by:

a. The strength of the electric field
b. The surface area of the drop.

Polarity of the drop is the same polarity as the nozzle. The
strength of the electric field depends on the geometry around
the forming water droplet and the applied voltage. Operating S
principles are the same whether the drop leaves from a grounded

surface or one at high potential.

In operation, however, there are differences. Referring to
Figure 1, for grounded-nozzle induction charging, an induction
ring is held at high voltage. The droplet charging current is
supplied from ground with no current flowing to the induction
ring. That is, while there is potential on the induction ring,
no power is supplied to the system by the high voltage (the
energy for charging the drop is supplied by the fluid flow
through the nozzle). This technique is attractive, since a
safety resistor (shown as R in Figure 1) may be used in the
high-voltage circuit to limit potentially dangerous inadvertent
discharge. Since there is no current, R may be very large. In
ordinary operation, the induction ring will be at high voltage.
If a person or other conductor should contact the ring, however,
current will try to pass through R. When this happens, most of
the voltage drop from the power supply will be taken across R,
resulting in very little voltage applied to the person.

This safety resistor is adegquate for personnel protection,
but capacitance in the system is large enough that the potential
for a spark capable of igniting an explosive gas atmosphere may
exist.

For the high-voltage nozzle (or spinning cup) case, the,
power supply is attached to the nozzle. In this system, the

‘gf
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induction ring may not be present as part of spraying apparatus.
The part of the induction ring in these cases is played by the
grounded surroundings. Unlike the grounded nozz..e case, the
charging current to the drops is supplied from the high-voltage
power supply. A safety resistor to protect personnel cannot be
used. For this reason, a protective enclosure must be designed
around the high-voltage surface to protect people from contacting
the nozzle. ‘

High-voltage nozzles are the type most commonly used for
electrostatic spray painting. When electrically conductive water-
based paints are used, however, provisions must be taken to
electrically isclate the paint from ground or the nozzle will
be shorted out. Charged water spray systems have the same prob-
lem. Hoenig (5) has been able to operate a high-voltage nozzle
system for charged water spray by using a long plastic feed tube
with air bubbles inserted into the water stream. This has worked
with a grounded water source of potentials up to 20 kV.

An advantage of the high-voltage nozzle is that a larger
charging current can be placed on the spray (5) than for the
grounded nozzle case. For the grounded nozzle, there is a ten-
dency at high charging rates for the spray to hit the induction
ring. When this occurs, the drops that strike the ring exchange
charge and leave the ring with a charge of opposite sign from
those leaving the nozzle (the sign of the charge on a grounded
nozzle formed droplet is opposite the sign of the induction
ring). -

Jon Bombardment

Ion bombardment or ionized field charging is the same
mechanism as that used for charging dust particles in an electro-
static precipitator. The droplets are brought through a zone
of ionized gas (gas molecules with a surplus or deficiency of
electrons) from a corona discharge. Ions will attach to the
droplets until sufficient charge (saturation charge) is deposited
to repel further attachment of ions. The saturation charge will
depend on the electric field strength and the corona discharge
field strength. At present, no charged water spray systems have
been reported to employ this mechanism.

Spray Electrification

Spray electrification works on the principle of charge dis-
similarities at interfaces, the same mechanism that charges the
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dust particles. The physics of this process is the least under-
stood of all charge droplet producing mechanisms. Experience

has shown, however, that this is an effective mechanism for
producing charged droplets. Hassler (6) has used this mechanism
as part of a charged droplet scrubber. The primary disadvantage
of this method is the low conductivity (deionized) water re-
quired for effective charging. The necessary deionization equip-
ment with attendant servicing requirements make this method
unattractive for underground use.

2.1.4 Safety Aspects of Charged Water Sprays
in Nongassy Mines

The most obvious potential safety hazard associated with
charged water spray for dust control is personnel safety in
the presence of high-voltage eguipment. The design of any equip-
ment taken underground must be such that personnel cannot con-
tact high-voltage components that are not protected by suitable
current limiting resistors. Further, the equipment must be de-
signed such that damage incurred during the mining operation does
‘not leave high-voltage parts exposed.

For nongassy mines, the electrical safety hazards of equip-
ment may be eliminated by suitable design. Further comments on
this are found in subsections 2.2.1 and 2.2.2 on commercially
available charged spray equipment.

Charged water droplets themselves are as harmless as
ordinary water spray. However annoying electrostatic shocks may
be experienced by individuals in the vicinity of charged sprays.
These shocks are similar to frictional electrostatic shocks felt
in dry winter climates. Shocks occur due to accumulation of
charged droplets on insulated persons. The individual feels a
shock on contacting a grounded conductor.

2,1.5 Experience with Charged Sprays, Fogs, and
Mists for Dust Control

Hoenig (1) is the first researcher of record to investigate
the use of open charged water sprays for reducing fugitive dust.
Some of his earlier work was supported by a grant from the U.S.
Environmental Protection Agency (EPA). Ransburg Corporation
(principally an electrostatic spray painting equipment manufac-
turer}, with Dr. Hoenig as a consultant, also developed a line
of charged water spray equipment {Fogger I and Fogger IT),
Ransburg Corporation sold the Fogger line to Ritten Corporation,
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Ltd. in November 1978 (9). Dr. Hoenig continued a relationship
with Ritten Corporation until March 1981. During this associa-
tion, Dr. Hoenig performed and reported laboratory work as well
as some field trials, supported by the commercial companies (1,5,9).

EPA has continued to be interested in using charged water
droplets for controlling fugitive dust that includes a respirable
fraction. The EPA's Environmental Research Laboratory currently
has two on-going contracts for evaluating charged droplet
effectiveness. This work is being monitored by Dr. Dennis C.
Drehmel, EPA, Research Triangle Park, NC. These programs are
particularly interesting as the application has much in common
with the control of dust in the underground mine environment.

Field tests were performed on a primary crusher in a sand
and gravel operation in Connecticut using the Fogger IV, shown
in Figure 2, a commercially available charged sprayer from
Ritten Corporation. The Foggers consisted of a grounded air-
atomized spray nozzle with a 4-in. diameter high-voltage in-
duction ring., The 5-hp fan shown in Figure 2 produces a velocity
of 10,000 ft/min through the induction ring, which carries off
the charged droplets., Brookman (10) infers that each drop
carried 8 x 104 elementary charges at 20 gal/hr assuming an
average droplet size of 60 um diam.

These tests, reported by Brookman (1l0) were conducted on an
outdoor crusher fed by trucks. The plan view of the crushing
facility is shown in Figure 3. Two Ritten Fogger IVs were
tested at various locations around the crusher pit. High-volume
samplers (hi-vols) were placed downward of the pit. The Fogger
IVs directed the charged fog into the dust plume. Test equipment
positions are shown in Figure 4. It was found that the air
blast from the Fogger IVs was strong enough that it competed _
with the wind in dispersing the dust plume. For this reason,
baseline measurements were determined with the Fogger fans
cperating, but no water sprayed.

Brookman (1l0) indicates dust concentration reductions of
about 65 to 75 percent in the respirable size, with reductions
independent of the sign of the charge on the droplets. The 65
to 75 percent reduction reported seems somewhat optimistic;
from examination of the results, 50 to 60 percent appears to be
somewhat more representative. This will be discussed later in
this section. Uncharged drops produced about a 30 to 40 percent
reduction in the dust concentration from baseline conditions.
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The second EPA fugitive dust control study using charged
droplets has been preliminarily reported on by Mathai, et al. (1l1l).
In this study, a new type of charged droplet device called a
Charged Fog Generator (CFG) has been developed. Figure 5 shows
a schematic of the device which is a modified Ray 0il Burner.

A cup, spinning at 3600 rpm, is used to atomize water. Water
is released into the cup which forms a thin film over interior
surfaces due to centrifugal force. At the rim of the cup the
water film is broken into droplets by the action of centrifugal
force and the air blast from the fan flowing over the outside
of the cup. This is a standard atomizing technique used in oil
furnaces, paint spraying and other industrial applications.
Charging current is placed on the water through a connection
between a 15-kVdc power supply and the water line. This makes
this system a high potential nozzle induction charging system.
Since the water supply line 1s at high potential, the water
supply must be electrically isolated from ground.

For this charged droplet device, Mathal, et al. report a
typical charge to mass ratio of 1.2 x 10~% C/g with a 200-um
mass median dlameter drop. This implies a typical 200-um drop
charge of 3 x 107 elementary charges., The fog emitted covers a
volume of 16 to 24 m3, and the water flow rate is variable from
8 to 70 liters/hr.

The test site was a belt lcading hopper at a Wyoming
Bentonite Plant (see Figure 6}). The CFG and the sampling
equipment were located as shown. The cyclone separator of the
sampling train passed less than 7.33 um particles for collection.
Baseline conditions were taken with only the fan of the CFG
operating (no water flow). Experimental tests were made with
charged and uncharged fog. The charged fog was presumably
positive, as reference was made to the effect that negative fog
tests were planned.

Mathai, et al., results indicate that charged drops reduce
dust concentration for the 7.33 um particles about 63 percent.
Uncharged droplets produced about a 30 percent reduction from
the baseline.

Examination of data from both Mathai, et al., and Brookman
shows a surprising consistency when the differences 1in processes,
charge droplet equipment, and sampling are considered. Figure 7
shows side-by-side plots of both sets of data. From this emerges
a pattern of scattered results, with charged droplets reducing
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dust concentration roughly 55 percent, while uncharged droplets
reduced dust concentration only 30 percent. While this data

base is limited, it provides a general indication of the magnitude
of dust control effectiveness expected from charged water sprays.
Further, it is likely that optimum conditions for dust control
have not been attained.

2.1.6 Theoretical Considerations

Interest in the collection of small particles by charged
droplets originated with workers in cloud physics. Later these
workers were joined by investigators who were interested in air
cleaning using charged droplets.

Wang, et al. (12), delineates the history of theoretical
considerations for the collection of fine dust particles by
water drops. They trace the theoretical work directed toward
accounting for the various mechanisms that bring single drops
and dust particles together. Varicus investigators (3,12-16)
have considered the following mechanisms: o

a. Inertial impaction - Separation of dust from air

streamlines due to inertial forces, such that a col-
lision with the droplet occurs as shown in Figure 8.
Investigations have included geometric considerations
of interception that accounts for the radius of the
dust particle.

b. Brownian diffusion ~ The random movement of dust
particles due to molecular collisions. These random
motions separate the dust particles from streamlines
around the droplet, increasing the probability of the
dust particle contacting the droplet surface.

c. Electrostatic attraction - The moving together of dust
and droplet due to attractive electric forces. As
shown in Figure 9, this may be due to charges of
opposite sign on the dust and droplet or similar
charges on the dust and droplet in the presence of an
electric field.

d. Phoretic forces — The motion of a dust particle caused
by unbalanced momentum flux of air molecules over its
surface. This is due to gradients, such as:
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1. Diffusiophoresis - Particle motion in a gas con-
centration gradient such as the water vapor con-
centration gradient near an evaporating water
droplet

2. Thermophoresis - Particle motion in a temperature
gradient.

The results of all these investigations indicate that c¢harge
on the drops and the presence of an external electric field aid
the respirable dust collection efficiency of sirngle drops.
References (15) and (1l6) conclude that collecticn efficiency is
larger for small, highly charged drops. This is because the
electrical attraction for dust particles dominates the inertial
mechanism. Hence a slower-settling, smaller drop sweeps a
larger zone of particles (particles assumed charged) than a faster-
settling, larger drop. The slower movement allows more time for
the electrostatic effects to act.

From these analyses, however, no simple rules-of-thumb emerge
for charged spray dust collecticn. There is a lack of experi-
mentation that correlates with theory. A difference of opinion
exists regarding the effects of relative humidity (RH) or evaporation
of the droplet. Some calculate that during droplet evaporation
(low RH), diffusiophoresis will decrease the collection efficiency
cf the drop. A more rigorous analysis by Wang, et al., (12},
indicates that as the drop evaporates its temperature decreases
and the resulting thermophoresis increases the collection
efficiency of the drop.

At this time, these analyses have not aided the engineering
design of systems for dust removal by charged water spray. The
single droplet efficiencies have not been extended to consider
effects of interaction of clouds of charged dust and drops.

Melcher, et al. (17), have develcped an analytical model
for systems of charged particles and droplets based on character-

istic times. Based on these characteristic times, collection
efficiency of various sysiems (not single drop efficiencies) can
be estimated. Systems for electrostatic remcval cf particles

are classified in Figure 10. For charge sprays, the possible
electrostatic removal mechanisms are:

a. Space charge precipitation (SCP) - Dust of the
same sign as the net space charge is self-precipitated
due to mutual Coulomb repulsion.
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b. Charged droplet scrubber (CDS-I) - The charged droplets
collect dust of opposite electrical sign. This is the

system usually considered for charged particle removal
by charged droplet.

c. . (Charged droplet precipitator (CDP) - This is similar
to the SCP, except that droplets with the same sign _
as the dust are injected. Coulomb repulsion precipitates
the dust particles out of the system. This may be
enhanced by icns that are artifacts of the charged

spray equipment attaching to dust particles, as depicted
in Figure 11.

The electrical time constants in these systems are:

1. Self-precipitation characteristic time o©f the droplets,
= o
R NQB
= ‘ ‘
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FIGURE 11. - Ion enhanced CDP.
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2. The collection characteristic time for the dust to
attach to the charged drops,

£

T = =2
c NOb
3. The precipitation characteristic time for the dust to

be repelled from the system by drops of the same sign,

£

T = —=
c NQOb
4. The self-precipitation characteristic time for the dust

to be repelled from the system,

where the nomenclature is:

b = the mobility (velocity in a unit electric field)
of the dust (m2/sV)

B = the mobility of the drops (m2/sV)

n = the number density of particles (l/m3)

N = the number density of droplets (1/m3)

g = the charge per dust particle (Coulomb)

Q = the charge per droplet (Coulomb)

e, = 8.85 x 10712 (farad/m). |

To determine scrubbing efficiency, these electrical time
constants are compared to the residence times of the dust and
droplets in the scrubbing zone. Using this method, Melcher,
et al. (17), were able to correlate their theoretical predic-
tions for efficiency experimentally in the laboratory. The
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application of this method is used in this report tc attempt a
mathematical estimate of control effectiveness. This is dis-
cussed in subsection 2.3.

2.1.7 Concluding Remarks on Historical Review

The use of open charged water sprays to control respirable
dust is less than a decade o0ld. There is lack of theory cor-
related to experiment. For this reason, the technocleogy is con-
sidered immature. The capabilities and limitations are only
vaguely understood. The work of Hdssler (6) seems to be unigque
in guantitative determination of natural charge on dust
particles, hence little is truly known about the character of the
dust tested. Theory for the removal of suspended dust by water
drops, including electrical effects, has, for the most part,
advanced without the support of experiments, the exception
being work by Melcher, et al. (l7). The independent field tests
by Broockman (10) and Mathai, et al. (ll), indicated the effective-
ness of using charged water spray mist or fog for control of re-
spirable dust (see Figure 7). It is unlikely that this technique
is optimized, but it is clear that a demonstrable effect exists
that can be used to reduce dust concentrations.

Commercial charged water eguipment exists for dust control.
This is reviewed in the following section.

2,2 Charged Water Spray Equipment Review

Producing charged water droplets using the techniques de-
scribed in subsection 2.1.4 is a relatively simple matter. For
underground use, however, even for pilot testing, the equipment
must be suitably robust and present no personnel hazards.

Two companies have supplied commercial charged spray equip-

ment for dust control. They are:
a. Ritten Corporation, Ltd.
b. Keystone Dynamics, Incorporated.

Recent information indicates that Sonic Development Corporation
of Mahwah, NJ has bought the Ritten technology. 1Inguiries for
information should be directed there. Equipment for these
companies is discussed in following subsections.



44

Additionally, Sonic Development Corporation produces a
sonic atomizing nozzle that was reported by Hassler (6) to pro-
duce autogenous electrically charged fog when deionized water 1is
used. While Sonic Development circulates reprints of Hidssler's
work, their equipment is not currently available for industrial
application. The equipment reported by Mathai, et al. (11)
is under evaluation by AeroVironment as a potential commercial
product. At present, AeroVironment will build units on a custom
developmental contract basis; however, the equipment is not
sufficiently developed to ensure safety for unskilled personnel.

Selection of charged spray equipment for testing was
limited to the commercially sold units. For Phase II testing,
the Keystone Dynamics Dustron unit was selected. Reasons for
this selection are discussed in the following subsections.

2.2.1 Ritten Corporation Equipment

The Ritten Corporation is no longer taking orders for
their charged spray equipment. Until recently, however, they have
promoted a line of four models of charged spray equipment called
"Foggers." These units use air atomizing spray nozzles with
electrostatic induction rings to charge the droplets. The
Fogger IV is shown in Figure 2 and was used by Brookman (10)
in tests described in subsection 2.6. Table 1 shows the ™,
brochure information for Brookman (10). Foggers III and IV
employ fans to blow the charged droplets into the dust cloud.
These units are too large to be considered for underground use.

A Foster-Miller project engineer visited Ritten Corporation
and discussed application of their Fogger line to the underground dust
control problem. Ritten Corporation's recommendation was to use
Fogger I units (see Figure 12). Foster-Miller's engineer ex-
amined the equipment and identified the following problems:

a. There is an exposed charging ring at a potential of
6 kV. The ring could cause a severe shock, and, be-
cause it is believed there is no current limiting
resistor in the circuit, may even be capable of
causing life threatening shock.

b. There is no visual indication to show whether the
charging ring is energized.



TABLE la. - Ritten equipment

Water Air Auxiliary fan Induction
consumption | pressure discharge ring charging
(up to) (up to) velocity voltage Power
Fogger Type of spray (gal/min) (lb/in.2) (£ft/min) (kVv) consumption
P
I Air atomized 1/4 110 None 6 30w
IT High-pressure water 1/2 - None 6 30w
I1I Air atomized 1/3 Not known 7,000 Not known Not known
v Air atomized 2/3 125 10,000 8 8 kW
TABLE lb. - Dustron equipment
o e - Water Air Auxiliary fan Induction |
consumption | pressure discharge ring charging !
Model T £ (L_lp t‘?) (up ‘.:O) velocity voltage Power :
ype of spray (mil/min) (lb/in. ") (ft/min) (kv) consumptionf
100 | Air atomized - 300 80 None 8 25w

S¥
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c. The power supply to the fdé&érAhead is £ﬁ£6ﬁéﬁ_ggmnﬁ_
unprotected lightweight cable. If this is damaged
it can expose personnel and equipment to 6 kV.

d. The fogger head when operated in a damp atmosphere
can, under certain conditions, short circuit from
the induction ring to ground causing the unit to burn
out.

e. The control case contains all three services for the
fogger head. It is not considered good practice to
mix water and high-voltage electricity in the same
case. :

f. The control box examined did not have labels on
switches or indicator lights to inform an operator
of their functicns. Neither was there a label on
the fogger head to warn of the high voltage.

It was decided, after consideration of these procblems, that the
Ritten equipment should not be used for an underground demon-
stration because of excessive risk of personnel injury and
potentially unsatisfactory reliability of the equipment,

2.2.2 Keystone Dynamics, Incorporated Equipment

The Dustron Mist Emitter, manufactured by Keystone Dynamics,
Inc., Ardmore, PA, was the only charged spray equipment commer-
cially available at the time of egquipment selection. The
principal of Keystone, Mr. E. Hastings, is a former employee of
the Ritten Corporation and the Dustron unit operates in a manner
similar to Ritten Corporation's Foggers. The dustron has an
air atomizing nozzle with an induction ring for charging the
droplets.

Foster-Miller's project engineer visited the Keystone plant
and inspected the equipment. The Dustron equipment has several
improved design features which make it suitable for industrial
applications. More robust packaging would be desirable for
general underground use, however.

The Dustron consists of distinct modules, as shown in
Figure 13. This approach separates the water and the high-
voltage supply. Details of each module are described below.

Power Supply

This is a well-mounted, dustproof and waterproof enclosure
(NEMA 4 rated) that contains a low-voltage supply. The elec-
trical input is 115 Vac, 60 Hz, 25W, and it converts the supply
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to 24 vdc. The unit is usually used to control two mist emitters.
It is fitted with display lights to indicate input power and
output power. Connectors to the unit are waterproof.

Atomizer Operating Station

The operatlng station is a wall-mounted enclosure from
which the air supply and water supply to the emitter are con-_
trolled. It is clearly labelled and is fitted with gauges to
permit accurate control of the water and air. _The station re-
gquires a supply pressure of at least 60 1b/in.2 for water and
an air pressure of 80 1b/in.2. The station contains filters
for both air and water, but it is likely that these will require
some upgrading for mine use.

Mist Emitter

The emitter consists of a phenolic block in which the in-
duction charging ring is encapsulated. An air atomized nozzle
is mounted along the centerline of the block. On top of the
block is a waterproof enclosure into which there is a 24 vde,
5W input. The voltage is converted within the enclosure to
about 8 kVdc and supplied through internal connections to the
charging ring. Certain design features of the emitter, which
are not obvious, do have some specific benefits:

a. The supply to the head is 24 vdc. Damage to the sup—
ply cable will not endanger persoconnel.

b. The 8 kV induction ring to charge the droplets is
encapsulated, preventing personnel from receiving
electrical shocks.

c. An annular air gap exists between the head and ground.
The air is bled off the supply to the nozzle through
this annular gap at a rate of about 2 ft 3/min. This
feature is to prevent the unit from shorting to
ground when the head becomes saturated with mist.

d. The electrical enclosure is waterproof (NEMA 4) and
is fitted with waterproof connectors and a light that
indicates when the emitter is powered.

The mist emitter also differs from the Ritten Fogger in that
the nozzle is suspended in a hole within the phenolic block.
Upcn activation, the action of the spray and compressed air from
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the nozzle induces an airflow through the spray. The Ritten
unit has the spray mounted against a bulkhead within a tube.
The air atomizing nozzle used for the majority of applications
is a Spray Systems Co. 1/4 J-4 using a 601000 fluid cap and a
120 air cap. By using different air caps and varying the com-
pressed airflow and water flow, a wide variety of sprays and
droplets sizes can be produced.

The 1981 cost of the Dustron units are as follows:

Dustron Mist Emitter, Model 100 $1,475
Atomizer Operating Station, Model 200 1,025
Power Supply, Model 300 425
Total system with two emitters $4,480

Keystone provided a Dustron unit free of charge for Foster-
Miller's evaluation as part of this program. Several days of
testing were performed in Foster-Miller's dust booth. Through
these tests, which were primarily environmental in nature, it
was found that:

a. The units tolerated a high dust and mist environment
without adverse effects such as high-voltage short-
circuiting.

b. The phenolic block containing the induction ring
could be touched while wet with the ring energized
without feeling electric shock.

The Dustron units as presently configured are suitable
for operation at some locations underground. At present, the
cases and cabinets are not sufficiently robust to be mounted

where mining equipment could cause damage, however. This ‘equip-

ment could be "hardened" for more. general mine use.
2,2.3 0Other Charged Spray Equipment

In searching for charged spray equipment, several electro-
static spray painting equipment manufacturers and several spray
nozzle firms were contacted by telephone. Some novel features
were discovered which could be incorporated in future develop-
ments of dust control charged spray equipment,
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Speeflc, of Houston, TX, has a very novel design of an
electrostatic paint gun that has no external electrical power
requirements. The electrostatic gun has a small 9-ounce
cartridge that incorporates an air turbine generator, a miniature
high-frequency oscillator and advanced voltage multiplier
circuitry. The output from this tiny unit is 55 kvVdc with an
output current of 100 uA. The air requirement is up to 18 ft3/min
at 70 1b/in.2. This device could be used in a charged water
spray device, obviating the requirement for electric power.

Under mining conditions where electric power is not available or
its application is undesirable, this would be an advantage.

Nordson, Norristown, PA, produces a very wide range of spray
guns, several of which spray water-based paints. The most in-
teresting was the electrostatic gun for spraying waterborne
coatings. This gun charged the paint particles after they
had left the nozzle, eliminating the problem of isolating the
fluid line to prevent grounding the charge. The charger operates
at a voltage of 76 kVdc. During the search this was the only
design of paint spraying system that did not require an isolated
fluid line. ©No distinct advantage has been identified for this
approach at this time, but its unigueness makes it worth noting.

Interrad Corporation, Stamford, CT, sells a French line of
spray eguipment produced by Sames Division of D'Air Industrie,
Grenoble. A specialty of Sames is that they produce a sprayer
that uses an ultra-high-speed spinning disc. Air atomized
droplets are relatively large. To yield a very high-gloss paint
coating, however, the spray gun must produce fine droplets.
Electrostatic bells (discs or cups) have been used for some time
to generate small droplets, but have not been operated above
3000 rpm. However, because of EPA requirements, the industry
has turned towards waterborne paints, which are more difficult
to atomize due to a stronger surface tension. Sames has over-
come this by electrostatic charging and by using an ultra-high-
speed bell. They apply voltage up to 100 kV and spin the disc
at 30,000 rpm.

This type of design is probably the only one that can pro-
duce uniform small sized droplets. This is ideal for experi-
mental work as it allows investigation optimally sized charged
droplets.

The final product of technical interest was the Sonic
Nozzle. This atomizing nozzle has an air-driven acoustic
oscillator for atomizing liquids by passing them through a pressure
field of high-freguency sound waves. Compressed air is accelerated
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beyond the speed of sound through a convergent/divergent orifice
and then reflected back to amplify the primary shock wave. The
liquid, upon reaching the shock wave, is shattered into very
fine droplets. This novel mechanism results in a very finely
atomized spray. Sprays of this type were used by Hassler (6).

The largest manufacturer of spray nozzles in the United
States is Spray Systems Co. Foster-Miller contacted them to
determine if any of their customers produced charged water
spray equipment. They were unaware of any such applications.
Their development department, however, had performed particle
sizing analysis of sprays for Professor Edward Law, Department
of Agricultural Engineering at the University of Georgia., He
has published several papers on electrostatic induction spray
charging (7) and has developed potential charged spray equipment.
His efforts were concentrated on the charged spraying of
agricultural fertilizers and pesticides. It is believed the
patent rights now belong to FMC and they have yet to market
the equipment. If this equipment comes on the market, it may
be applicable to mining applications of charged water spray.

2.3 Mathematical Model for Charged Droplet
Dbust Removal

The development of a predictive mathematical model for dust
removal by charged water sprays is a difficult task. The scope
may be appreciated by realizing that no such predictive model
exists for dust removal by conventional water sprays in a mining
type environment. "Cut and try" remains the major water spray
system design method for underground applications.

For a developing technology like charged water spray dust
control, the objective of the analytical effort is to determine
analytical relationships that explain experimental observation -
to explore the possible mechanisms and identify those that ex-
plain the results. Models yielding results that contradict
well-controlled experiments must be rejected in favor of those
that appear supportive of the experimental work. To "close
the loop," well-controlled experiments must continue to ensure
that the model continues to apply under different experimental

conditions.

The development of a mathematical model is presented in
Appendix A, where several mechanisms for charged spray dust
removal are considered and discarded because they do not appear
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consistent with the results of recent experimentally observed
results. Ancther mechanism - the charging cf dust particles

by ions emitted with the charged spray - is discussed and offered
as a more satisfactory explanatiocon for observed behavior,

In this section we briefly summarize the following:

a. Possible charged spray dust removal mechanisms

b. The simplifying assumptions of the analytical model

c. The comparison of the model output with experimental
results

d. An explanation of the "ion charging" mechanism.

2.3.1 Dust Removal Mechanisms

Dust located in the immediate vicinity of the charged
droplet generator (sprayer), where drops are decelerating, is
subject to the same inertial scrubbing as with conventional
sprays plus some enhancement through electrostatic attraction
between charged drops and dust particles. Once the droplets
have slowed to terminal velocity, charged droplets have many

possible mechanisms for promoting dust removal. Some are:

a. Electrostatic forces attract oppositely charged dust
(charged droplet scrubbing, CDS). This is the usual
qualitative explanation given for charged spray dust
control ‘

b. Charged dust particles with the same sign as the charged

droplets are repelled or precipitated from the dust
cloud due to the electric field from the space charge
of the droplets (charged droplet precipitator, CDP)

c. Self-repulsion of the charged drops drives the droplets
at velocities greater than gravitaticnal settling,
enhancing inertial scrubbing.

It is likely that all three mechanisms presented above con-
tribute in some degree to charged spray dust removal. The pur-
pose of the mathematical model is toc identify the dominant
mechanism(s) .
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2.3.2 Assumptions of the Mathematical Model

Since the process is complex, it is necessary to make
simplifying assumptions to estimate predictive effects. The
assumptions for the model of Appendix A are:

a. Most of the dust removal occurs far from the charged
sprayer so that inertial scrubbing during droplet
deceleration is ignored.

b. In the volume of interaction between the dust particles
and the charged droplets, the dust and droplet concen-
trations are homogeneously mixed due to turbulence.

C. The dust particles and the water droplets are of
uniform size and charge. True distributions are
unknown.

d. The space charge density due to the drops is greater

than the space charge density due to the dust. This
makes the motion of the droplets independent of the
dust.,

e. The droplets are charged to saturation in the charging
field of the droplet generator. This assumption is
examined again in light of results.

f. The droplets move due to electrostatic and gravita%ional'
forces.
g. Charged dust partiéles move due to electrostatic

forces only; that is, inertial collection is ignored
as well as motion of neutral particles in diverging
electric fields.

h. The droplets neither evaporate nor ccalesce., They
are removed only at the boundaries of the interaction
volume.

2.3.3 Comparison of Mathematical Model Results
with Prior Experiments

By calculating a time for a substantial dust reduction (time
constant), assuming the commonly held notion of operation as a
CDS, it is found that the predicted time constant is 4.3 min.



55

This is somewhat long for explaining the dust reductions reported
by Brookman. The CDS does not seem to be the dominant dust
removal mechanism, In conversation, Brookman reported that
self-repulsion of the droplets leaving the generator is not
observed. This means that the drcplets are not charged to
saturation, Therefore, actual time constants for this model
should be even longer than calculated. Also, since the droplets
are not observed to “explode" out of the generator, they are
unlikely to be driven fast enough by the electric field to
enhance inertial scrubbing.

Since the CDP has the same numerical time constant as the
CDS, it is not likely to be the dominant mechanism either. The
basic problem is that the dust particles do not carry enough
charge. Without adequate charge, the electric mobility is too
low for rapid particle removal. Another mechanism must be
identified.

2.3.4 Ion Charging of Dust

It is likely that ions (gas molecules with a surplus or
deficiency in electrons) are emitted as artifacts of the charged
droplet generators. Emitted ions will attach to dust particles
in free air just as they do in the charging section of an
electrostatic precipitator. Dust particles so charged will
have the same electrical sign as the droplets. Particle mobilities
will be higher than those of the naturally-occurring charged
dust. The space charge from the drops and ions will produce a
precipitating electric field which drives the charged dust out
of the cloud. If there are surfaces such as walls, roof, or
floor at the edge of the cloud, particles will be deposited
there. If not, the dust particles will be forced into clean
ailr. Either way, the amount of dust driven out of the cloud
will lead to a decrease in dust concentration. This charging
and precipitation mechanism is called a single-stage CDP.

Using estimates for this effect, in Appendix A, a time
constant for significant dust removal is found to be 23 sec.
This magnitude of time is consistent with the effects observed
by Brookman. Further, Brookman's data showed that dust re-
duction is not dependent on the sign of the charge placed on
the droplet. This observation is in accord with the single-
stage CDP model as ionic charging of the dust would overwhelm
the natural charge on the dust.
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It also follows from this model that ion injection without
droplets could be an effective dust control technique where
use of water spray is undesirable. Exploratory tests of ion

injection were conducted during this program. They are described
in detail in Section 3 of this report.
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3. LABORATCRY DUST REDUCTION TESTS

3.1 Introductory Remarks

A series of laboratory tests were performed tc assess the
effectiveness of charged droplet removal of dust. Dustron
equipment was used as it was the only commercially available
equipment at the time of testing. Measurements of the time decay
of dust concentrations in an enclcsed chamber provided the prin-
cipal test of charged spray effectiveness. This technique is as
valid as the more common steady-state dust removal (reduction)
measurements but does not reguire a steady-state dust source
which is difficult to achieve. Further, the decay measurements
directly relate to the "time constant" of Melcher (8). Appen-
dix B 1s a development of the experimental phenomenclcgy which
shows that linear dust removal mechanisms, such as sedimentaticn,
dilution and charged or uncharged droplet scrubbing may be iso-
lated and gquantified. This appendix alsoc shows that the dust
removal efficiency due to the droplets.is related to the ratio of
the residence time and Melcher's time constant. Assumpticns on
which this approach is based include:

a. The dust behaves as a monodispersed aerosol

b. Removal mechanisms are linear; that is, removal rate
of dust is proportional to the concentration of dust.

These assumptions are supported by the log-linear nature of the
resulting data. Resulting data shows log-linear time decay for
over two orders of magnitude decreases in concentration value.

3.2 Test Chamber

Figure 14 depicts the 420 f£3 (11.9 m3) cubical test chamber.
The plywood walls are lined with grounded aluminum screening
material. This lining ensures that the charged drcplet cloud is
not affected by external electric fields. A mixing fan mounted
near one corner of the chamber maintains homogeneous concentra-
tions of dust and droplets within the chamber.

The chamber is force ventilated. A fan in the inlet duct
brings room air in through an orifice meter. The inlet air is
directed through a small chamber where two Dustron Mist Emitters
are located. Ventilation air is exhausted through an exit in the
roccf cf the chamber. The dust concentration is monitored in the
exhaust duct.
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FIGURE 1l4. - Test chamber.
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Dust concentrations were monitored using a GCA Corporation
RAM-1, real-time dust monitor. Concentration data was recorded
manually and/or with a data logger. Most sampling was through a
10 mm cyclone to determine effects on the respirable dust fraction.
Some samples were collected through Model PS-4 particle sizing
impactors from GCA Corporation. These impactors are compatible
with the RAM-1 instrument. Fifty percent cut points are 8, 4, 2
and 1 um. The RAM-1 instrument measures the mass concentration
which penetrates the impactor selected.

Dust was blown into the chamber with a NBS type dust feeder.
Steady-state feed was not achieved nor is it necessary for this
testing method.

3,3 Mist Emitters

Dustron Mist Emitters, manufactured by Keystone Dynamics,
Inc., are used to produce the charged spray. Both positive and
negative emitters are available. Air atomizing nozzles are used
to produce a fine spray of droplets. Most of our testing was
performed with orifices recommended to us by the manufacturer.
These are described as 180 air cap and 60100 water cap. Water
flows up to 300 ml/min are monitored through rotometers which are
part of the Dustron equipment. A driving air pressure of 60 psi
(413 kPa) was used in all dust tests. Air pressures are monitored
by pressure gauges that are also part of the Dustron egquipment.

3.4 Test Dusts

The three test dusts were:

a. Fine Arizona road dust from the AC Division of General
Motors

b. A fine talc powder

C. Molybdenum ore samples milled in a fluid energy mill
to approximately 80 percent respirable size.

3.5 General Test Procedures

Tests were run to determine the time decay of the suspended
dust under the following conditions:



60

a. Dust without any spray applied

b. Dust with uncharged {not intentionally charged)
spray applied

C. Dust with charged spray applied.

Three ventilation flow rates were used: 210, 420 and 840 ft3.min
(5.9, 11.9 and 23.8 m3/sec). These rates corresponded to resi-
dence times (V/Q or chamber volume to ventilation flow ratios)

of 2, 1 and 0.5 min, respectively.

In performing a test, ventilation flow and spray was first
established. A background concentrations reading from the RAM-1
instrument was determined. Background readings consisted of room
dust and sensitivity of the RAM-l to the water mist. Typical
values were below 0.12 mg/m for no spray and charged spray while
uncharged sprays produced values below 0.24 mg/m

Having established the background levels, _the test dust was
injected until a concentration of over 15 mg/m® was achieved. '
At this point, dust injection was stopped. As the dust concen-
tration decayed to about 15 mg/m3, the initial concentration,

Co, was taken at time t = 0 and then the dust concentration,
C, was recorded as a function of time, t, for several residence
times. After five or more residence times, the ventilation flow
flushed out the chamber to the initial background level. . (Also ~
see Table of Symbols B~1 in Appendix B.)

Background concentration readings were subtracted from all
the recorded values to obtain net Cg and C of t. The

logarithm of the ratioc C/Cqo was plotted against time and/or a
linear regression fit of &n C/Co versus t was determined.

3.6 Dust Decay Results

Linear regressions of 4&n C/Cg versus t have correlation
coefficients exceeding 0,999 for concentration decays over two
orders of magnitude to about 0.15 mg/m3. This verifies the
assumptions that the important removal mechanisms are linear and
that, for the purpose here, the respirable dust fraction and
impactor penetration fractions behave as though monodispersed.
Linearity of the mechanisms is important because it permits the
magnitude of the various dust removal mechanisms, especially the
charged droplets, to be isolated and quantified. For example,
subtracting the absolute value of the dust only decay slope
{from the linear regressions equation or from the graph) from the
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slope determined when charged spray is applied gives the net decay
~slope due to the charged droplets. The reciprocal of this slope
is the characteristic time or time constant for droplets to reduce
the dust concentration. 1In one time constant the measured dust
concentration decreases to about 37 percent of initial value.

Figure 15 shows typical results for dust concentration decay '
with time for the various test cases. Actual experimental data
points are shown. TFigures 16 to 19 show the dust decay curves for
all tests. The lines shown in these curves are from the slopes
determined by linear regression fit of the test points. These
cases cover:

a. Dusts
1. Arizona road dust (fine)
2. Talc
3. Milled molybdenum ore
b. Residence times of:
1. 0.5 min
2. 1.0 min
3. 2.0 min
C. Spray water flow rates of:
1. 100 ml/min

2. 200 ml/min
3. 300 ml/min

d. Droplet charge
1. Positively charged
2. Negatively charged |
3. Combined positively and negatively charged
4. Unchargéd

e. Dust sampled through:
1. A cyclone

2. Impactor separators.
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Figure 20 shows set results gg_ﬁampllng through the impac- |
tor separators compared with sampling through a cyclone separator.
Note the small spread among impactor fractions and between impac-
tor fractions and cyclone fraction. The reason for the slow decay

rate for the less than 8 um impactecr fraction is not understocd.

Table 2 summarizes the decay rate data for respirable dusts.
The values AR are the net slopes when charged spray is applied.
The time constant for dust removal by charged spray is l/ARD

3.7 Other Tests

Tests run in addition toc the dust reduction testing included:

a. Electric field measurements due to the charged droplet
cloud in the chamber

b. Electric currents tc the spray nozzle and from the
charged spray

c. Droplet sizes
d. Net charge on respirable dust.
3.7.1 Electric Field Measurements

The electric field was mconitored at a point near the center
of the chamber wall behind the mixing fan (Figure 14) during dust
decay tests using a Monrce Mcdel 245 Electrostatic Field Meter.
For a given geometry such as the dust testing chamber, the electric
field is proportional to net space charge (the charge suspended in
the air principally due to the charged droplets cloud). The time
constant is inversely proporticnal to the space charge density
due to droplets. Hence, the decay rate of dust concentration
should be higher for higher space charge densities which also
yield higher electric field strengths.

The electric field strength from the dust clouds without
charged droplets averaged about 0.3 kV/m. This value was near
the threshold of instrument detection capability. Sprays that
were not intentionally charged produced electric field strengths
averaging about 2 kV/m.

Charged sprays, either positive or negative, produced élec-
tric field strengths that ranged from over 1 x 103 v/m (for two
minute residence times and 300 ml/min water flow rates) down to
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TABLE 2. - Respirable dust decay rates
(min-I) = 1/7
Milled molybedenum cre

Spray flow
q V/Q (min) Dust + Spray - Spray ARD, + ARD, -
100 ml/nin 1.0 1.166 1.619 1.675 0.453 0.509
200 ml/min 1.0 1.166 1.680 1.667 0.514 0.501
300 ml/min 1.0 1.166 1.682 1.665 0.516 0.499

Milled talc

Spray flow
o} V/Q (min) Dust + Spray - Spray ARD, + ARD, -
300 ml/min 2.0 0.623 1.206 1.252 0.583 0.629

Arizena road dust

Spray flow
gq v/Q (min) Dust + Spray - Spray ,ARD, + ARD, -
100 ml/min 0.5 2.0382 2.3603 2.1836 0.322 0.145
1.0 1.1481 1.432 1.5018 0,284 0.354
2.0 0.5859 1.0709 0.9480 0.485 0.362
200 ml/min 0.5 2.0382 2.6738 2.5637 0.636 0.526
1.0 1.1481 1.5025 1.6027 0.454 0.455
2.0 0.5859 1.2175 1.1700 0.632 0.584
300 ml/min 0.5 2.0382 2.6869 2.6623 0.649 0.624
1.0 1.1481 1.6905 1.6952 0.542 0.547
2.0 0.5859 1.253 1.183 0.667 0.597




70

about 3 x 104 Vv/m (for half minute residence time at 100 ml/min
water flow rates). For a given residence time, electric field
strength increased with water flow. For a given water flow, elec-
tric field strength decreased with residence times.

Electric field strength values varied spatially within the
chamber. If the charge was uniformly distributed throughout the
chamber, Gauss' Law predicts maximum field strength at the center
of chamber walls. Experimentally, however, traversing into the
chamber with the field meter probe indicated larger field strengths
away from the walls. Field strengths of 5 x 105 to 10 x 102 v/m
were found at the chamber interior, versus strengths of 1 x 10
at the wall. This indicates the space charge density was not
uniform inside the chamber but was probably concentratea_IE“EHE o
spray plume. ————

3.7.2 Spray Currents

Electric current flowing from ground to the spray nozzle and
electric current flowing from the resulting droplet cloud to
ground were measured. Measurements of charging current, spray
water flow rate and droplet size permit an estimate of typical
droplet charge. Theory indicates that, when all else is equal,
hicher charge on the droplets produces faster dust removal (see P, 40)

Ve

The Dustron Mist Emitters use electrostatic induction to
charge droplets. This regquires current flow from ground to the
spray nozzle. The spray nozzle was electrically isolated such
that all droplet charging current flowed through a Keithley
600B electrometer. This provided a measurement of current flow-
ing to the droplets or current to the spray.

The spray plume of charged droplets was directed into a
cylinder of aluminum screening material closed on one end. Most
cf the water droplets coalesced and discharged on the screening.
The electrometer connected between the screen and ground measured
the current from the spray.

Figure 21 shows the currents t¢ and from the spray as a func-
tion of water flow. The flattening out of the curves has been
observed by Law (7). An unproven explanation of this flattening
‘at higher flow rates is that the water on the outside of the form-
ing spray shields the water on the inside. The current to the
spray nozzle is consistently higher than the current collected
from the spray plume in the screening material. Reasons for this
difference may include:
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a. Corona or other currents from the spray nozzle
which reach the induction ring bypassing the !
electrometer connected to the screening ‘

b. Charged droplets which pass through the screening
- material without being collected.

The second reason is the most likely since we observed some drop-
lets passing through the screening. The small difference in the
two measurements indicates that the current flowing to the spray
is a good estimate of the charge placed on the droplets.

Air pressure affected spray current. Increases or decreases
in air pressure to the nozzle produced corresponding increases
and decreases in spray current. This is probably due to droplet
size. For a given water flow, higher air pressures are expected
to produce smaller droplets which will have a larger surface to
volume ratio than larger droplets. The charge induced on the
droplets is expected to be proportional to the droplet surface
area. Hence, higher air pressures will produce higher spray
currents.

The Dustron eguipment has a fixed induction ring voltage.
No attempt was made to alter this voltage to change droplet charge
levels. ‘

3.7.3 Droplet Size

Droplet size information is necessary for correlating experi-
mental results with theory. From droplet size information, droplet
number density and droplet charge information may be inferred.
Droplet size information was obtained on a droplet analyzer at Bete
Fog Nozzle, Inc. in Greenfield, MA. They have developed a video
computer system for analyzing spray droplets., A small volume of
the spray to be analyzed is imaged inside a video camera using a
strobe light to stop the motion. The image is frozen and auto-
matically processed using the known optics of the system to provide
information on droplet size. Images may alsc be examined on a
video monitor to ensure proper focus.

Tabulated in Appendix C is the computer printout of the sized
droplets for the conditions of:

a. 100, 200 and 300 ml/min flows at 60 psi air pressure

b. Negative and no charge applied to droplets.

Summarized in Table 3 are the volume mean sizes for the various
test conditions.
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TABLE 3. - Volume mean diameter um
Charge/Flow 100 ml/min 200 ml/min 300 ml/min
- 25 30 33
0 23 30 35

2 large number of drops would improve the statistical esti-
mate of droplet mean sizes. However, the sparse population of
droplets in the spray made gathering such a large number imprac-
tical. The values here are, therefore, only suitable for esti-
mating theoretical performance.

3.7.4 Net Charge on Respirable Dust

Early workers in charged fogging for dust control implied
that fog opposite in charge polarity to the net charge on the
dust should be used for maximum effectiveness. In an attempt to
measure the net charge on the dust, a personal sampler with cyclone
and modified filter was used, The filter holder was enclosed in
an isolated metal guard so that any charge deposited on the filter
would electrostatically induce an opposite but equal charge on the
metal guard. A Keithley 600B electrometer set on the coulomb
scale was connected between the guard and ground.

No net charge was detected when dust was sampled from the -
test chamber. This could be due to:

a. No charge on the individual dust particles
b. Approximately egual amounts of positive and negative

charges distributed over the dust (charged bhut no
net charge).

3.8 Correlation with Thebry*””"”

A comparison of theoretical prediction using the model of
Appendix A with experimental results indicates a plausible cor-
. relation, Definitive correlation regquires a measurement of dust
mobility (velocity of charged dust particle in a unit electric
field) which we did not attempt to measure in this testing program.



We expect that the effort to make this measurement alone could.
be greater than the entire experimental program reported here,

Hence,

we directed rescurces toward measurements which could be

made within the scope of the program.

Consider the conditions shown in Table 4.
are representative for all dusts tested.

These conditions
The model indicates that

dust concentration will decrease with a time constant of:

TN Qo b
e
where
e, = 8.85 x 10712 F/m
= droplet number density (m~3)
Qe = charge per drop (C/drop)
b = dust mobility (m/s/vV/m).
TABLE 4. - Test conditions

Chamber wvolume = 11.9 1'n3 )
Chamber floor area = 5,2 m3
Chamber edge leﬁgth = 2.3m |
Spray water floﬁ = 0.2 2/min = 3,3 X lO_6 m3/s ;
Spray water current = ua |
Volume average drop diam = 30 pm |

(Implied droplet rate
(Implied droplet charge

Electric field
Measured time constant, T

Ventilation residence time

I

(E) just inside chamber =

2.6 x 108 drops/sec)

3.8 x 1074 ¢/drop = Q)

3 x 1070 v/m
120s (= 1/Rp, Rp = 0.5 min~1)

1 min
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Further, the analysis predicts an egquilibrium number density, N,
for droplets in a homogeneous system given a droplet rate, that
accounts for droplet losses due to:

a. Electrostatic self precipitation of droplets from
the cloud

b. Gravitational settling out of droplets

c. Ventilation dilution. .

Using the conditions from Table 4, the major droplet remgval mech-
anism 15 self precipitation and a value of N = 2.6 x 10
drops/m3 is calculated. T

To the best of our knowledge, a likely estimate of b is
1 x 10-8 m/s/V/m. This is based on a 5 um diameter particle charged
to the equivalent of 50 electronic units (50 x 1.6 = 107 19 C).
With this assumed mobility and Q, = 3.8 x 107 14 c/drop,

This value is 7.4 times longer than the 120 sec measured. That
is, the estimate predicts a slower dust removal than was measured.
Several possible explanations are available for this difference.

We speculate that ions, which could be artifacts of the
charged spraying process, are liberated and charge the dust par-
ticles to levels greater than estimated leading toc more rapid
dust capture. Some gualitative observations made with a prcbhe
grounded through the electrometer indicated that fast, probably
dry, charged particles fly out radially from the charged spray
plume emitted from the Mist Emitters. These cculd be ions left
after very small (less than 5 um) droplets evaporate. Further
evidence supporting evaporation as a mechanism surfaced during the
droplet sizing tests. There was a problem focusing on droplets
near the Mist Emitter. Further away from the emitter droplets
were easily focused. One possibility for the focusing problem
could be the presence of many droplets smaller than 5 pym. If
these fine droplets evaporated and were gone at longer distance
from the emitters, focus would be possible,
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An alternative ion source might be corona currents from
forming droplets; however, we observed nothing to support or
refute this possibility. Corona from the Mist Emitters was not
observed in the absence of water flow.

An entirely different possibility for the difference between
prediction and experiment may lie in nonhomogeneous distributions
within the chamber. The good log-linear time decay of measured
dust concentrations argues that the dust is well mixed. However,
visual observations of the plume from the Mist Emitter indicate
that a core of densely populated droplets exists within a cloud
of less densely populated droplets. Also, electric field read-
ings in a uniform space charge, should monotonically decrease
as the field meter probe is traversed from the wall to the center
of the chamber. However, we found on traversing, the electric
field increased as the probe was traversed from the wall to the
chamber center. For example, values increased from about
1 x 10° V/m near the wall to 5 x 103 V/m about one-third meter
from the wall. Values increased slowly from that point to almost
10 x 105 v/m. Nonhomogeneous space charge could lead to erroneous
estimates of droplet number density.

From electric field measurements, an estimate of NQ_ may be
independently made, Gauss' law indicates that the net space
charge density, which is NQ., is related to a spherical cloud
of charge by

NQe = 3 eor E

Where r 1s the radius of the spherical cloud and E is the
electric field strength at r. The cubical test chamber can be
roughly approximated by a sphere of one meter radius. Take a value
of E = 3 x 102 V/m at roughly one meter from the center of the
chamber, then,

14 7 3

) = 9.9 x 10~

NO_ = (2.6 x 107y (3.8 x 10~ c/m
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This estimated value is eight times larger than predicted by the
model. The effect this has is to reduce the time constant,
that 1is,

T = 8_90_8LEC = 110 sec

This is hauntingly close to the value determined by experi-
ment. However, the charge density estimated here is based on the
crude sphere-cube correspondence. Also, the Gauss' law equation
used is rigorous only for uniform space charge density. The
resulting number is, therefore, more impressive than the under-
lying logic.

We feel, in summary, that the correspondence between theory
and experiment is good considering the realities of nonhomogeneities
intrinsic to any practical scale dust removal system and the un-
certainty in dust mobility. Future experiments along these lines
should include the effort necessary to measure dust mobility and
perhaps a better test chamber such as a long cylindrical chamber
where axial symetry might be approximated. This geometry would
aid analytical modeling. We expect that with additional effort,
better theoretical-experimental closure can be achieved. At this
time, the experimental values from this program define the ex-
pected dust removal of the commercially available Dustron equip-
ment. We think we can estimate the field performance of the Dus-
tron system and estimate the field performance of conventional
hydraulic sprays for dust control.

3.9 Concluding Discussion of Laboratory Results

3.9.1 General

Charged droplets remove dust much more effectively than
uncharged droplets. As discussed gquantitatively in Appendix A,
the dust scrubbing of a unit water basis is:

Volume of air cleaned

scrubbing wvalue Volume of water used




78

Typical test data from this experimental program indicate that
this ratio is approximately 30,000 when the droplets are inten-
tionally charged. We have measured the scrubbing value for 15
hydraulic atomized nozzles in another program. The largest value
we measured was just over 3,000 or one order of magnitude less
than that for typical charged sprays.

We believe at this time, on the basis of our laboratory
testing, that charged spray dust control offers considerable po-
tential for health protection. Our reservations are concerned
with the appropriate engineering of dust control systems rather
than the fundamentals. Gassy mines are off limits. We measured
electric field strengths due to the charged droplet cloud as
high as one-third the breakdown (spark over) point of air. Spark
hazard is certain with this technique. The engineering challenges
are learning how and where to locate charge spray equipment and,
in our opinion, reducing eguipment cost.

3.9.2 Polarity

Earlier work by Hoenig (1) implied that the polarity of the
fog applied can affect the dust removal. We have not observed
this. Neither have Brookman* and Mathai** on rock crusher dust
and bentonite dust, respectively. We believe polarity insensi-
tivity is due to the nature of the two removal mechanisms:

a. Charged dust particles are attracted to oppositely
charged droplets.

b. The space charge simultaneocusly precipitates out of the
cloud dust charged similarly to the droplets.

We see no advantage of one polarity over ancother for dust removal
based on these mechanisms.

Combined positive and negative sprays are poorer dust
removers. Combined spray is roughly half as effective as spray
of either polarity alone. We believe the reason for this may
be neutralization of droplets and or any ions within the cloud

*Brookman, E.T., Private communication, 1981,
**Mathai, C.V., Private communication, 1981.



as well as a cancelling out of the global electric field strength

from the cloud of oppositely charged droplets. Details have not
. been investigated.

3.9.3 Effects on Various Dusts

We observed no significant difference in effectiveness on
.the three dust materials tested. -

Arizona road dust showed a slight gene;g}mipg£pvement in

‘removal rate with water flow as expected. This is not evi-
dent with the milled molybdenum ore; however, ore testing was

not sufficiently extensive due to program timing, to exclude data
scatter as cause for a flatter response to water flow. At this
time, we believe charged water spray to be egually effective on
these three materials and probably similar for most other
materials.

3.9.4 Dustron EQuipment

The Dustron equipment is capable of producing good charge
to mass on the water spray. Best flow rates are near 200 ml/min
with a charge of about 3 microcoulomb/gram. This compares well
with other charged spray equipment reported. The eguipment is
robust and safe enough for testing in some mine environments.

We ‘detected a major problem when the equipment was operated within | _
a cloud of its own charged mist. Under these conditions the
charged fog is electrostatically precipitated onto the induction
ring, shorting out the ring. This causes no physical harm to the
instrument but reduces the charge on the spray by roughly an order
of magnitude. The effect of this is dramatically poorer dust
reduction. If the equipment is operated in air relatively free

of charged droplets and the charged fog is propelled into the dust
cloud region, no problem exists.

We think that the shorting out problem can be designed out of
the system and that the cost of the egquipment can be reduced if
sufficient demand exists. Nozzles like those described by Law (7)
are a likely route to achieve both these cbjectives.
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4, MINE TESTING

Laboratory test results indicated demcnstrable increases
in dust reduction due to the additicn of electrical charge to
water spray droplets. The quantitative information obtained =
permitted scaling of the laboratory results to predict per-
formance in specific full-scale applications.

Field testing was performed to:

a. Evaluate the applicability of charged spray dust
control to mining

b. Confirm the validity of the dust reduction predictions

c. Identify limitations to underground application of
the equipment.

Predicted dust reduction for the conditions at the test
site ranged from 10 to 33 percent; the range is due to varia-
tions in airflow. During testing, particulate matter generated
from contaminants in the water supplied to the atomizing spray
nozzles completely masked any reduction in ambient dust levels.
The test program allcowed no time or resources for correcting
the problem once identified. No guantitative verification of
charged spray performance was achieved.

The testing program did identify several important and
interesting facts that may be significant in future applica-
tions of charged sprays or other dust control technologies.
These are presented and discussed throughout the remainder of
this section.

Specifically presented are:

a descriptioqﬁofAthe test equipment

. A description of the test site

A description of the testing procedures
Operational observation

A discussion of results

Hh © & O O W

Operational recommendations and considerations.
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4.1 Description of Equipment

The equipment used for testing at the mine was similar to
that used during laboratory testing. Major equipment elements
included: ‘

a. Six dual polarity Keystone Dynamics Model 109 Mist
Emitters (Figure 22). These are controlled by a
Model 206 Atomizer Station and a Model 304 Power
Supply. Air and water spray caps, Models 1B0 and
60100 respectively, were used on the spray nozzle.
Purchase cost for all charged spray equipment was
$12,000.

b, Three GCA RAM-1 respirable aercsol monitors with
10-mm cyclone preseparators installed.

o Three Rustrak stripchart recorders for RAM-1 outﬁﬁés.

d. Four-channel, HP3467A logging multimeter (data logger)
for RAM-1 outputs.

e. Vane anemometer and smoke tubs for air velocity
measurements.

£. Electrostatic fieldmeter, Monroe Model 245,

Application of this equipment is described in a following
section.

4.2 Description of Test Site

Field tests of the charged spray system were conducted in
a conveyor tunnel leading from a primary crusher to surface
stockpiles. The general layout of the test site is shown in
Figure 23). The underground conveyor tunnel from the base of
the crusher to the transition house on the surface (approxi-
mately 525 ft) is 15-ft diam steel conduit and is sloped at
approximately 14 deg. The tunnel is partially separated from
the crusher building by a bulkhead. The belt conveyor is 60 in.
wide and travels at approximately 500 ft/min. A cross-section
of the conveyor tunnel is illustrated in Figure 24. The tunnel
is supplied with power, compressed air, water, and acetylene
along the side of the walkway.
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Respirable dust in the conveyor tunnel is generated by the
freshly crushed ore on the moving belt and also from the return
side of the belt and belt idlers. Dust appeared to be generated
along the entire conveyor length (dust levels increased along
the length of the tunnel going from the crusher building to the
transition house).

The discharge of the crusher was enclosed and equipped with
effective dust collection hoods. Little of the dust in the con-
veyor tunnel can be attributed to the crusher discharge. Dust
collection hoods were also operating in the conveyor drive house
and the head house where the ore is discharged to the stockpiles. .

Ventilation in the conveyor tunnel flows from the crusher
towards the head house. This flow is induced by the dust col- |
lectors in the drive and head houses, by natural draft, and by
fans mounted along the length of the gallery. The ventilation
through the tunnel, however, is extremely variable ranging from
less than 50 to almost 200 ft/min. This variability seems to
be caused by such things as local weather conditions, whether
doors are opened or closed in the tunnel and crusher building,
and whether the crusher pocket is full or empty. The conveyor
belt also appeared to influence the ventilation signficantly,

- with the highest velocities measured with the belt opverating, - ——

For the charged spray field evaluation, six Mist Emitters
were mounted over the conveyor as shown in Figure 24, 54 ft from
the crusher building bulkhead. The heads were suspended 5 ft
above the conveyor using clamps on an overhead power cable sup-
port strut. The sprays were oriented with the ventilation flow
and angled downward 10 deg. The two middle heads were aimed
along the centerline of the belt. The two pairs of outside
heads were angled toward the belt centerline so that the spray

cones overlapped. The power compressed air, and water s 1
lines to each head were bundled and strapped'to the strut?ppTKe
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charging station and water/compressed air controls were mounted
on supply pipes along the tunnel wall upstream of the heads.

Cyclones for the instantaneous dust monitors were suspended
from the overhead struts at three locations:

a. Location 1 - 26 ft upstream of the heads

b. Location 2 - 100 ft downstream of the heads

c. Location 3 - 160 ft downstream of the heads.
The locations were based on considerations of cable lengths
and support structure. The instantaneous monitors were mounted
on the tunnel floor with Tygon tubing connecting the monitor

and cyclones. A data logger and the stripchart recorders were
mounted beside the spray control station.

4.3 Testing Procedures

Initial test plans called for monitoring dust levels in
the tunnel with and without the spray system operating. Plans
called for varying the number of heads and for alternating
between sprays with no charge, positive charge, and negative
charge. When actual testing started, however, levels measured
by the instantaneous dust monitors were significantly higher
when the sprays were operating. It was suspected that the
higher readings were caused by the solid particulates released
following evaporation of the extremely fine water droplets
emitted by the charged spray system. This unexpected turn of
events resulted in a modification of the sampling plan in an
attempt to cancel out the effect of these particles introduced
by the water sprays.

Normal operations at the mill result in the conveyor belt
being down for the first and last hour of each production shift.
During this time dust levels in the tunnel drop to practically
zero. This time was used to measure background levels due to
only the spray mist. It was intended that three background
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levels be subtracted from data measured during system tests with
the belt operating to account for the particulate introduced by
the spray mist.

The standard test sequence was basically the same for all
tests and consisted of the following:

a. Set up instrumentation and calibrate
b. Record background dust levels without water sprays
c. Turn sprays "on" for 10 min

d. Turn sprays "off" and monitor levels as concentrations
decay back to a uniform background level.

This testing sequence was repeated with the following spray
variations:
Six heads - no charge
Six heads - positive charge
Six heads - negative charge
Two heads - no charge

Two heads - positive charge

Hh 0O Q0 O o

Two heads - negative charge.

Each Mist Emitter was operated a 50 psi air with a 300 ml/min
water flow.

During each test dust concentration data was recorded con-
tinuously on the stripchart recorders and every 30 sec on the
data logger. In addition, ventilation velocities were measured
at the beginning and end of each spray test. Operational con-
"ditions such as belt loading were also observed and recorded
as were temperature and relative humidity. -

4.4 General Field Observations

The detailed results of the charged spray field tests are
presented in subsection 4.5. Prior to that discussion, we pre-
sent some general observations which may impact the use of such
systems.
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4.4.1 Visibility

Because the charged spray heads emit very small droplets
a fog is created downstream of the heads. When OQlY two heads
were operating the fog was not very dense and visibility was not
impaired. With six heads operating, however, a dense cloud of
fog was created in the first 50 £t of the tunnel downstream from
the heads and visibility was limited. Beyond 50 ft the density
of the cloud diminished but the fog did not completely dissipate.
Fog could still be seen in the airstream at the transition house
over 500 ft downstream. Visibility restrictions is a problem
for both charged and uncharged fog techniques.

4.4.2 Surface Wetness

The charged spfays wet the surfaces of the tunnel and con-_ .

veyor belt only for 10 to 20 ft downstream of the heads. This
wetness is a dew like coating on the surfaces and is not excessive.

4,4.3 Noise

Noise levels measured beside the heads in the walkway ranged
from 90 4dBA with two heads operating to 97 to 99 dBA with six
heads operating. These high noise levels result from the com-
pressed air used by the air atomizing type nozzles. Personnel
exposure would be limited to two to four hr for the six-head
case.

4.4.4 Electrical Charge

The electrical charge in the fog was gquite noticeable within
the first 10 to 15 ft downstream of the heads., In this region,
with six heads operating; the charge would cause the hair on
one's arm to react and would also cause a shock whenever a
grounded surface touched.

It was also observed that by standing in the fog holding a
metal object a 1/4-in. arc could be established and maintained
between the metal object and ground. Although the charge levels
are not dangerous in themselves, the discharge could cause one
to jump or lose balance resulting in a dangerous situation in
the presence of machinery. In an explosive atmosphere this
discharge can to cause an ignition.
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4.5 Results and Conclusions

4.5.1 Results of Field Test Program

Typical dust concentration data collected by the data logger
from the RAM-1 monitors are plotted in Figure 25, Dust levels
are variable depending on operating conditions. Note however
that the presence of sprays produces an overwhelming increase in
measured signal with uncharged sprays producing a much larger
signal than charged sprays.

As stated earlier this spray effect has been determined to
be caused by solids within the water supplied to the spray
heads. An alternate water supply was unavailable and all at-
tempts to cancel out the effects of this effect failed.-

Table 5 presents data for all completed tests including
test conditions, airflow and the mass flow of particulate matter,.
The total particulate mass flow was determined from the airflow
rate and the RAM measured dust concentration. This mass flow
eliminates the dilution effect of increased airflows, providing
a clearer picture of the actual changes in particulate level,
When no water sprays are operating this mass flow represents
the total ambient dust make. The dust level increases due to
water spray activation are seen to overwhelm the ambient dust
levels.

Figures 26 through 28 graphically present the data from
Table 5. Comparison of the three figures dramatically shows the
increase in total dust level when the water sprays are turned on,
Figures 27 and 28, both presenting data with sprays on, indicate
that dust levels tend to increase with airflow whether or not
the belt is operating. Figure 26, no sprays operating, curiously
demonstrates more complex behavior. When the belt is off dust
levels are independent of airflow. Dust levels appear to in-
crease with airflow when the belt is on, however. We offer no
particular explanation for this phenomenon which 1ntroduced addl-m
tional uncertainty into the experimental results. '

A survey was made using the electrostatic fieldmeter to
determine the characteristics of the field established. Field
strength data versus distance from the Mist Emitter is tabulated
in Table 6. This survey was performed with six emitters operat-
ing in the negative spray mode. Positive sprays produced field
strengths of similar magnitude.
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- Measured particulate mass flow

with and without spray
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100 ft test location
mass flow (mg/min)

160 ft test location
mass flow (mg/min)

Test Alrflow
no. Test conditions (m3/min) Before spray Spray onk Before spray Spray on*
39 Without charge, 194 1.9 339 3.9 460
belt off
58 Without charge, 453 25.90 6l6 36.2 €72
belt off
101 Without charge, 272 - - 24.5 519
belt off
42 without charge, 375 120.0 624 214.0 691
belt on
44 Without charge, 3413 - - 134.0 629
belt on
48 Without charge, 481 164.0 732 164.0 785
belt on
50 Without charge, 312 59.0 563 94.0 788
belt on
52 Without charge, 467 1B7.0 709 205.0 866
belt on
54 Without charge, 481 218.0 716 202.0 921
belt on
99 Without charge, 456 - - 187.0 816
belt on
63 With charge, 283 14.0 627 28.3 614
belt off
a3 with charge, 255 16.3 437 30.6 554
belt off
97 With charge, 326 S.8 496 19.6 506
belt off
108 with charge, 249 - - 19.9 500
belt off
71 with charge, 370 274.0 672 259.0 878
belt on
75 with charge, 410 258.0 801 250.0 947
belt on 1
77 With charge, 346 214.0 662 | 209.0 734
belt on
81 With charge, 510 265.0 843 | 250.¢ 982
belt on !
|
83 With charge, 571 - - | 231.0 1036
belt on
87 with charge, 493 - - 182.0 853

belt on

*Yalues shown are averages for last 3 min before turning off sprays.
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TABLE 6. - Electric field strengths

Electric field strength (V/M) x 1074
Distance from
Mist Emitters Along
(ft) centerline Along wall
10 60.0 5.0
20 35.0 7.0
30 20.0 5.0
40 16.0 4.0
50 14.0 4.5
60 12.0 3.5
70 10.0 3.5
80 8.5 3.0
20 6.0 3.0
100 4.0 1.6
110 4.5 1.8
120 4.5 2.0
130 4.5 2.0
140 4.0 1.6
150 3.5 1.3
160 3.0 1.3
170 3.0 1.4
180 3.0 1.2
120 3.0 1.3
200 2.5 1.1
210 2.5 1.1
230 2.5 1.1
250 2.2 1.0
280 2.5 1.0
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According to Gauss' Law, a uniform charge density would
produce higher field strengths at the wall than at the centerline.
The higher field strengths at the centerline indicate that uni-
form charge density, an assumpticn of the mathematical model has
not been achieved. However, laboratory tests showed a similar
nonuniform charge density effect which produced a higher field
strength near the center of the test chamber. The peak center-
line field strengths are similar to some of those measured in o
the laboratory. This implies that dust reduction effects should
be similar to those measured in the laboratory tests.

4,5,.2 Discussion of Test Results

The discussion of the field test results includes a predic-
tion of the reduction in dust concentration for the field condi-
tions based on the analytical model. This is followed by an
explanation of the phenomenon that interfered with verlflcatldﬁﬁ_
of this prediction, T

Predicted Dust Reduction

Appendix B develcped an equation for predicting fractional
dust reduction, n, in terms of net decay rate, ARp, and resi-
dence time, t.

—ARDt

For the field tests, the residence time is taken as the transit
time between the Mist Emitters and the measurement stations
located at 100 and 160 ft from the Mist Emitters. This time is
just the air velocity divided into the distance. The decay

rate (ARp) 1is assumed to be similar to the values determined

in laboratory testing for equivalent water spray to air loadings.
Figure 29 shows a plot of the data from laboratory testing. The
operating region for the mine test was in the neighborhood of
the lowest of the laboratoery tests. This is consistent with the
measured values of electric field strength. The mine tests
field strengths were comparable to those measured in the labora-
tory when the water lcading was low. This provides some support
for scaling the decay rate with water loading.
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Table 7 shows predictions for dust reduction under the  con-
ditions of several mine tests using positive sprays. For these
test conditions, predicted dust reductions range from 0.10 (10
percent) to 0.33 (33 percent). The range is due primarily to
variations in air velocity which directly affect residence time.
Air velocity (flow) affects decay rate (ARp) slightly due to
changes in water loading (Figure 7a). Dust reductions of 30 per-
cent should be detectable by direct measurement, with 10 percent

reductions likely to be identifiable through statlstlcal technlques

The high dust concentrations indicated by the RAMs when the
sprays were activated totally masked any actual reduction in the
ambient dust levels. For example, according to Table 7, the con-
ditions for Test No. 77 predict dust reductions of 33 percent at
a point 160 ft from the emitters. The data from Table €& indicates
that activation of the water sprays increased the measured total
dust levels at this location by a factor of 3.5 from 209 to
734 mg/min. A 33 percent reduction in the original dust concen-
tration would be totally overwhelmed by the particulates intro-
duced by the water sprays.

TABLE 7. - Predicted dust reduction
q/Q Fractional dust reductiocn
Test (ml, water/ Estimated
no. m3, air) ARp (min)-—1 At 100 ft At 160 ft
71 4.87 0.26 0.18 0.27
75 4.39 0.24 C.15 0.23
77 5.21 0.31 0.22 0.33
81 3.53 0.23 0.12 0.18
83 7 3.15 0.22 €.10 0.16
B7 3.65 0.26 0.14 0.21
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Spray Effects on RAM-1 Monitors

The response of the RAM aerosol monitors to the water sprays
produced considerable consternation initially. No such response
had been observed by us during the laboratory evaluation of the
Mist Emitters or during other underground investigations. Other
researchers such as Thakur (20) have also indicated that the
RAM-1 monitors have a very low response to water mist. Reasons
for this insensitivity are not completely understood, but it is
accepted through empirical experience by RAM-1 users in under-
ground dust control work.

Analysis of the situation indicates that disolved solids in
the water supply are responsible for the unanticipated behavior
of the RAM monitors. While the RAM-1 is noted for insensitivity
to fine water droplets, it is documented as very sensitive to
solid partlculate matter. Spraying very fine droplets into
unsaturated air produces a spray drying effect that leaves a
so0lid aerosol partlcle or perhaps a droplet of precipitated
solute slurry which is detected by the RAM-1. Quantitatively
the potential exists for the dissolved solids to produce the par-
ticulate concentration measured. The mine measured the dissolved
content of the service water at 1900 ppm. For Test No. 77, wet
bulb and dry bulb temperatures were measured upstream and down-
stream of the spray injection. Conditions were:

. Temperature upstream -~ 60°/67°F wet bulb/dry bulb
Temperature downstream - 64°/67°F wet bulb/dry bulb
Pressure - ~21 in. Hg (9000 ft elevation)

Water flow - 1B00 ml/min

Airflow - 346 m3/min

T A Q0 T

Us;ng psychrometric charts to calculate evaporation rate and 5
assuming all dissolved solid is released from evaporated water as
an aerosol, a particulate mass flow of 2000 mg/m3 is calculated.
This corresponds to a particulate concentration of 5.8 mg/m3 o
The measured value at the 160 ft sampling point was 2.1 mg/m

Thus, the high RAM readings could be explained by the detectlon

of only one-third of the total solids present in the sprayed

water.

Many reasons can be offered for detecting only a fraction
of the total solids present. These include:
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a. Particles of solute are highly charged and therefore
driven out of the airstream by the charged droplet
cloud. (This theory is supported by experimental data
indicating that uncharged spray produces much higher
measured concentrations than charged spray clouds.)

b. Droplets not evaporated to annihilation may just con-
centrate solute without forming a solid particle
detectable by the RAM.

c. Water on the floor and walls may evaporate without
releasing solute into the air.

An alternative to dissolved solids in the water is a colloidal
suspensions in the water which would produce the same effect. No
evidence exists that a colloid is present, however.

An important result of this observation is that atomizing
sprays (charged or uncharged) must be used carefully. If sprayed
into unsaturated air, dissolved or suspended solids in the water
are likely to increase the respirable dust concentrations in the
air and become a health hazard. This material becomes a real
part of the dust burden. Both low humidity air and ventilation
flow increase evaporation and lead to higher release of solute
partlcles into the atmosphere. The only way to avoid the problem
is to use water free of dissolved solids or suspended materlal

A test with a gravimetric sampler showed that the aerosol
particles are not an artifact of sampling with the RAM-1 instru-
ment. With sprays operating and the presence of dust expected
tec be nil, a dried filter indicated 1.3 mg/m of dust. No cor-

respondence reading was made with the RAM-1,

This dramatic effect of dissolved sclids on measured dQ§E_—
levels was totally unforeseen. It is hoped that others will take
warning and be prepared for it during testing and operation of

atomizing sprays for dust control.

4.6 Operational Recommendations and Considerations

Operational recommendations can be made regarding the appli-
cation of charged water sprays even in light of the inconclusive
test results. Solids content of the water is to be eliminated or
minimized. Additional recommendations apply only to equipment
with characteristics similar tc the Dustron Mist Emitters, which @
is able to produce charge on the spray on the order of 3 uC/g
with a characterlstlc droplet size of 30 um.
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The expected fractional dust reduction may be estimated by:

—ﬂRDt
e

n = 1 =
where
n = fractional dust reduction
ARD = estimated dust‘decay rate based on the water
loading (see Figure 29)
t = residence time in minutes

For practical purposes, water loading should beiin the range
of about 25 to 35 ml, water/m3, air. The lower value is for
effectiveness. The higher value is for cost considerations
{(ncte the flattening of the curve in Figure 29). B

Residence times for the dust and spray to be in contact
should be 1 min or more., The longer the residence time, the
greater the dust reduction.

Gassy mines or other explosive atmospheres must not use
charged sprays. Even 1f the equipment is made permissible, the
charge cloud is a spark hazard. During field tests, personnel
within the cloud produced electric sparks on many occasions
when touching grounded okbjects. Their footwear insulated them
sufficiently for the charged droplets to accumulate a charge on
their bodies which arced to ground when a finger came close to
a grounded conductor. Further, electric field strengths of
6 KV/cm (6 x 105 V/m) were measured inside the cloud. This is
one-fifth the spark-over point of air, hence the droplet cloud
was operating close to the point of initiating sparks (at some
sharp, grocunded points this may have been occurring without being
observed). The spark hazard should prevent the use of charged
spray systems where explosion is possible,

Personnel safety requires consideration. The electrical
effects are low energy, static effects which are not electric
shock hazards as such. However, electrostatic shock could cause
someone to jump resulting in a fall or a hazardous entanglement
with moving machinery. Fog sufficient for rapid dust reduction
reduces visibility considerably. 1In the darkened, underground
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environment, this may expose individuals to increased dangers.
These factors must be examined on a case by case basis for any
underground application.

Compressed air atomizers present a potential health hazard.
Noise levels for six units would limit a worker to about a 3 hr
exposure. The noise factor must be considered in practical
installations. '

A characteristic of the Dustron Mist Emitters, and perhaps
of cther equipment that might be used, is that the charged drop-
let are attracted to the induction rings which shorts out the
induction ring circuit. This markedly reduces charge on the
spray produced. For this reason, the Mist Emitter must be placed
so that ventilation air carries virtually all the droplets away
from the Mist Emitters. The Emitter should not be immersed in
the fog it generates.
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5. CONCLUSIONS AND RECOMMENDATIONS

Conclusions and recommendations for future research are
presented and discussed in some detail in the following
subsections. :

5.1 Conclusions

On a unit water basis charged sprays offer considerably
higher dust removal potential than do sprays not intentionally
charged. :

On a unit water basis, dust removal exceeds any level
expected for hydraulically atomized water sprays. To gain some
feeling for this, the highest water spray flow rate used in
this program was the less than 1/2 gpm (1.8 liters/min} used in
the field tests. Even at this extremely lcw flow rate, a 33 per-
cent dust reduction was expected for one case. The recommended
flow rate for highly charged sprays in 1 gpm water flow to
10,000 cfm airflow. This is considerably lower water usage
than expected for conventicnal sprays.

Significant contact time between the charged spray and the
duet cloud ie required for effective dust removal.

While hydraulic sprays work virtually instantaneously on
exposed dust, charged sprays require times on the order of a
minute to produce good dust reduction. To obtain this time,
ventilation velocities must be low so as to provide a long resi-
dence time for the spray dust interaction. This restriction
limits potential underground sites. Desirable sites are there-
fore places with low ventilation velocities and a need to re-
strict or conserve water.

Some general conclusions on the nature of charged spray
dust reduction are:

a. Either polarity alone is more effective than combined
polarities. T B

b. Positive and negative polarities are egually effective.

c. Little difference in effectiveness exists among var-

ious dust types.
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Engineering predictions for dust reduction may be made.
These were not confirmed by field trial so the accuracy of the 7
predictions is presently unknown. However, the predictive model
provides the dust control designer with an estimating tool for

scoping eguipment requirements and expected performance.

Charged spray must not be used in gassy mines. Sparks
cbserved during the mine tests demonstrated conclusively that
the charged cloud (not equipment) produced electric arcs. While
not an electrical danger to personnel, the charged cloud will
lead to an ignition source in an explosive atmosphere.

Good quality water must be used with any water atomizing
sprayers - not just for charged sprays. This was an unexpected
finding of this program. Dissolved or suspended solids in the .
spray water can be released as dust into the atmosphere as small
droplets are evaporated to annihilation. This leads to the
respirable dust burden counter to the general dust reduction
objective, :

5.2 Recommendations for Future Reséarch

Surface sites for appropriate application of charged spray
dust control should be identified. Since low ventilation veloc-
ity and restricted water requirements are not common, underground
surface mining and mill applications may prove more suitable.
Surface sites will also have lower probabilities of explosive
atmospheres.

Equipment should be developed to produce larger volumes of
charged spray at costs significantly below these currently
achieved. Larger quantities of highly charged water spray at a
lower cost than simply combining existing systems are necessary
for the technlque to be attractive for mine-scale dust problems.
For the mine test in this program, about four times thegaﬁé?Eed
water spray for the cost would seem appropriate. The noise level
from the compressed air atomizers must be reduced for multiple
units. Also for practicality the equipment should be able to
cperate éffectively while immersed in the charged cloud. Design
approaches using charging and atomizing techniques other than
those employed in the currently available commercial systems
should be explored.

Fundamental experimental measurements of dust electrical
mobzlzty should be undertaken. Little information exists regard- |
ing the charge on dust particles. This has required some spec-
ulation when estimating mobility during theoretical considerations.\




Electric mobility analyzefs are difficult to build and calibrate.
This is one reason data i3 scarce. A data void for respirable
particles exists and should be filled. Aerosols exposed to
charged spray as well as naturally occurring dust should be
investigated. Mobility valves are essential to better quanti-
fication of the mechanism of charged spray dust removal.
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APPENDIX A

THEORETICAL ANALYSIS AND MATHEMATICAL MODELING

A.1 Introduction

In this appendix a tﬁgbretical analysié is developed for the |

process of removing respirable dust using charged water droplets.
An exact analysis is very complex because of many factors which
include:

a. Three dimensional space variations of water droplet
and dust particle sizes

b. A spectrum of droplet sizes and dust particle sizes

C. Unsteady flow effects

d. Turbulent mixing

e. Unknown levels of charge on the droplets and dust
particles

f. Unknown size distribution of particles and droplets.

To gain some understanding of the process, a simple model of
charged dust and charged droplets is formulated using conserva-
tion of mass of each species and simplified force equations. The
resulting equations for this well-mixed model can be used to
estimate the effectiveness of dust removal by charged droplets.

Analysis using the simple model indicates that the removal
of dust by electrostatic attraction between charged droplets and
oppositely charged dust, the charged droplet scrubber (CDS),
would take so long that this is an unlikely explanation of re-
ported successful tests. Likewise precipitation of the naturally
charged dust due to the space charge from the droplets, charge
droplet precipitator (CDP), would take as long. However, ions
produced from the process of generating charged dropletsfcpuld
attach to the dust particles and increase particle mobility,
thereby, making dust precipitate faster due to the field from the
droplet space charge. This system operating as a single stage
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space charged precipitator can remove dust quickly enough to be
practical and explains reported successes. Previcus work cof
record has not recognized the importance of the ionic contribu-
tion, this is likely due to holding the hypothesis that the
significant mechanism for dust removal is collection of dust on
droplets. Recent field tests (10) have shown little difference
between the sign of the charge on the droplets and dust control
effectiveness. This observation is consistant with the single
stage space charge precipitator model identified here as the
significant mechanism.

A.2 The (Simple) Well-Mixed Model

The simplified theoretical model used for this analysis is
to consider a volume V containing particle-laden air into which
liguid droplets are introduced at a rate of R3 droplets per
second as illustrated in Figure A-1l. All droplets are the same
size (radius R) and carry the same charge Q. The droplets do
not evaporate or coalesce. The droplets move because of the
electric and gravitational forces exerted on them. The droplets
are assumed to be uniformly distributed in space because of the
turbulent mixing caused by the liquid injection and by the
drafts and circulations which exist because of vehicle and per-
sonnel motion, in the surrounding region. The dust particles
are similarly assumed to be of uniform size, equally charged,
and distributed evenly in the same volume V.

R, DROPS/SEC

1

FIGURE A-1. - Definition of mixed interaction volume.
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The space charge density due to the dust is assumed to be
small compared with the charge density due to the droplets. This
assumption permits the motion of the droplets to be uncoupled
from the motion of the dust cloud. Consequently, the dynamics of
the droplets can be investigated first, fcllowed by the study of
dust particle captured by the droplets cor by the precipitation
cout of the volume of interest due to the space charge from the
droplets.

A.3 Droplet and Dust Motion

A.3.1 Droplet Mcticn
After the droplets are injected into the air at high velo-
city, they are rapidly decelerated toward the wvelocity of the
surrounding air. The period of interest, for this discussion,
follows this deceleration. 1Inertial forces, therefore, can be
ignored and the important forces on the droplet are electrical,

gravitational and viscous. Using Stoke's law for fluid drag at
low Reynold's number yields

— —_— _ —_ i —_ _
GﬂnR(vR - v) = QE + 3WRDM9 (A-1)

where the variables are as defined in Table a-].

The droplet flux density T is then given by
T = Nv_, = NBE + NBgE + NV (A-2)

where B and Bg are defined in the table of nomenclature.

Conservation of droplet mass for volume V . states that

rate of charge flux of droplets droplets
0 = of droplet mass + out through board- - injected
within volume V ing area of V into V

or



TABLE'A:ijk— Nomenclature ({(units

are MKS)

.t
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ds

|

"floor" area of V

radius of dust particles

electric mobility of droplets

gravitional mobility of droplets

electric mobility of dust particles
gravitational mobility of dust particles
elemental area of surface

electric field

contact charging electric field

induction charging electric field

rate of dust particle collection on a drop
rate of ion collection on a dust particle
acceleration of gravity

dreoplet mass

droplet number density

N(ngA/Rd), normalized droplet number denisty

N in steady state

Neq(ngA/Rd), normalized, steady-state, droplet number density

dust number densiﬁy

outward unit vector normal to ds
dust particle number density

ion number density

dust par£icle number density at t=0
removal rate of dust particles

charge on a droplet
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TABLE A-1l. - Nomenclature (units are MKS) (Continued)

QV = water flow rate to droplet generator
Q? = VRdBQ/Bgzgzhzec = ratio of electric rebulsionrto gravity forces
g = charge on dust particle
qi = 1ion charge
qs = saturation charge on dust particle

R = radius or droplet

Rd = droplet injection rate

ry = dust particle injection rate

r, = ion injection rate

€ = surface of V

t = time

t = t(ngA/V) = normalized time

V = droplet/dust interation volume

v = air velocity
;g = droplet velocity

T = droplet flux density

? = dust particle flux density -
Eo = _permiétivity constant of free space, 8.85 x lo-l?h}farad/meter)
N = air viscosity :
OM = mass density of droplet

Dm = mass density of dust particle

Tc = decay rate time cocnstant for dust particles

T = time constant for droplet build-up

N
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Solving for Rd yields

- 4 . T & | T (A=3)
Ry = 3% f Ndv + : f [' » nds ; (i__?;’)___»_
v S -

Combining Equations fA—é} and (5;3)-yields\

_ 4 .=
Rd-d—E-/.NdV+fNBE nds

v S

+ f NB_g - mds + f NV . nds
| s

The contribution of the last term is taken to be negligible
at the boundaries of the volume V because the gas velocity v

is expected to be small at the boundaries. (If the boundaries
of the volume V are taken to be those of a rigid box, the
normal component Vv - n vanishes completely). The gravitational

force is assumed to be vertically downward so the third term on
the right-hand side is integrated over the vertically projected
area A ("floor" area). The complete mixing assumption states
that N is a constant. Therefore, Equation (A-4) becomes

-— dN *.-— - _
Ry = Vzx + NB f E » nds + NngA (A 5)_

S S

Integration of the electric field intensity in the second
term on the right is accomplished using Gauss' law in integral
form which yields

f E - nds = Ei f noav = ¥ (A-6) ¢
o] Q -
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Thus, Eguation A- 5 becomes the desired drop conservation state-
ment.

R : B dA ‘ o
d _ d§ BQ 2 g~ (-
v - a T e, N© o+ —<5— N (A7)

The maximum number density of drops is obtained when the
time rate of change has reached zero. In a steady-state condi-
tion, Egquation A-7 takes the form of a quadratic expression in
N. With the steady state number density defined as ,Neq' the
resulting expression is

2 2 _ ¢
o} Neq + E]_eq - 1 = 0 ,(AM,B_)_

where the equilibrium number density has been normalized such
that

Ny * Neg () (3-9)

and the parameter expre551ng the ratio of electrlcal repu151on
forces to those of gravity is e

VR ;BO , R

2 2 2
B A €q
g g

The normalized equilibrium drop number density is shown in Fig-
ure A- 2 as a function of this parameter.

If the process by which this equilibrium is reached is of
interest, then Equation A-7 must be sclved. In particular, con-
sider the transient that results from suddenly turning on the
drop injection when t=0. Then, for t > 0, Equatlon A 7 1s N
written in the normalized form ™

2.2 A1 13

=
I
91 jof
tetl 1=
+
|2
+
12
(Y
|
-
|_l
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R
N o= N (S
—eg ngA

VRdBQ
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FIGURE A-2. - Equilibrium drop density versus charge.

where in a manner similar to Equation A-9, the drop number den-
sity is normalized such that

B _gA e
N = N(g ) (A-12)

and time is normalized to a time scale reflecting the rate of
drop sedimentation.

B_gA o
t = t —%—) | (A-13)

In terms of these normalized variables, the temporal buildup
of the drop number density is shown in Figure A-3 with the dimen-
sionless parameter representing the effect of the drop charge as
a parameter. The asymptotic values of N are, of course, the
equilibrium values given by Figure aA-2. These curves have been
obtained by numerically integrating Equation A-11 using the

initial condition that N=0. Analytical expressions for the time
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FIGURE A-3,

|~

- Drop density versus time.

dependence are easily obtained for the limiting cases of large
and small Q2.

First, if gz

|_|
[

Q'QJ

Ietl 12

+ N

and the solution is simply

-[i = 1 - e—E
. 2
For the opposite extreme where ¢Q
Equation A-1l1 reduces to

t

is small, Egquation A-11 becomes

(a-15)

is large compared to unity

(A-16)
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and integration of this expression gives

o+

-20t
(1_2_2:26%) (A-17)
l + e ™=

A.3.2 Dust Particle Motion

The motion of the particles, under the initial assumptions,
depends on the droplet charge. In an induction or contacting
drop charger, the drops carry a charge away from the atomizer,
determined by the electric field at the point of breakaway.

This charge 1s of the order of

Q ~ 121TEOR2Ein (A-18)

where Ejp 1s the induction electric field existing in the
neighborhood of the point of drop breakaway. Using drops having
the reported average radius R = 10 x 10-6ém and assuming that

Ein is about 106 v/m (within a factor of 3 of the breakdown
strength of air), Equation A-18 gives 2 x 105 electronic charges.
Hoenig (5) reports B8 x 105 electronic charges.

Once in the drop jet or the well mixed volume, the drop is
subject to an electric field that is the sum of the field from
the high voltage on the atomizer and the space charge from the
drops. The electric field strength far from the atomizer is
much less than at the atomizer, where the field tends to concen-
trate. It also is expected that the field due to the drops is
much less than a value approaching electrical breakdown. Thus,
it is reasonable to presume that, within the zone of interest,.
the drops have a charge that exceeds the saturation charge of
the drop based on its local macroscopic electric field intensity.
This gives an optimistic view of the effectiveness of positive
drops in collecting negative particulates. If the collection is
not sufficiently predicted here, other mechanisms are important
and must be explored.

The rates of collection of charged particles by an oppo-
sitely charged drop is derived elsewhere by Melcher (8). It is
shown there that if a charge on the drop exceeds the local
saturation wvalue (so Epat all of the drop surface is active in
collecting oppositely charged particles) then the rate at which
particles are collected on a drop is

nbQ
o

G = , dust particles/sec (2-19)
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where b 1is the mobility of the dust particle. (This is the
collection law for a drop in either regime i or k of Figure
5.5.3 in Melcher.) (8)

Situations of interest include the following:

a. When t = 0 there are np dust particles/m3 in the
interaction volume and the drops are suddenly turned
on. How rapidly is the dust removed, that is, what
is n(t)?

b. Dust is injected into the volume at a rate of rg dust
particles/second. To what eguilibrium level can the
drops reduce the ambient number density of particles in
the interaction volume?

A collection law that describes both of these situations,
and hence the flux density of dust particles, is given by

(A-20)

Ql

Yy = *nbE + nv + nb

where the upper and lower signs refer to positive and negative
dust particles and bg = 2a2p /97,

Then, the statement that the rate of dust injection is equal
to the sum of the rate of increase of dust in the volume, the
rate of loss through the surface & enclosing the volume and the
rate of collection on the drops within the volume is

- 4d 7.0
ry = I —/ﬁndv + j( v.nds + J/‘ GNdV (A-21)

v S \4

Again, it is assumed that either because the volume is bounded
by rigid walls or the gas velocity is inconsequential by the
time the wall is reached, the convective contribution to ¥ on
5 1is ignorable. This assumption 1is consistent with taking the
view that dust leaving the volume because of drafts should not
be regarded as controlled.

It is now necessary to distinguish the fate of positive and
negative dust particles. For purposes of discussion, consider
the drops as having a positive charge. (It is a simple matter
to reverse the roles of the positive and negative dust particles
if the drops are in fact negative.)
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Positive dust particles are repelled by the drops. For
these particles, the system behaves as a CDP (see Section 2),
and the contribution of the last term in Equation A-21 is zero.
The flux term represents the repulsion of the particles to the
walls by the drop space charge field. Thus, for the dust
particles having the same sign as the drops, Equation A- 211
(with the complete mixing approx1matlon lncorporated) becomes

L

\

L nbff.ﬁds

S
+ nbg j(‘a-ﬁds (A-22)

Since g 1is downward, the last integration is nil except for A,
the floor areas. As was done for the drops, the integration of
the outward directed electric flux can be made (independent of
geometry) by using the integral form of Gauss' law, expressed

by Equation A-6. Thus, the expression for the CDP prec1p1tatlon\
is

r = V dn + V(ﬁ?Q)n + nbgAg (A-23)
o

Now consider the collection of the negative particles. 1In
this case, the flux of particles called by the electrical term
in Egquation A-21 is inward. With the assumption that the
surface § is either composed of solid walls or of regions in
which the dust particle density is zero, it is clear that this
term makes no contribution. This time it is the drop collection
With the complete mixing approximation and the use of Eguation
A-19, it follows that the equation for predicting the perfor-
mance of the CDS action which prevails for oppositely charged
drops and dust particles is

r, = v 4 v(n—bQ) N + nb_Ag (A-24)

Note that the expressions predicting the density of dust
having like and having opposite charge to that of the drops are
the same. That is, the CDP and CDS collections predicted by
Egquations A-23 and A-24, respectively, are the same. 1In
practice, it would be expected that the CDP operation would be
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more dependent on the physical nature of the interaction volume
boundaries. That is, the repulsion of particles from the inter-
action volume would serve little useful purpose unless the
particles eventually encountered the tunnel floor, and walls or
parts in the train or material being loaded.

In general, the drop number density is itself time varying,
so that Equations A-22 and A-24 can be solved only after the
solution. of the expression representlng the temporal evolution
of the drop density N(t). 1In general, N(t) is represented by
the numerical results of Flgure A-3. Limiting forms are given
by the analytical expressions of ! Equatlons A-15 and A- 17.

It is likely that the drop transient is short-lived compared
to the collection precipitation transient. 1In that case, N can
be taken as the equilibrium value (Figure A-2) and Equations A-22
and A-24 solved taking N as the constant Ngg. Both the steady-
state and batch processes of dust reduction are represented by
considering the case where the rate of dust input, rg, is con-
stant and where n = no when t = 0. In that case the dust
particle density has the time dependence

-t/TC ‘t/Tc) L
n = ne + Neq l-e (A-25)
where the dust equilibrium number density is
= 4 | (A-267)
n = -
eg v (—NbQ ) + b Ag
N g

and the transient for the collection or precipitation processes
is governed by the time-constant,

b Ag

c V(NbQ) R (A-27)
g

Thus, when t = 0 the number density is ng while as t + =

it approaches ne The latter can be greater than or less than
the starting value, as illustrated in Figure A- 4 In the case
where the drop transient is completed on a time scale which is
short compared to the scrubbing or precipitation processes, the
dust number density has the time dependence shown. 1In the batch
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FIGURE A-4. - Dust number density versus time.

experiment, there is no input of particles and therefore the
asymptotic value of n 1s zero. The decay rate of the ex-
ponential particle density governed by 1 1is as given by
Equation A-27.

A.3.3 Discussion of the Effect of 9 on 1,

Considering the time dependence of the dust particle density
given by Equation A-25, the transient for the electrical cleaning
process 1s governed from Equation A-27 by the time-constant:

£
QO

= (A—ZS)
C Neng

The mobility of the dust particles derived from Stokes law, is
given by the following equation

= 9
b = 6nna (A-29)
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The mobility b is therefore a constant because the variables’
given in Equation A-29 are fixed.

To see how the remaining terms affect the time constant,
we need to rewrite Equation:A-25 in terms of the variable para-

meter Q. ) - .

Given the following eguations from our previous discussion:

Ry |
N = N (A-30)
- B A
eg eg ( g g)
Q
v
R = — (A-31)
d 4/311'R3
-1 +V1 + 4Q2
20
and that
0° = a0 0° (a-33)
where
V/2n ‘o

e} =

(217R2 Ang)2

the time constant T, Can be rewritten as follows:

T = (A-34)
© [-1 +V1 o+ 4Q2]
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where

2 Eo

BgAg ‘an

If we wish to minimize the time constant we must maximize
the denominator of Equation A-314,

G(Q) = = = (A-35)

Using the first derivative test to determine maxima points:
ac _ 1 —4 . = o0 A-36
B - + , ( )

By careful examination of Equation A-36, we see that in the
limit as g2 approaches infinity the first derivative goes to
zero,

This result tells us that the highest value of the parameter
g2, which is directly proportional to the charge on the drop,
will maximize the function G(Q) and therefore minimize the time
constant Ter

Realizing that there is a cost factor involved with the
generation of the charge on the drop, it is useful to consider
a graph of the characteristic time-constant, 1¢, as a function
of the parameter Q. Using Equation A-33 one can therefore pre-
dict the collection time constant from the graph pictured in
Figure A-5 or from Equation A-34., As can be seen, an optimum
operating point is the range of 1 to 3 for Q.
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FIGURE A-5. - Normalized collection time <

c
versus drop charge.

A.4 Evaluation of Dust Removal

There are two uses to which the model can be put. First is
the evaluation of air cleaning performance for a given system.
Second is the design and optimization of a new system, In this
second regard, the theory serves as a framework within which
parameters such as the drop size, density and charge are selected
with some optimal usage of resources in view. In this section,
an outline is given illustrating how the model can be applied to
evaluate the performance of a particular system - a CDS. The
question to be answered is whether the observed or expected air-
cleaning can be reasonably explained by the charged-drop mechanism
inherent to the model.

Let Qy be the volume rate of flow of the water feeding the
charged-drop generator. Then, with R, the drop radius, and
Rq, the number of drops injected into the cleaning volume per
second,

R = Q /(-i T RB) drops/sec (A-37)
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For example, for a volume rate of flow of lO_;;ters/mln (Qy =
1.67 x 10-4 m3/sec) and drops of 60 um dlam

Ry = 14.5 « 108 drops/sec (A-38)

volume rate of flow, the drop size and the drop stgeam current.
(Such measurements may be tainted by some of the measured cur-
rent actually being carried by ions.) Whether generated by
induction (contact charging) or by ion impact, the charge per
drop is roughly the crder of:

Q& lZweoRzEc (A-39)

where E; 1is typically of the order of the breakdown strength
of air. Taking Eg as 5 x 102 v/m and drops of 60 um diam
gives

(12) (r) e, (3 x 1072)2 (5 x 107)

O
I

1.5 x 10" %3¢ (A-40)

]

or ~n 9 x 103 electronic charges. This is comparable to the
estimate of 8 x 10° electronic charges given for drops of this
size by Heenig (5).

It is now possible to determine the gravitational and elec-
trical drop mobilities using definitions following Equation C-2

B = Q/6mR = (1.5 x 10713 /(6m) (2 x 107
(3 x 10°°) = 1.3 x 10°° (A-41)
) 2 ~ -5.2
Bg = 2R pm/9n = (2)(3 x 10 7)
(103)/9(2 x 107°2) = 1 x 10~°2 (A-42)
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To proceed further, it is necessary to have an estimate of the
active cleaning volume, V, and the vertically projected area

of this volume, A. For examples, take dimensions that approxi-

mate the size of a typlcal mine 51te.

A = 20 m?

V = 60 m° (A-43)

Then, it is possible to evaluate the parameters

Ry/BygA = 1.45 10%/(107%) (9.8) (20)
= 7.4 x 10° (A-44)
2 VR 4BO
0® = —5 2
Bg g A €5

(60) (2.9 x 10%) (1.3 x 107°) (1.5 x 10-13
(1072)2(9.8)2(20)2(8.85 x 10712

4.99 x 10° (A-45)

From this latter parameter, Equation A-8 (or Figure A-1) can be
used to evaluate the normalized drop number density.

|
|
H
+
+
NS
O
N

1 '
N 0.0143 (A-46)
eq 2Q2

Note that because 22 >> 1, self-precipitation dominates
gravitational sedimentation. To a good approximation, Neq = _
1/Q. With the use of the parameter evlauated in Equation A= 44

it follows from Equation A-9- that the actual drop number 6en51ty
is -
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_ d _ 8
Neq = N q ngA = (0.0311)(1.48 x 107)
6 3 '
= 10.6 x 10  drops/m (A-47)

Because self-precipitation of the drops is the dominant
mechanism in determining the equilibrium drop number density,
Equation A-17 represents the buildup of drops. 1In this expres-
sion, the characteristic time for drop buildup is

e V
vV 11 0

T, = 5= = \/15o=r _ (A=48)

N (ngA) 2 Q 1R (BQ

and for the specific example

. = (8.85 x 107%2) (60) '

N (4) (14.5 x 10%) (1.3 x 107°) (1.5 x 107 13)

= 0.21 sec

Thus, the drops establish an equilibrium density in a relatively
short periocd of time.

The rate of dust cleaning is represented by Equation A-25.
In this expression the time dependence is exponential and nor-
malized to the collection time constant, Tc, given by Equation
A-27. For example, if the scrubber were turned on when t = 0
with there being some initial dust concentration but no further
generation of dust, the decay of the dust concentration would
be exponential with the time constant

oo fo 5.85 X 10712

c NQ

(10.5 x 10%) (1.5 x 107 1%)p

-6
_ 2.56 . 10 (3-49)

This time is certain to be long compared to that required for
the drops to establish their equilibrium density, so the
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approximation that the drop number density is essentially
constant (N = Neq) over the cleaning period is likely to be
good.

Equation A-49 is left with the mobility of the particles
to be collected in algebraic form because there is considerable _
uncertainty about the magnitude of charge on the dust. Estimates .-
have been given that particles might have as much as 60 elec-
tronic charges. The size is also an important parameter, almost
certainly entering directly through the mobility expression and
indirectly through the dependence of the charge of the radius,
a, of the dust particles. With n the viscosity of air and g

the dust charge,

= 9 -
b. g7na (A-50)

Thus, for particles hav1ng a 5-um diam and 60 electronlc
charges, the mobility is T

-19
b = (60) (1.6 x 10 ) - 107® m¥/sv  (a-51)
6m(2 x 107°) (2.5 x 107°)

and it follows from Eguation A-49 that the time constant for
cleaning of the dust is

T, = 260 sec = 4.3 min (A~-52)

CDS and CDP both have the same time constant value. Therefore,
with a 4.3 min cleaning time, neither mechanism indicates prac-
tical performance. Moreover, since the drops are not appreciably
affected in their observed distribution and general appearance by
the charging process, the NQ product used in these calculations
is considerably higher than obtained in devices under considera-
tion. If charged to the values used here, droplet plumes would
be observed to move rapidly in electrostatic repulsicn.

In summary, it is extremely unlikely that electrical inter-
action with naturally charged fine particles would be of practical
interest. This is true whether the actual mode of particle col-
lection is the collection of charged particles by oppositely
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charged drops (CDS) or the precipitation of charged particles
by the field due to drops charged to the same sign (CDP). This

conclusion is contrary to the mechanism hypothesized by others
as explaining dust control by charged water spray (10, 11).

In the next section, the cruc1al role of ions generated by
the same device used to generate the charged drops is explored
as a mechanism to explain observed dust control by charged water
sprays. In this case, the devices are seen to operate as single-
stage charged droplet precipitators. 1In this mode of operation,
which seems to have been inadvertantly used in demonstrations,
the collections times can be short enough to make the approach
plausible and explain successful reports of dust control.

A.5 Single-State Charged Droplet Precipitator Model

The electrical enhancement of charged fog collection, ob-
served in experiments such as those of Mathai (ll) and Brookman
(10), suggests that phenomena not accounted for in the charged
droplet scrubber model are actually at work. It is very likely
that under practical conditions any of the various charged drop-
let generators are to one degree or another also generators of
ions. Certainly this is the case if the drops are generated by
electrodynamic spray [see Hoburg and Melcher (18) for example]
The simultaneous generation of ions and drops was undoubtedly \
a major contributor to the performance of the TRW "charged ¥
droplet scrubber,"” which actually functions in the single- 1
stage charged droplet precipitator mode described in this !
section. . e ‘

In devices where mechanical effects are used to atomize (such
as the spinning disk or air atomizers} the generation of ions
along with the charged drops is not so obvious. But, it is very
likely that in these devices (where the combination of electric
and mechanical effects participate in the drop formation), corona
breakdown intermingles with the atomization process to give rise
to ions as well.

Ions generated by the drop generating devices have the same
polarity as the drops. In the case of the Ritten Corp. Fogger IV
(10) , a fraction could easily be carried into the cleaning volume
by the air flow. This is a reasonable conjecture because of the
high gas velocity in the region between the nozzle and the in-
ducer electrode. It would require a field of approximately e
5 x 105 V/m to make an ion complete in its migration with_ thgwa;r -
flow (50 m/sec). Thus, if ions are generated in the neighborhood
of the nozzle, a significant fraction could be expected to be
carried into the cleaning volume by the gas being injected into
that region by the fogger. In the AeroVironment CFG (ll), it
would be expected that ions are generated where the spray is
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formed and that these would be carried into the cleaning volume
along lines of force where the gas and field act in consort to
carry the ions.

In the cleaning volume there is, then, a mixture of iocons
and drops having the same polarity and dust particles with essen-
tially no initial charge. Because of the space charge in this
region (to be shown to be largely due to the charged drops) it
is filled with an ambient electric field. 1In the working volume,
drops serve as the distributed electrode of an electrostatic
precipitator. The combination of this field and the ions is all
that is required to give rise to impact charging of the dust
throughout the working volume, but especially at its extremities
where the electric field is the greatest.

Thus, the electric field serves both to provide for ion
impact charging of the dust to the same polarity as the drops and
to precipitate the dust on the boundaries in the vicinity of the
working «wolume. In the sense of conventional electrostatic pre-
cipitators, the configuration is a single-stage one. It will be
seen in the following developments that this type of interaction
is governed by essentially the same parameters as the "two-stage"
charged droplet precipitator except that the mobility of the
particulate to be collected, b, is far larger than what can be
expected from "natural" processes. Whether inadvertant or by

design, this approach has the advantage of not depending on ‘nature -

for the requisite dust charge.

In general, the simultaneous charging of dust by the ion
flux and the ambient electric field adds considerable complexity
to the dynamics of the collection process. To see what approxi-
mations underlie an extension of the previously derived results
to this case, consider the conservation laws that now describe
the cleaning volume.

Once again, this region is taken as one where the distribu-
tions of species are essentially uniform. 1In the case of the
dust, and to some extent the drops, this is a matter of turbu-
lence inducing mixing. For the ions, which move with much greater
velocity in the ambient electric field, turbulence has little
effect and the collection volume model represents an average of
a distribution of ion densities over the working volume.

The drops are likely to be generated in a region of suffi-
ciently high electric stress that their induced charge exceeds
their saturation charge, 12megRZ|E|, experienced by the drop in
the working volume. (Remember that the saturation charge is
proportional to the local electric field intensity.) In this
case, there is no ion impaction on the drops. Even though the
dust particles become charged to the same polarity as the drops,



131

because they are in an ambient electric field, there is the

" possibility of some dust particles collecting on the drops.
However, again because the drop charge exceeds the local satura-
tion charge, the dust does not collect on the drops. This means
that there is no drop discharge (collection of oppositely charged
dust) in the working volume. Thus, the drop conservation egqua-
tion is the same as for the two-stage interaction described by

Equation A-5.

R = vd—N + NB f E » nds + NngA (A-53)

Again, because the dust is not collected on the drops, the dust
conservation egquation for the completely mixed working wvolume

is

+ nbg f g * nds (A-54)

vhat is new is the ion conservation equation, which expresses
the fate of ions injected into the volume at the rate of rj ions
rer second.
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+ J{ G, nav (A-55)
|
v |

As for the other species, the first term on the right is the rate
of ion accumulation (ion density nj) in the volume, while the
second is the rate of migration to the walls., The last term
represents the loss of ions from the volume because of impact
charging of the dust. The number of ions collected by a single
dust particle per second, Gj, is taken as being that due to

impact (8).
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0 i g, < g . (A-56)

‘where gg = l2ﬂeoa2|E|, the saturation charge of the dust particle

This law prevails for dust particles larger than about 0.5 um
diam.

Because the ambient electric field plays a crucial role both
in precipitating the drops and dust and in charging the dust,
Gauss' Law is at the heart of the interaction

_ _ n.q,
§ &« mas /[@ -G ll]dv
€ £ £
o &)

S
n.q.
[—9 + 2 1] v | (A-57)

e

mlg

£

To complete the description, each dust particle is assumed to -
have radius a and charge g, so that

2
dq  _ 2 — - _
g = 3ma biniqi|E| (1 igs[) ;i b = Erqa {A-58)

ol

Here, |E| is taken as an average over the volume of the ambient
electric field intensity;

|lE| = CE,,

where E, is the field intensity at the surface bounding the
working velume and ¢ is a constant somewhat less than unity.

Note that in general these_laws represent five differential
equations determining the evaluatlon of the flve dependent
variables: Tt T T

- _ -
b. fs E x nds -‘_“_m




g (or b)

n..
1

In view of the uncertainty in parameters for the systems
under consideration, a solution of the full set of equations is
not called for at this time. The following discussion bears on
the essentials of the physical process and serves to further
emphasize what the existence of the ion flux adds to the feasi-
bility of the charged fog apprcach tc dust contrel.

1.

“o 8.85 x 15

Because the drops enter the volume (Figure A-1) with a
charge greater than the saturation wvalue in the inter-
action volume, it has not been necessary to write an
expression analogous tc Equation A-58 governing the
rate of drop charging. Thus, the drop charge can be
taken as constant.

In Equation A-57, the contribution of the drops and
the ions to the space charge greatly exceeds that of
the dust.

n.,dq.
O

This assumption depends on the mass locading of the
dust. It is certainly justified if the loadings are
small enough. 1In fact, if it is not true, then the
device can be cperated as a space charge precipitator
and the fogger source should be replaced with one
that supplies ions only and not ions and drops.

Typical numbers for the example from subsection A-4
are: o

6 =13
NOQ _ (10.5 x 10 )(1.51; 10 ) _ 1.8 x 10

5
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While to achieve an ion charging time of 0.1 sec, it is
necessary that ao/nlqlb = 0,1 from which it follows
that njqj/ec = 1/0.1 bj = 107.. Thus, -if the den
charging is to proceed on a suff1c1ent1y short time
scale to make the ion impact charging appreciable, it
appears that the space charge generated by the ions
would be on the order of that due to the drops. It is
possible to operate at higher drop space charge densi-
ties, so the relative importance of the ion and drop
space charges needs to be examined in every case.

Two limits are helpful in delineating the collection
efficiency without the need for solving the coupled
equations. First, the drop space charge density can
be taken as dominating that due to the ions.

NQ =>> n.

e _(2-60)

In this case, the drop dynamics are as described in
subsection A-3. In the second extreme, where the ion
space charge dominates that due to the drops

(A 61)

NQ << myqy

it is necessary to reconsider the effect of space charge
on the precipitation of the drops.

For the present purposes, the first of these extremes
is considered. It appears that in experiments so far
conducted, ion space charge and drop space charge
effects are on the same order but for purposes of
estimating, this limiting case is sufficient. The ex-
pression for the drop conservation, Equation A-7, is
then still valid, R —

3. The dust charging process occurs on the time scale
Eo/njqibj (whether the process is one of ion impact or
ion diffusion). Subject to verification later, it is

assumed that at the outset that the charging process
represented by Equation A-58' is essentially complete on
a time scale that is short compared to the dust col-
lection time. This means that at a location where the
ambient electric field intensity is |E|, the dust charge
and hence mobility is
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q = 1l2re_a |[E|] = b = |E] (A-62)

For estimation purposes, let |E| be an average over the
working volume. If that volume is taken as having a
typical radius r,, then because the field is due to the
drop space charge it follows that the average field is
<E> NQrg/4e, or that the mobility given by Equation
A- 62 is on the average

aNQrO

With this as the particle mobility, it is possible to eval-
uate the characteristic dust precipitation time, as given pre-
viously by Equation A-27. In this single stage charged-drop
precipitation configuration, this time becomes

27
T, = N_E% - —Eg(%)l” (A-64)
Q (NQ) “a |

Using numbers from subsection A.3,

-5
2{(2 x10 )EO

[(10.5 x10%) (1.5 x 10'13)] 2 (2.5 x107%)

4T 1/3
(3) (60)

23 sec

The 23-sec value is an order of magnitude estimate. Data
 for precise calculation is nonexistent. This value confirms

that dust level 1mprovements ‘observed by applylng charged ‘droplets
are plausible assuming ions play a role in charging the dust
particles. No previous work of record for charged water spray
dust control has recognized the importance of the ionic contri-
bution. This is most likely due to holding the hypothesis that
the droplets collected the dust (CDS).
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What ion current from the drop source would be requlred to

account for this mode of operation? From Equation A-550
steady state) it follows that the ion current, lql[ is

n.qg.b.
. — 1-1 1
1. = I‘iqi = T NQV

Rewritten, this expression becomes one for the rate at which ions

charge the dust

12171 i

A reasonable guess at the level of ion current is 100 pA.
case, Equation A-66, evaluated using numbers from subsection A 3,

gives a charging time of

=13

NOV _ (4.6 x10°%) (1.5 x10713) (s0)

i 1074

I

0.4 sec

This time is indeed short compared to the collection time,
justifying the assumption that the charging process is virtually
instantaneous on the time scale of the dust collection.

(in the

(A-65)

(A-66)

In this

thus

If the space charge due to the ions is indeed of the same

order as that due to the charged drops, what purpose does the fog
serve? Certainly it provides a "wet-wall" environment.
dust that once encounters a surface is almost certain not to be

Thus,

reentrained. Also, the ionic current would tend to charge objects"

(including people) if the environment were dry.

‘The fog ensures
that surfaces are wet enough to provide a rapid leakage of charge

to ground. One consequence is a reduced likelihood of haV1ng

undesired electrical discharges in the working volume
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A;6 Concluding Remarks

In attempting to sort out the various mechanisms for charged
drop control of dust, it should first be recognized that there is
a well established theoretical framework for the basic inter-
actions between the charged dust and the drops. If experimental
conditions are carefully controlled, the observed performance of
various charged droplet "scrubber" configurations can be pre-
dicted with good accuracy (8). These studies include correlations
between predictions and observed results for two-stage Space-
Charge Precipitators (SCPs) (where the dust is charged and preci-
pitates under its own self-field), Charged Droplet Scrubbers
(CDSs) (where charged dust is collected on oppositely charged
drops) and Charged Droplet Precipitators (CDPs) (where charged dust
is precipitated by the electric field associated with the space
charge of drops having the same sign).

Unfortunately, experiments have been reported in which con-
trols over dust charging and the asscciated effects of stray
fields and ions are lacking (1, 5, 9, 19). Because these experi-

mental results have not been subjected to meaningful scrutiny, the;i;

data should be regarded as suspect. Even though qualitative
explanations given in these works dispose the reader to the idea
that charged drops are collecting dust that is oppositely charged,
the experimental controls and quantitative evaluation of experi-
mental results by means of models that have been substantiated
under controlled conditions are lacking.

Experiments carried out under practical but uncontrolled
conditions do suggest an augmentation of the dust contrcl through
the use of an electric field (10, 1ll). Either the charged drop
scrubber or the charged drop precipitator can give rise to effects
of the order observed provided that the dust particles are charged
to levels that are typical of electrostatic precipitators. In the
equipment described (10, 11), the most plausible way in which this
would happen is if ions generated alcong with the drops are charged
to the same polarity as the drops. Hence, the devices must
function in the single-stage charged droplet precipitator (CDP)
mode.,

If, in fact, it is true that the devices really function in
the CDP mode, then it seems clear that their performance can be
improved. Because the wrong physical picture has been given to
what i1s happening in the electrically augmented scrubber, attention
has not been given to the generation of ions and to the effect of
their dispersal in the working volume on the space charge generated
ambient electric field. It appears that there may be considerable
room for improvement of the existing devices. Any future work
should include measurements of the fogger current that makes it
possible to discriminate the current component being carried by
ions and by drops. Further, consideration should be given to a
mode of operation in which drops are not used, but rather only ions
are carried into the working volume by means of a gas stream.



APPENDIX B

PHENOMENOLOGY OF DUST DECAY

B.1l Introduction

This appendix describes the phenomenclogy of dust remcval
from transient concentration measurements in a well mixed chamber.
The analysis is restricted to linear dust removal mechanisms, that
is, mechanisms where the time rate of dust concentration change
is proportional to the instantaneous concentration. Examples of
linear loss mechanisms are gravity sedimentation, electrostatic
precipitation and dilution. Autoccagulation of dust is an example
of a nonlinear dust removal mechanism. In practice, autocoagula-
tion 1is usually important only for aerosols cof very high number
density where collision frequency between particles is high.

This analysis treats the dust as monodispersed. That is, no
account is made for variations in dust particle size. The res-
pirable dust fraction (approximately less than 5 pm) may be close
enough to monodispersed behavior for practical weoerk. 1In any case,
the effects of these restrictions can be checked experimentally.
This analysis predicts, in the absence of dust production within
the chamber, any dust concentration will have a log-linear or
exponential time decay curve. Experimentally this is checked by
plotting the logarithm of concentration corrected for any back-
ground concentration against time. 1If the curve is linear, then
effects due to nonlinear dust reduction and polydispersed aerosols
may be neglected.

The following develops the analysis for experiment. Also
presented is an extention of how time constants or rates of dust
removal relate to dust reductions for steady-state inputs of
dust concentrations. The symbols are described in Table B-1.

B.2 Dust Removal Rate

Consider the process in Figure B-1. A well mixed chamber
is ventilated in a steady-state manner. Dust removal spray is
operating at steady-state. Dust concentration has been built-up
and the dust source removed with time allowed for dust concentra-
tion to become uniform throughout the chamber, Time begins with
the initial dust concentration defined at this time. The dust
concentration then decays as a function of time.
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TABLE B-1. - Symbols

out

dust concentration

initial dust concentration

inlet dust concentration

outlet dust concentration

dust removal mechanism (volume flow units)

H

i=1

total dust mass = CV
ventilation flow

time

-4n C/Co

T test decay rate of dust

decay rate for dust only

R—RD

volume
dust reduction efficiency

1/ARD, time constant

v/0Q
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y{/’_ VOLWME v

Q, C=0
= = c
C=Cq, t=0 N
FAN T
MIST
FIGURE B-1. - Dust chamber.
Conservation of mass requires that,
aM- de _ _
it - VaE = c (Q + £+ £, + £ 4 fn)
or
dac _ _
\Y% ITE - C (0 + F)

with variables defined in Table B-1.

This differential equation is integrated within the limits,
C=C, when t' =0 and C =C when t = t. With rearranging,



in C/C
t

This expression  is the log-slope of
curve. The term Q/V is the decay
ventilating the chamber. The clean

of as diluting the dust. The
linear removal mechanisms.

F/V
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= -(Q/V + F/V)

the dust concentration decay
rate due to flushing or
ventilation air may be thought
term is the lumped sum of

By experiment, the various removal mechanisms may be sep-
arated. Consider the set of experiments at constant ventilation

where:
a. The decay of dust concentration with the application
of charged spray is measured
b. The decay of dust concentration without spray is

measured.

In the first case:

While in the second case:

Q+F
_ D
RD‘(v)

Take the difference:
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The term ARp 1is just the net decay due to the application of
the charged spray. Dilution effects and gravitational settling
of the dust have been subtracted out.

The reciprocal 1/ARp defines the time constant of the
decay due to application of charged spray. This is the time for
the concentrations to decrease to 1l/e or ~37 percent of initial
value.

B.3 Reduction Efficiency

Steady-state dust reduction efficiency is linked to the
ventilation residence time and the dust decay time constant. In
Figure B-2, dust is brought into a dust reduction volume where

acted upon by charge spray.

The reducticn efficiency is defined by:

0 €, % Cour

FIGURE B-2. - Generalized dust scrubber.



The ventilation residence time is

T, = v/0

Now in this time, the dust concentration reduction due to the
charge spray is by definition of ARp

out _ D 'r

Therefore, the dust reduction efficiency due to charged spray is

or

e-AR v/Q

Note that if V, Q0 and ARp are known, the efficiency may
be predicted. This also allows scaling. By applying the same
laboratory charged spray condition scaled for volume, that is,
AFp = VARp and knowing the flow rate Q, the dust reduction
efficiency for a full-scale application may be estimated.
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APPENDIX C

DROPLET SIZE DATA

Presented herein are copies of the computer printout of
the droplet sizing performed by the Bete Fog Nozzle droplet
analyzer. Shown are the droplets counted by size range as well
as computed statistics on the population sampled.

Bete Fog Nozzle, Inc. in Greenfield, MA have developed a
video computer system for analyzing spray droplets. A small
volume of the spray to be analyzed is imaged inside a video
camera using a strobe light to stop the motion. The image is
frozen and automatically processed using the known optics of
the system to provide information on droplet size.
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OWTE: 1721732 DUSTRON CHARGED SPRAY NDZZLE
TEST NUMBER 248 NOZ2LE: 188-850138 -VE &8FR .3Ls# SPATIAL DATA
AT é.aa - 8.800 PSI » @ - A AZ. ANGLE

# - @ CONICAL ANGLES » Je.@9 - 35.80 IN. DISTANCE~

OIRHETER b SURFRCE & cum % CLASS
CHICRONS 2 CROFS QCCURRENCE RRER vaLune UOLUNHE CHECK
Fa - g.e 17 16, 37 a3 8. 04 & a4 &.4a0a
- 8.2 ) 3. 66 8. 34 & a4 g a9 a.a09
§.2 - 1a. z ! #.al a. as a.a1 a.1a a.o0a
o 2 - 12.8 ) t-Y-3 6.57 a.le e .28 a.0aa
2.8 - ls. & 14 g.54 1.82 #. o0 a. 3z 8.4aa]
5.8 - 2a.4 13 11.35 4.48 1.7 2.e3 a.a92
0.8 - 2.8 22 13.41 r.87 4,34 &. 3 d._u03
5.4 - R 23 1442 12 8¢ 812 15 09 & g8y
J1.J - J3. ! 28 15. 588 28, 31 17,46 JI2. 5% a.a19
32,1 - 8.8 1e .78 28.85 28,87 55.42 3.a23
45 .8 nl.@ ¢ §.19 18.44 2x 18 7.6l a a2é
1.8 - TE.F 4 ‘ 244 153. 59 3,39 1aa. ge a.n3e
154 138 gé 108, aa 1aa, e iga. ag
RUEFRGE OTAMETERS:
ARITHHETIC MEAN = 26,49 MAXINMUE DIAKRETER = 783!
SURFAICE MEAN = Ja.ar MINIMUM OIGMETER = 5. 38
UQLUME MEAN = 33.45 TATAL # OROFPS IN SuMFLE = 164
SRUTER MEAN = 41 .58 TOTAL # FRRMES IN SRMFLE = 198
WEIGHT HEAN = $7.82 ORJPS FER FRRME = 1.8
UOLUME MEDIAN = 47,44 SAMPLE SJIZE CHECK = a.ar
’ OEVIATION = Q.44
FELATIVE 3PaN = ( 53, .86 - B g ir.4a = a8

Reproduced from
best available copy.
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OuTE: [~

21

TEST MUMEER

nT a.

OIRMETER
CHMICARONS?

-3z

aa -

a -

LV Rt S SRUIFE STY OV DAY SN

5.2 - &.
8.5 - 3.
5.1 - 1a.
8.1 - 12,
28 - 15,
58 - 13,
a7 - 29.
4.8 - 3a.
a2 - 33,
3.5 - 48,
s.1 - 64,
a.! .
5.2 - 83,
F.a 117,

AUVERRGE DIAMETERS :

DROPS

NOZZLE -

DUSTRON CHARGED SPRAY NOZZLE

18360108 NC &aPA

.3LoM

.88 PSI » @ - 8 AIZ. ANGLE

—

e gy e Py e
N BV R RN N SRS LT Y S

RRITHNETIC MEARHW =

BURFACE

MEAN

VOLUME MEAN
SAUTER MEAN
HETSHT MERN
IALUHE MEQRTAN

FELATIVE 3FAN

1)

Ty £ ()

3 O 10
A~

T,

104,89 -

@ CONICAL ANGLES ~

OCCURRENCE

- — e -

a C g g 0 U Oy
oy ' 0o Gy

S B

D h) OGN O ha Ny L SuTR
[TV N
L 2]

s W0ty
Vi ' g "G T

5,04

@ 35

et

3&.488 -

SURFACE %
AREA vaLume
@. 40 Qa5
a.37 8. a8
g.a9 g.az
a.89% a.15
1.83 g.44
4.22 1.5¢
4. 34 1. 87

18,3873 & 17
28,14 14.13
153 .84 le. 22
14.18 1§.87
14 38 21.04
I. a4 4.72
;.30 17 &1
100. 88 ag ag

MAXINUM QIAMETER
HINIHUN DIAMETER
TOTAL # ORQFS IN
TATAL # FRRNES I
DROFPS FER FRuME

SANPLE SIZE CHECK

DEVIATION =
i) §5.25 = |

SPATIAL DATA

cun o CLAS
UQLUME CHEC
a.ag J.gaa
a 11 & a0
a.13 g, aag
g.28 g.aag
a.re a.8ag
c.28 a. ag
4. 24 ¢ paz
18,41 a. 0
24.54- a.ale
48 .78 o ars
98 .63 0. .48
R Y L P
82,38 B gas
139 &4 & p2
1a5. gé
= 117 43
= 5 .38
SRMPLE = 243
N SaHRLE = (0@
= 2 a5
= g.18
g.53
I3

35.88 IN. DISTANCE~
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ORTE: 18132 DUSTRON CHARGED SPRAY NOZZLE
TEST NUMBER 247 NOZZLE: 189-6818@ -UE S8FA . 2L-M SFRTIAL OATA
AT a.00 - Q.00 PSI » @ ~ @ AZ. ANGLE
@ - @ CONICAL ANGLES ~ 36.@@ -  35.83 IN. DISTANCE~
DIANETER Y SURFACE 5 cum CLASS
CHICRONS 5 OROPS  OCCURRENCE  ARER  UQLUNE  UDLUNE  CHECK
Tse - 5T T TTTTE s TTazz TTeles "o 04 9. 008
5.7 - 7.8 = 5.93 a.47 LT 814 IR
R 123 3 X 1.17 B 37 a.51 & cod
127 - 153 ; 538 1.63 & 66 117 8301
15.3 - 18,2 a 789 3 ag 1 58 2.66 @ a8l
3.2 - 33 28 23.93 1435 a.as 11.72  8.018
232 - 289 18 15.38 15.2 1172 2344 §.613
.8 - it 16 13,88 21.54 28,92 44 36 8.027
ird4 - &858 3 LY 18.74 22 66 &7 63  0.028
15,8 53,5 3 5. 84 23 19 32,87 19000 g 037
CoTTTTTTTTTTTT “1177  TTlee ee ~ Tae.de  loe.oe  tog.ea
HUERAGE DIGMETERS -
WRITHHETIC NMEAN = 24 3 MAXTMUM DISMETER =  S8.47
SURFACE MEAN = 2727 MINTHUM DISMETER = 5 38
UOLUME MEAN = 237 TOTAL # OROPS IN SAMPLE = 117
SRUTER MESN = 35,41 TOTAL # FRAMES IN S4MFLE = 148
WEIGHT MEAN = 5330 DROFS FER FRAME = 1.17
UOLUNE MEDIAN = 39.92 SANFLE SIZE CHECK = 9.0¢
DEUIHTION = §.39
FELSTIVE SPAN = ¢ 5513 - 25.38)» 32,32 = 4. 30

Reproduced from
est available copy.
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OATE: 1721732 DUSTRON CHARGED SPRAY NOZZLE
TEST WURBER 248 NOZZLE: 18Q-801ad NC SéPd EL-M SPATIAL DRTA
aT a. a9 - Q.82 PST » @ - @ RZ. RANGLE

a8 - @ CONICAL ANGLES ~ Jo.80 - 35.8@ IN. DISTANCE~

DIAMETER ke SURFARCE 4 cum oz CLASS
{HICRONS) ORDAPS  OCCURRENCE ARER UoLUME UDLUNE CHECK
4.5 - Sg 18 §.652 g.3s a.as 3. a5 a.aaa
s &8 18 3. 62 a.m2 a.15 3. 29 a. 884
8.8 - 1a.3 2 1.72 a.3 Q.ar a.zav7 g. 008
g8 - 137 7 kS 1.44 &.36 .78 2. 8d1
13.7 - 5. 18 1378 5.a3 219 2.97 8,082
17l - 214 17 14 66 F.re 4.04 7.a g, o4
21.4 - 28.7 11 348 7.65 4.37 1198 &, déde
287 - 334 22 13,87 23.78 1823 3181 §.a2!
IT¢ - 418 14 8. 82 17.53 1738 43 @ 4. a2e
41.8 - §2.2 - A 7.7e 25.29 32.87 L a.a37
52.2 - 4&5.3 2 1.72 T 18,24 17,93 169, aa 2. 920
118 16068 1ag. 9a 1da.4a 19¢ ga
RUERAGE DIAMETERS:
ARITHMETIC HEsN = 22 .83 HAXIHUR DIAKETER = §5. 268
SURFACE MERN = 36 37 HINTMUM DIAHETER = 5.38
UDLUME NEAN = 29. 44 TATAL R QRGFS IN SkHPLE = 11§
SRUTER MEAN = 38.78 TOTAL # FRAMES [N SHNPLE = 100
WEIGHT NHEAN = 42.18 QRGPS PER FRAME = 1. 18
UOLUNE HEDIAN = 42 06 SHMPLE SIZE CHECK = a.a9
CEUTATION = a.4¢
RELATIVE SPAN = « 5734 - 24.73) 4288 =  @.73



ONTE- 12182
TEST NUMBER 243 MOZZLE -
——
RT a.gaq - a. ¢4 FSI ~ @ -
a -

DUSTRON CHARGED SPRAY NOZZLE

188-60188 -VE 5aPA

8 n2.

IL<M SPATIAL OATA

RNGLE
J6.08 IN. GISTANCE/

FELATIVE ZFAN

@ CONICAL RNGLES ~ 36.00 -

CEUIRTION

5@.35 - 2. 5407

| Reproduced from
best available copy.

S2.46

OIRNETER 5 SURFRCE b2 cuMox CLASE
CHICRONS) GROFS  OCCURRENCE AREA UOLLUNE uaLUnE CHECK
4.5 - 5.6 13 12 62 a.:7 813 3 13 8. Gaa
T - 3.8 iy 2.l 1.19 o, 28 a.41 2.4ad
§.8 - 18.3 N 7T 1.72 0,55 ¢ 38 &.84a]
.5 - 3.7 m &.880 2.38 §. 35 1.52 &.0a!
3.7 - 17 13 12,82 5,29 782 434 8.8a3
Ivr - 2.4 13 12.62 ERRT) g.03 1857 a.aarv
2.4 - 267 13 13.45 22,83 18,48 2737 a.818
J8.7 - 334 12 11.65 21.38 18 72 47. 89 a.a2z2
3.4 - 41.3 4 - 3.8¢8 14 a3 12 82 3. 81 8.614
4.8 522 2 1.34 3 a2 11.04 ) g.a12
§2.2 - &5.3 2 [.34 15 32 32.34- laa. ga a.a33
183 1a@. g l1aa. o8 1¢a. a8 AT ET
SUERRGE DIAMETERS:
ARITHAMETIC MEAN = 18.72 MAXTMUN DIGMETER = )
RURFHCE MEAN = 2176 MINIMUN DIRMETER = 3 38
UOLLIKE MEAN = 24.73 TOTRL # QROFPS IN ShMPLE = 187
SAUTER MEAN = 32,15 TGTHL # FRANMES IN SHMPLE = 199
WETGHT MEAN = 33, 38 OROFS FPER FRAME = .83
UOLUME MEDTAN = 35.38 SAMPLE SIZE CHECK = 218

& 37

14

149
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OmTE.

12182

TEST WILIMBER 242

P
RT a.aa -
a -
CIRMETER
CHICRONS)
I
5.8 - 8.5
58 - 18. ¢
9.7 - 13.3
13.7 - le &
In. & - 298
a8 - 2.8
250 - )
32§ 448 &
48 g s58.8

HUERAGE DIRNETERS:

_DUSTRON CHARGED SPRAY NOZZLE

@.89 PSI » @ -

@ CONICAL ANGLES ~

QROPS

-

[ S S

— 5 =

ratnbtacglacginoymiy,

HRITHHETIC MEAN =

SURFALCE MEAN
YALUME MERN
SAUTER MERN
HWEIGHT MHERAN

LOLUNE MEDIAN

FELATIUE 3FAN

27
38,
= ¢

OCCURRENCE

- - -

—

o [ ==
[ SOV PR S A IPRY A

COMD U T TG O T

T T UNT =T

8 RAZ.
J§.a8 -

.,

SURFACE

HREA

MASINUN OISMETER
AINININ GIAMETER
TOTAL # OROPS IN
TOTAL & FRAMES IN
DROPS FER FRAME =
SHMPLE SIZE CHECK

NOZZLE: 188-6010QNCEOPA. IL- N

ANGLE
38.88 IN. OISTANCES

VOLUNHE

(s 4 Qb
[ Y

X

b a ) Py
o
7
[

QEUIATION =

[N P RTN
AT, 00 0

"G
N
A ENRS TIVIER ¥ O]

oS0 T, Ly

bt

SPATIAL DATA





