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ABSTRACT

This report summarizes the results of @ number of experiments
conducted to support a program of fog clearing by the injection of
electrical charges into the fog. Experiments were made to determine
the charge transferred to water sprays which showed that contact
charging mechanisms were as much as 106 times as effective as
induction charging mechanisms. The charge on soap film bubbles was
measured and it was found that for a 2 inch bubble formed at 30 kV the
charge was on the order of 1 y Coulomb. Tests of fog clearing in an
environmental chamber indicated fair results with water spray techniques
and much better results with techniques by which charge is injected
directly into the atmosphere (corona injection). Preliminary tests of
corona injection into the atmosphere were carried out and .showed that
considerable charge attached to windborne particles.
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ABSTRACT -

This report summarizes the results of a number of experiments conducted
to support a program of fog clearing by the injection of electrical charges
into the fog. Experiments were made to determine the charge transferred to
water sprays which showed that contact charging mechanisms were as much as
106 times as effective as induction charging mechanisms. The charge on soap
f£ilm bubbles was measured and_ it was found that for a 2 inch bubble formed
at 30 kV the charge was on the order of 1 u Coulomb. Tests of fog clearing
in an environmental chamber indicated fair results with wa‘ter spray tech-
niques and much better reéults with techniques by which charge is injected
directly into the atmosphere (corona injection). Preliminary tests of

corona injection into the atmosphere were carried out and showed that -

considerable charge attached to windborne particles.

iv






I. SUMMARY AND RECOMENDATIONS

~ This report summarizes the results of a number of experiments con-

ducted in support of the NWC (China Lake) fog clearing program. The goal

of the program is to investigate methods of clearing warm fog on a prac-

tical scale suitable for clearing fog around éirfields. The approach

which this work supports is to inject electrical charge into the fog. The

charge, if it attaches to water droplets, greatly increases the efficiency

of collisions which lend to the formation of drops sufficiently large to
fall out of the fog. | | '

The experiments reported here were-conducted with auﬁiew toward deter-
mining the best means of injecting charge into fog. .Three classes of
experiments were conducted:

1. Experiments to determine the optimum techniques for charging a
spfay of water droplets and to determine the charge carried by the droplets.
(Water Spray“Experiments).

2. Experiments to determine the charge carried by soap film bubbles
when the bubbles were formed at a high electrical potential. (Bubble .
Experiments). - |

3. Moderate scale tests of fog clearihg,in an environmental chamber
using the techniques developed in the previous experiments. (Fog Clearing
Experiments). |

The first two classes of experiments were performed at the Naval
Postgraduate School while the third was conducted at NWC.

The basic conclusions reached in.each class of experiments are és

follows:



A. Water Spray Experiments:
~ a. Contact charging mechanisms were compared with induction
charging mechanisms. It was found that contact charging results in charge

'per unit volume of water dispensed as much as 106

times that obtained by
Induction charging. Although contact charging presents greater design
difficulties than does induction charging, especially when conducted on a
large scale, the advantage in charging efficiency greatly recommends
increased consideration of contact charging mechanisms.

b.‘ The charge per drop was determined by measuring the charge
transported to an electrode and counting ‘the number of drops on the elec-
trode. For contact charging the apparent charge per drop was as much as |
104 times the Réyleigh limit for the drops collected. The deduced charge
per unit volume was approximately 4 Coulombs/liter. One explanation of the
observed reSultS was that the contact charging process produces large num-
bers of very fine droplets which carry charge to the‘electrode but which
cannot be observed by gross examination. The radius corresponding to the
Rayleigh limit if the volume charge density is 4 Coulombs/liter is
vapproximately 0.5 microns. An alternative explanation is that corona is
involved.

c. A lengthy series of experiments was conducted to test the

~corona hypothesis. It was determined that this hypothesis could neither be

-+ confirmednor rejected by simple experiments.

d. A phenomenon termed "electrostatic spraying' was obsérved and
investigated. When voltages on the order of 40 kV and above were imposed
on a cone through which water was fed, a very fine water spray developed.
This spray is a result of the interaction of the electric field at the

cone and the charge on the water since the mechanism is effective even when




no hydrostatic héad was applied to the water. Increasing the hydrostatic
head, and hence the flqw rate of the water, causes a decrease in the
effectiveness of electrdstafic spraying and charge transfer.

e. The effects of water conductiﬁi;y were investigated. No sig-
nificant difference could be observed between the behavior of distilled
water and water whose conductivity had been enhanced by dissolved KCl.

B, Bubble Experiments: o

a. ’Measurements were made of thg charge carried by bubbles formed
at high potentials. For bubbles ofvapproXimately,Z ihch‘diameter formed at
30 kv a charge of approx1mately 1u Coulomb was carried by an average bubble.

b. It was observed that the presence of a electrlc potential
affected the detachment rate of the bubbles. Using a 3/8 inch diameter .
bubble pipe it was pbserved_that as the applied voltage was increased from
. 10 kv to 4kaV the detgchment‘processvwas enhanced. The bubbles decrease
in sizé aﬁd.the ratequ,detachment increases as the potential is increased.
The enhancement in the rate of detachment was by as much as a factor of 10..
When the bubble pipe‘was‘operated,above_40 kV the bubbles tended to rip .
apart because of the disruptive action of the electrostatic force. ‘This .
indicates that the Rayleigh limit was be;hg approached or that the detachment
rate was Kx;rapid for the rate at whiChrthe“bubble solution could be- supplied.

C.. Observatiqné/were made which indicated the pérsistence of the
charges on the bubbles. Occasionally a nitrogen filled bubble would become
trapped in a suitable electrical field and remain bouyant until it was
carried from the_favoxablé position by a_draft?,_Bopyantvbehayiorvwas
-observed for as long as 1/mjnu;g for some bubbles.. The behavior indicated

no appreciable loss of charge.



C. Fog Clearing Experiments:

a. Using an electrostatic water spraying device opérating*at ’
100 KV fog was cleared in a small region around the spray head.

b. No noticeable clearing was observed when charged bubbles were
tested. '

c. Fog could be cleared from a’reasonablyilérge‘V01ﬁme by using'
corona heads. The fog remained cleared from the region for several minutes
after the potential was reduced to zero.

d. During the observations a ''semi-catastrophic event' occure&
which was accompanied by substantial fog clearing. At one time during -
the expériments as large arc developed along adamp rope when the charging
head was at 100 KV. A volume of fog approximately 8 feet on a side was
cleared almost immediately and the volume remained clear for as long as
suitable conditions for fog remained in the chamber (about 5 minutes).

Based on the results of the experiments, chiefly the Fog Clearing
Experiments, we believe that methods employing corona appear to offer the
greatest potential for clearing fog by electrostatic means. The reasons are
two-fold: \

‘(1) Clearing when using corona appeared to be more easily
accomplished and to affect a larger voiume than clearing using other ‘techniques.
(2) The corona method is much less cumbersome and complex
to realize on a large scale than any other method of injecting electrical -
charge into'fogQ

Further investigations of the mechanisms involved in the dispersal -
of warm fog by corona should be conducted. The purpose of these investiga- '
tions would be to provide information capable of obtaining optimm parameters

for this technique with a view toward engineering a full scale test.
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TI. EXPERIMENTAL APPARATUS AND PROCEDURES

A.  Charge Measurements:

Measurements for the Water Spray Experiménts and the Bubble Experiments
were conducted in‘a?specially constructed room, 10 feet on a side. Two
walls'aﬁd the ceiling of the room are grounded electrical conductors. The
other:two walls and the floor: are reinforced concrete, which also forms an
approximate ground equipotential.;;Charging‘was produced using a 6 inch.
diameter "charging1sphere".; The various apparatus for the various-experi-
ments were attached to the sphere. The sphere -was located at the approximate
center of the Toom; mounted on a plexiglass tube. Since other equipment, -
‘most importantly the high voltage power supply, high voltage lead to the
sphere, and various ground and meter leads were also located inside the
room, the sphere was not. exactly in an.eleétrically symmetric position. -

.Charge was measured by capturing the charge-bearing objects on a 2
inch diameter copper disk which was coated with.enamel andconnected to an
electrometer. The disk could be located at a variety of positions around
the charging sphere. The connection from the diSkvto the- electrometer,
which was located outside the room, was.a coaxial cable. .The shield of
the cable was grounded and extended to within 1 inch.of the disk to.pre-
clude charges failing.on the cable from producing a spurious reading. It
‘had previousiy'been verified that this arrangement could provide reliable
measurements»of the charge of objects collected by the disk. (Thé,charge
coupling was‘via induction through the’enamelrcoating. The purpose of the

coating was to producé a dipole layer which would cause objects which



strike the diék to stick so that their number could be determined.) For
the bubble experiments difficulties were experienced with the enameled
disk and a bare copper disk was substituted.

The electrometer was Keithiey Model 610. With this system it was
‘possible to measure charge transfer as low as 10710 Céuiomb and currents
smaller than 10'13'amps. Smaller charges could not be measured due to the
capacitive coupling between the charging sphere and the disk.

The charging sphere was connected to a Hipotronics Model 26-334 power -
supply which was: capable of supplying voltages to 100 kV from ground with .
either polarity. The sphere voltage could be varied continuously through
.the range 0 to 100 kV by controls located outside the room containing the
sphere. Instrumentation was provided fo determine the sphere voltage and
the input current and voltage to the power supply. For tests at NWC a
portable high voltage power supply, Hipotronics Model 8GP160 was used
which could provide voltages from 0 to -160 kV. This power supply was
provided with instrumentation which allowed the high voltage'énd the current
-drawn by the high voltage lead to be measured.

B.. Water Spray Experiments:

1. Experiments in which single drops of water were placed either di--
rectly on the sphere or in a trunéated'cone placed on the sphere. The cone
was 1 inch high and had a base diameter of 3/8 inch and a tip diameter of
1/8 inch.

- 2. Experiments in which water was pumped through an induction charging
device supplied by NWC. Devices of this design had previously been used

extensively by NWC and the device will not be described here.
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3. Experiments in which water was sprayed electrostaticly from a
cone placed on the charging spheré. Most of the measurements were conducted
with experiments of the third class. N

A diagram of the electrostatic si:ray apparatus is shown in Fig. 2-1.
Water is fed to the spray head by a plastlc tube wh1ch passes through a
metal shleld The purpose of this shield is to elmlnate any sharp points,
which would act as. corona sources in the water connectlon The water
reservoir was a plastic bottle which could be ralsed and lowered by an in-
sulating cord which_pasSed'outside the room.v Since the initial experiments
(Class 1) indicaﬁed'that for single.drops much better spraying was achieved
near sharp points, a cone was used for the sprayhead. A #20 hypodermic
needle .passed through the cbne for the final water feed, Measurements were
takenvwith thev cone in placé and with the hypodermic needle alone. The
results of these experiments will be. described in Chapter 3.
C. Bubble Experiments:

Helium and Nitrogen filled soap film bubbles were blown using a metal
"bubble pipe" depicted in Fig. 2-2. The bubble pipe was located at the top
of the charging sphere. The pipe diameter at the opening is 3/8 inch. The
gas flow tube is 1/8 inch diameter. The soap solution inlet was 1/4 inch
diameter. ’The flow of soap solution wés controlled in a manner similar to
the control of the Wai:er flow in the electrostatic spraying experiments.
Typically, the soap flow was maintained so that the solution level in the
pipe was approx1mate1y 1/4 1nch below the pipe open1ng For the experiments
descrlbed here the soap solutlon cons1sted of equal parts "Ivory Liquid
Detergent" and glycerine. Solution with disolved NaCl was tried, but was
only slightly more conducting thah the original solution and proved more

difficult to use to produce satisfactory bubbles.
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~Fig. 2-1. Water Spray Apparatus (Not to Scale)
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Fig. 2-2. Bubble Pipe (Not to Scale) - .

Gas flow was controlled using a pressure and flow regulator on an.
appropriate gas bottle. Very low pressures (a few psi gauge) and flow
rates were required. vThev.soap and gas flow rates were adjusted so that
bubbles with the desired size and separation rate could be blown. The
lower the gas flow rate the larger was the bubble which was produced.
Adjustment of the flow rates was an imprecise art and many combinations
of soap and gas flow led to unsatisfactory bubble pipe operation. Ty-
pical poér\'operation was "spitting" of the soap solution (soap solution
too high and gas flow. too high) or the formation of multiple, undetached
bubbles (gas flow too low). Although the bubble pipe was sémewhat diffi-
cult to operate and somewhat unreliab«.le-’,f: it was the best of a series of
design; which were tested, some of which were much more sophisticated in
design and included an additional gas flow for detachment.

D. Fog'Clearing Experiments: = -
The fog clearing’ experiments were carried out in Building X at NWC

over a two day period. . The building is a hemisphere approximately 40 -

feet in diameter. The environment in this room can be controlled over




a wide range of temperature and humidity. For the measurements the humidity
was adjusted as high as possible (approximately 99%) and the temperature
varied between about 83 and 85°F.

Since the purpose of these experiments was to attempt to clear fog
no charge measurements were made. Experiments were conducted using the . . -
water spray and bubble apparatus. As mentiongd, a different power supply
than that used in the experiments at NPS was employed.

The effects of clearing attemptswere monitored optically using two
separate systems. The first was a transmission measurement system using
a helium-neon laser. The‘second was a scattered light system employing a
Gamma Scientific Model 710 photometer.

For the transmission measurements the laser beam was directed to a
mirror located behind the charging sphere. The laser path passed about 2
feet above and slightly to one side of the sphere. The laser detector was
mounted in close proximity to the 1éser, about 20 feet from the sphere.
The detector was a photodiode with a narrow bandpass filter. Performance
of this system was not satisfactory because of water condensation on var-
ious glass components of the system, but primarly the mirror. Even though
the measurements showed poor intermediate and long term stability, short
term effects provided a reasonably reiiable indication of the transmission.
over the optical path. These measurements served to confirm the results
obtained with the photometer. |

The photometer was mounted in close proximity to the laser system and
measured light scattered from a 150 watt tungsten bulb located on the -
opposite side of the room. The detector of the photometer had a narrow
field of view, about 6°, énd was aimed so that its acceptance cone passed

about two feet to the side of the charging sphere. Since the geometry
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was such that a 120 angle was made by the line from the photometer detec-
tor and the charglng sphere and the 11ne from the illuminating bulb and
the charging sphere, light registered by the photometer represented";“
scattered)light, weighting}most heavily the region in space near theb

charging sphere. However, because of multiple scattering and reflections

some of the llght entering the photometer detector reflected conditions

: elsewhere in the room. L1ght scattered from flxed obJects represented a

relatlvely constant background whlch could be taken 1nto account The
photometer system appeared to work very well Fog condltlons Wthh appeared

51m11ar ‘gave 51m11ar readings and the readings were reasonably stable in

‘time. Slnce fog tended to bu11d from the floor upwards con51derable ex-

perience was obtained w1th conditions Wthh showed that the maJorlty of
the light wh1ch reached the photometer came from the fog in the V1c1n1ty
of the charging sphere and not elsewhere in the room. All optical charac—
terizations of the fog (except subjective visual estimates) in this report
were obtained with the photometer system.

An unfortunate chardcteristic of the room was that constant fog condi-
tions could not be maintained. This tended to limit the amount of time
available for testing and to make some of the results more ambiguous than
might be desired. The instability in the fog was directly linked to the
environmental control systems of the room and the_fog cycle reflected the
cycling of the control systems. The humidity control was very simple.
Water was dripped on a stack of hot bricks to produce steam. For the fog
experiments, in which maximum humidity was desired, a constant stream of
water was played on the bricks. The bricks were heated by the same heater

which provided the temperature control. Thus temperature and humidity had

11




a'fendency to follow the heater cycle. When the heater would ignite fbg.
would disappear, the fog level descending toward the floor. When the
\ heater[wbuld shut off, fog would build up,‘rising from stratified fog B
several feet from the floor until almost the entire room would be filled
with a wniform, fhick fog. |
A typical Toom cycle is illustrated in Fig. 2-3, in which the photome-
ter feadings are shown as a function of time. Since it was necessary to
have conditions in whiéh fhe fog was relatively calm and non-stratified to
a height of at 1east 6 feet from the floor before significant expernnents
could be conducted experimental time was limited to about 20 minutes per
hour It must be emphasized that not all the room cycles were exactly the
same, however the minimum and maximum 1nten51ty readlngs were reasonably

consistent from cycle to cycle.
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III. EXPERIMENTAL RESULTS

A. Bubble Experiments:

The charge carried by bubblesblown with the apparatus discussed in
Chapter 2 was determined by allowing bubbles to strike a bare collector
electrode located above the bubble pipe and near the ceiling of the room.
Average values for the charge per bubble as a function of voltage are
given in Table 3-1. Therevwas no observed difference in the charges per

bubble as a function of polarity or filling gas (Helium and Nitrogen).

Voltage (kV) . Charge (u Coulombs)
20 ' 0.3
30 0.6

40 . 1.0 .

Table 3-1. Average charge per bubble.

The numerical results are subject to considerable uncertainity, per-
haps as much as 50%. This is due to both experimental probléms'and the
fact that the charge per bubblé was not constant but showed considerable
actual variation. A histogram of a typical run with helium filled bubbles
at 40 kV is shown in Fig. 3-1. As an example of the variation caused by
the formation process, the one bubble observed to carry 3 p Coulombs was
exceptionally large. Some of the experimental difficulties included the
fact thatAsometimes a bubble would burst when it struck the collector and

no assurance was possible that the entire charge had been collected, some-

times bubbles striking the ceiling would drip on the back of the collector, .
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possibly transfering some charge, sbmetimes a bubble would 'brush' the
coliector, etc. It was attempted to limit recorded data to cases in which
only one bubble struck the collector and no obviously complicating factors
were involved. |

'The trend of average charge versus voltage indicates that higher vol-
tages produce higher average charges. While this is intuitively satisfying
it also indicates something about the chief charging mechanism.

The obserbations rule out a "bouyancy model" in which the bubbles
accumulate charge until the electrostatic repulsion force equals the force
required to overcome gravitational forces.» If this were the case then one
would expect different results with helium filled an nitrogen filléd bubbles.
In addition, the bubbles produced at higher voltages were smaller and hence
less bouyant than‘those produced at lower voltages and yet carried more
charge. Further, it was observed thét nitrogen filled bubbles could be
held'bouyant at a considerable distance from the charging sphere where the
electric field was much reduced from the value at the detachﬁEnt boint.

In a similar manner an‘"equipotential model'" can be ruled out. In -
this model one assumes that a bubble has a certain capacitance and that thé
charge is given by Q = CBV. Since the bubble capacitance should be an
increasing function of bubble radiué one wpuldjexpect the ratio Q/V to de—
crease as the bubbles became smaller (higher potentials) while the opposite
is actually the case. o |

Similarly a '"'resistance limited' model appears ruled out since the de-
tachmpnt rates were much higher at high voltages than at low voltages indicating
that if the charging were limited by the dielectric relaxation of the soap
film one should observe.less, rather than more, charge at higher Voltagés

than at low voltages.
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- The most likely model is a ;oronaxcharging model previously developed
to explain, in detail, charging‘of metal coated fiberglass fibers. In this
model the majority of the charge is transferred by a corona mechanism in
the‘immediate vicinity of the detachment point. This model predicts a vol-
tage beyond which further charge is not transferred, which is not observed
in these experiments. Since this maximum effective voltage is related to
the speed at which the charged objects (here bubbles) can be made to leave
the charging sphere and since the viscous drag for the bubbles was so high,
one expects this plateau voltage to be quite high, perhaps above the Rayleigh |
limit for the bubbles. = (A stability limit was reached slightly ébove_40,kV
in our.experiments.)

If the corona charging mechanism is the correct mechanism it would in-
dicate that a bubble pipe with.relatively sharp edges, such as the-one used
here, might be more effective since corona could more easily occur in the
presence of sharp edges at the detachment point. This prediction may be
supported by some subsidiary observations made using a very different bub-
ble machine which was tested at NWC. In this machine bubbles are blown
from a heavy guage wire mesh, the wire'formingé rounded edge at the blowing
surface. In this machine the stability limit was nearly 80 kV. The sta- -
bility limit either indicates that thé.Rayleigh limit has been reached or
the bubble has too large a velocity on detachment (see below). It is more
1ikeiy that the latter is the case. The velocity is proportional to the
product of the bubble charge and the average electric field at the bubble,
and hence a higher stability limit indicates either a lower bubble charge -
or electric field (or both). The corona model predicts the charge would be

very sensitive to the electric field.
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Some observations were made which indicate that the charge persiSted
on the bubbles for times of at least one minute (and perhaps much more).
These were observations of nitrogen filled bubbles which were held neutrally
bouyant by the electric field at some distance above the charging sphere.
Mbtionlees bubbles were observed for times on the order of a minute until
the bubble moved from the stability point (usually due to a draft in the
laboratory as indicated by the subsequent bubble motion).

It was consistently observed that increasing voltage increased the
bubble detachment rate (which is consistent with’the corona charging model)
and decreased the bubble size (which is consistent with the shorter time -
available for film flow). If the gas and soap flow cohditions were set to
form bubbles approximately 3 to 4 inches in diameter at a rate of 1/3 bub-
ble per sec (one bubble in 3 seconds), application of 40 kV increased the
detachment rate 15 fold (to 5 per sec) and decreased bubble diameter to about
1 inch diameter. The diameter decrease is consistent with the time reduction
under the assumption of constant film flow rate.

If'the voltage was raised much above 40 kV most bubbles broke before -
detachment. This could either be a result of the fact that the Rayleigh
limit, the point where the self-repulsion of the charge on the bubble over--
comes the surface tension, was reached or that the drag forces associated
with the Velecity upon detechment were too great. It is likely that this =
latter explanation is the more nearly correct since the detachment rates at
the stability limit approached maximm rates obtainable with no applied

potential.
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B.  Water Spray Experiments:

The first water spray experiments performed were to. place a drop of
water on the charging sphere and increase the voltage. At sufficiently
high voltage the center of the drop deforms by moving away from the sphere
to form a peak on the liquid drop. -As-the voltage is increased further an
instability develops (probably the Rayleigh limit is reached) and a fine
spray emanates from the drop. The next improvement in technique was to
place a truncated cone on the charging sphere and place the drop on the
cone. This improved the spray-and-allowed it to develop at lower voltages "
indicating that the electric field at the spray site is a significant vari-
able. The next improvement was to design and construct the contact charging
spray head described in Chapter 2, which allows a continuous. supply of water .
to be brought to the cone tip. |

Thus, the first observationgymretq‘(re)discgver the phenomenpn of
electrostatic Sprayipg:' The §prayvWhich';éuses_water‘toiieaVe'the cone
creates a suction or pumping action which is very effective in bringing
water to-the cone, even when no external pressure head is applied. If the
production of a fine spray is adopted as the quality criterion then the
electrostatic spray is most effective when zero pressure head is applied.

A positive head increases the size of the drops while a negative head re-
duces the rate of spray. With the apparatus described in Chapter 2 -
electrostatic spraying could dispense between 0.2 and 0.5 ml/sec of water.
The flow rate was essentially independent of the applied voltage above 40 kV

since the flow was limited by the hypodermic tubing through-which the water

"was delivered to the cone." : -
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Further indication that low flow rates produce the "best'" spray are
indicated by the measurements presented .in Table 3-z. This data was
taken with a potential of 80 kV with the collector located below the charging
sphere in a region where most of the water fell. The background represents
a corona current.  The spray conditions Weré-édjuéted‘by‘changing’thélpr§SQ
suie head. Optimum spray conditions occured -at very low pressure head.
This experiment may well indicate that for contact charging too high a flow
rate causes less efficient charge transfer. Substituting water with

dissolved KCl produced a spray with larger drops.

Condition - © -~ Collector current (u amp)
" Background (wet condition) = 1-2
Optimum Spray . 7 - 10
High pressure spray - 3 i
Table 3-2. Some representative collector current data for electrostatic .

spraying. The collector was located in a fixed position below and about
% meter from the spray head. The pressure head was varied. The voltage
was 80 kV. _

'Wheh spray conditions were met the water emanated from the cone in a
straight, well defined stream and continued in this manner for about 1 inch.
At this point the stream broke-up and formed a conical spray subtending
about a 30° anglé. . The height“reachea by fhe,spray was -about 2 feet when
a poténtial of 100 KV was applied to the spray head. Although many drops -
were obviously highly charged since one could easily obsérve their rapid
repulsion away from the charging sphere, not all drops acted in the same
manner. - If the éharging voltage is increased the spray becomes finer. This *
can easily be explained if the drops are being charged to or near the Rayleigh

limit. This is because the charge transfer is observed to be an increasing
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function of voltage while the volume transferred remains constant. If
all drops are charged to the’RaYIéigh 1limit then ‘the charge per unit

volume will be given by

Q_6egn™?
v
wher.e’e0 is the permitivity of free space, vy is the-surface tension, and

r is the drop radius. Thus, as stated above, if the charge per unit volume
is increased the dfops become smaller.

If we continue to make the assumption that all drops are charged to |
the Rayleigh limit (and some drops were obviously less charged than others) -
ahd that a typical drop diameter was 500 microns (which may well be typi- -
cal) the charge per drop is approximately 2.5 x 10fll.Coulomb and the charge
per unit volume is 3.8 x.lO-4 Coulombs/liter. . In the experiments cited ‘in - -
Table 3-2 tﬁe flow rate was about 0.3 ml/sec for the optimum flow. If we
were to assume that the entire flow struck the collector (which was certainly
not the casé) and that the current associated with the fldw was about 6 u
amps, then we would deduce a charge per unit volume of 3 x 10_2 Cqulombs/
liter. This is about 100 times the Rayleigh limit! If more realistic
assumptions were made about the fraction of sprayed water collected the
number/would become about 104 times the Rayleigh limit.  This is typical of
results obtained from these measurements and is. an indication of problems
with a corona transfer mechanism which is facilitated by the water spray.

In eésen#e two types qf-experimenté:wererperformed;which gave the
charge transferred-per'ﬁnitvolumeqf water, One‘type»Ofbexperiment was.
similar to that described above‘in which a change in current which aécompanied

the onset of :a water spray was measured and the flow rate was determined

and coupled with an estimate of the fraction of the spray: striking the
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colleétor. A typical experiment of this type yielded charge per unit vo-
lume on the order of 0.4 Coulomb/liter.  In the second type of experiment
spray was maintained for a short period of time (from 3 to 30 sec) and the
excess of charge collected over a comparable period with voltage and no
water was determmined. The collector wés thenieXamined~and the number and -
radius of the dropé coliectéd was determined. The collector was then wiped
with an-absorbant tissue and the mass gain of the tissue was measured to
compare with the previous drop radius determinations.
Typical results from this latter type of experiment were to find that
the diameter of the collected drops was about 300 microns and the charge
per unit volume transferred ranged between 7 and 10 Coulombs per liter.
Comparison of the direct charge determinations with the Rayleigh limit,
calculated with the measured drop radius, typically gave results which were v
about 104 times the Rayleigh limit.
These results, obtained by two independent methods, can be explained
in two ways: By envoking an extra charge transfer mechanism which is effec-
tive during spraying or by envoking the. hypothesis of small drops which
could not be visually detected and which evaporated before they could be
collected by the absorbant tissue technique. If we take 4 Coulomb/liter as-
a typical experimental result, this corresponds to drops with a diameter of -
about 1 micron, (Rayleigh limit) which certainly are not visible;
Observations. were made of a substantially c0nstantrcurrentvduring
spraying. This would not be the case if the charge was being transported
by a few large drops. However, this observation is consistent with either
_hypothesis.
The second of these explanations seems harder to accept ‘than the first

since it leads one into difficulties in trying to quantitatively understand
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the results. Let us illustrate this by considering the results of a ty-
pical experiment in which 6 drops, with an average diameter of 300 microns,

-7

and an average charge of 10 ° Coulomb/drop were collected. For such drops

the Rayleigh limit is 1.2 x 10 Coulomb/drop Thus: the measured charge
- was slightly more than 104 times ithe Rayleigh limit. Assuming that there
was a large. number of.small'dropsﬁcarrying:anaaverageiof 7 Coulombs/liter
(the value obtained in this experiment) the-average drop radius would be
0.4 microns so that the average:drop would carry (at the Rayleigh 1limit)

}approximately 1.6 x 10-15,Coulombs. Thus it would require about 3.75'x 10

8
drops to deposit the measured charge. The volume of these drops would be
about 8.6 x 10-8 liter and the associated mass would be about 0.086 mg,
about equal to the measured mass of the 6 drops (0.1 mg). Thus the assumption

~ of ‘many small drops- seems Just w1th1n reason

On the other 51de of the c01n, it is dlfflcult to account for 1ncreases
in current durlng spraylng by as much as a factor of 10 (whlch was commonly

observed) solely by a corona mechanlsm A.m01st atmosphere certalnly d1d

enhance corona transfer Characterlstlc of thls are a set of measurements

|
|
presented in Table 3 3 wh1ch represents corona current when the appartus
| was entlrely dry and when the apparatus was wet from hav1ng sprayed water.
Typ1ca1 currents are a factor of from 3 to 5 1arger after spraying than
before. However, 1t must be remembered that many of the background currents
which were subtracted from measured currents to f1nd the excess assoc1ated
with the sprayhereobtalned under m01st cond1t10ns follow1ng sprays 1n |
- preceedlng experlments . | - |

To summarlze measurements of charges carrled by water drops generated

by the electrostatlc spraylng technlque typlcally ylelded results on the
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order of 104 times the Rayleigh limit of the apparent drops. This result can
either be explained by assuming that the bulk of the charge was transferred
by drops too small to observe (with diameters in the range of 1 micron and -
below) or that there was an excess corona current associated with the water
spray. In fact, both mechanisms may be operative. A number of simple
experiments were attempted to:distinguish between the two mechanisms but none

- were successful-in rejecting either: hypothesis.

v (kv) - Dry I (u amp): ~ Moist I (u amp)
60 ©. 0,03 o -0.09

- 80 , : 1.5 . 5
90 SRR 3 o 15

100 g .10 - ' 25

Table 3-3. Corona current measured with dry and wet equipment. The
collector was located 43 cm below the charging sphere and to one side.

In add1t10n to the extensive experlments conducted with electrostatlc
spraying, an 1nduct10n spraylng apparatus, Wthh was supplled by NWC was also
tested. The dev1ce con51sts of an isolated charging ring concentrrc to and
in front of a nozzle. The nozzle waé connected to the room water éupply and
hence was at ground potential. The charging ring was connected to the power
supplyr-‘It'Wae notbnoseible to operate the device above 8 KV due to arcingb
between the nozzle and the charglng rlng and operatlon above 4 kV was not re-
11ab1e (When the device was dry the maximum potentlal of the rlng was 12 kv.)
As far as could be determlned the dev1ce was very 1neff1c1ent com-
pared with the electrostatlc spray Measured currents were almost neg11g1b1e
(about 1 of those typlcally encountered with the electrostatlc spray when

flow rate was at least 1000 tlmes h1gher than w1th the electrostatlc spray )
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C. Fog Clearing Experiments:

.The purpose;of.these~experiments-waSmto test the various charge injec- .-
tion methods in a cqntrolied environment which approximated field conditions .
more closely than did-thé laboratory conditions. in which the charge trans--
fer measurements were made. The behavior of ‘the environmental chamber in-
which these experiments were:conducted has been described in Chapter 2.

The behavior of the chamber was not exactly the same from cycle to cycle,
however, Fig. 2-3 gives a fairly good representation of the fog cycle in
tefms»gf photometer readings. - Only that portion of the.cycle labeled
"usuable fog'" was utilized for the experiments. During the time period:-of-
"usuable fog'" Various charge injection experiments were conducted.

- The test51which were conducted during the Fog Clearing Experiments
were as follows: |

1. With the charglng sphere and 'spray cone in place the potential was
raised. to 40 kV for 1 sec but no water was sprayed,

2. Same conditions as 1 except 80-kV.Qas applied,

3. Water spray as follows: 80 kV for 15 sec, 100 kv for 15 sec, -

‘ 110 kv for 15 sec, | |
4, Same as 1 except,lOOJkV was applied for 30 sec,
5. Water spréy-at'lOO vafqr 180'sec,
6;»,Samé as 1 éxéept 100 kV was appliedrfor 60 sec, -
7. Water. spray at 100 kV for 270 sec,»= |
8.  Semi- catastrophlc 1nc1dent (descrlbed below),“
. 9. Corona discharge test (described below),
Tests 1, 2, 4, and 6 were '"background" tests for which no clearing was ex-. .
pected. For the spray teéts distilled water was used. Figs. 3-2 and 3;3

5
|
show the results (photometer intensity vs time) obtained in these tests.
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Figure 3-2 shows the results obtainedin tests1-5. Experiments
1, 2, and 4, which did not employ a water spray, showed little or no rapid
clearing. During the 3 minute pause between test 3 and 4 there may have
been some slow clearing. However, the results of these tests are not an
indication of the effects of corona, since the corona obtained in this "
configuratioh was mostlyvlocalized inside the plexiglass support tube for
the charging sphere. These tests do demonstrate that any clearing observed

in the other tests can be ascribed to the water spray. The water spray

experiments, tests 3 and 5, produced much more definite evidence of clearing.

In both tests clearing in the vicinity of the apparatus was noted by visual
vobservation, After a.prolonged water spray itvtook about 5 minutes for the
visual appearance of the fog to return to the 'before test' condition. The
reestablishment of the fog apbeared to be via a normal diffusive process.

- During the chamber cycles which separated test 5 and test 6, about 2
cycles, a small scale corona test was made. A makeshift corona head was
assembled from a ball of lathe shavings. The ball was about 4 inches in
diameter. - A roll of copper screeen forming a cylinder 8 inches in diameter
and 3 feet long was placed with one end on the floor. This screen served
as a groﬁnd electrode (because of the wet condition of the floor). The
corona head was placed 1 foot above aﬁd to the side of the top end of the

screen. The photometer field of view was aligned with the region between

the corona head and the screen. When the corona head was raised to a poten-

tial of 100 kV the photometer reading dropped from 27 to 19 and complete
visual clearing of the region around the corona head and screen was noted.
(Note: Since the field of view of the photometer had been changed, the
numbers obtained can not be directly compared with other photometer readings

in this report.) The total cleared region not only included the region
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directly between the screen and the corona héad but also included a volume
having diameter approximately 5 feet centered on the apparatus. To achieve
the maximum clearing it was necessary to apply thé voltage for approximately
2 minutes. The time for reestablishment of the fog after the voltage was
reduced to zero was approximately the same. This approximate equality of s
time scales may well indicate that‘the clearing, as well as the reestablishment,
was controlled by a diffusive process. The experiment was repeated twice

with similar results each time.

During the interval between tests 5 and 6 the apparatus was modified
>slight1y by placing a heat gun inside the plexiglass support tube. This
allowed the inside of the tube to be dried and eliminated corona inside the
support. The heat gun was turned off before the beginning of the environ—
mental chamber cycle during which tests 6-9 were conductéd. Thus, test 6
is not directly comparable with test 4 since the distribution of corona had
been modified. | |

" Fig. 3-3 shows the results (photometer readings vs time) obtained in
tests 6-9. The emphasis of this'series of tests was to compare the water
spray technique with corona techniques. For this purposé the apparatus
was modified by installing a grounded wire screen (8 feet by 3 feet) a
distance of 5 feet above the apparatué. The purpose of this screen was to
provide an elevated ground which would cause injected charge to rise into
the fog rather than follow ill-defined field lines to theffloor.

Test 6 resulted in some clearing, as recorded by the photometer, which

was not noted visually. Since the fog became denser (again as noted by the

¥

photometer rather than visually) immediately after test 6 the test was re-

peated about 3 minutes later. The second test showed no effects on either
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the photometer reading or on the visual appearance. Following this
""background' test water was sprayed at 100 kV for 4.5 minutes with clearing
consistent with that previously obtained with water spray tests. The fog
was then allowed to reestablish. This took approximately 10 minutes.

After test 7 the supply of distilled water ran low so tap water was -
added to the water reservoir. ‘Whén a repeat of test 7 was then attempted
a semi-catastrophic incidént occurred. Because of the conductivity of the
tap water which had been added to the reservoir an arc discharge developed
which traveled from the charging sphere to the water bottle and up the
wet nylon cord which suspended the bottle. The cord was grounded at a .
puily, located near the ceiling of the room. The arc caused the rope to
burn in two at a location about 8 feet above the water bottle. About 30
seconds later our state of excitement subsided and we took the of our Sur- -
roundings. . To our amazement we.discovered that the incident had been res-
ponsible for clearing fog from a very large portion of the room. It took
approximately 7 minutes for enough fog to reform so that experiments could
continue.

Experiment 9 was conducted by connecting the corona head and raising
its potential to 100 kv. The potential was held at this level for 5 minutes. h
Complete cleafing of a large volume took place in a time scale of about 3
minutes. After the voltage was reduced to zero the reestablishment of fog
was very slow. Perhaps this was due to the fact that the chamber cyclevwas
near its completion and because a great deal of moisture had been removed
from the room by the previous experimentsf

On the next chamber cycle tests were made of the bubble apparatus. The
results were very poor since no clearing was noted either visually or in

terms of the photometer readings.
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From these tests we concluded that the corona method shows promise
for warm fog dispersal. However, since these tests were conducted on a
3 small scale compared to field tests, the results may not scale to field

conditions.
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APPENDIX A. PRELIMINARY EXPERIMENTS SUPPORTING FIELD TESTS
OF THE CORONA CHARGING METHOD i ‘ |

"

In view of the results discussed in the main body of the report it
was decided to devote the time remaining in FY 73 to preliminary experiments
conceived to support the design of field tests. The purpose of the field
tests will be the dispersal of fog by the injection of charge diréctly into
the fog by a corona mechanism. At’this point there seems to be so many
possible variations and approaches that is likely that a suitable configuration
will not be encountered by blind empirical trials. Hence the need for some
preliminary information to provide guidance for future choices.

The first question which must be addressed is what is the best method
for direct charge injection into the atmosphere. Of course, this question *
requires prior information before it can be answered since onemust know what
"best" means in this context. It seems obvious that "best' implies that the
most fog is dissipated for the lowest system‘cost (initial investment and
power and other opeating costs), but how is this to be translated into a
screening program to select the most promising approach? There is the ques-
tion of the amount of electrification introduced into the atmosphere. Does
the "Chamber of Commerce' answer 'More is better' apply here? Or are there
differences in the subsequent behavior of the injected charge which reflect
different injection mechanisms and which will affect grossly the efficiency
of fog dispersal? As a preliminary criterion we shall assume thét the amount
of charge which can actually be injected into the atmosphere is an important

parameter and attempt to maximize it subject to minimizing potential system
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costs. This means that a penalty should be attached to systems which |
imply‘Significant$construction'and deSign problems and to systems whiéh.
imply excessive poweTiCOnsumption, ' | - |

At the-outset there seems three distinct approaches which can be
taken: a single-ended system, a double-ended system, and an arc discharge
system. A single-ended system consists of a high potential electrodevsys-'
tem located some distance above the earth (which acts as the other electrode).
Single-ended systems seem to Sffer the lowest power cost approach to the
problem‘sihce,the currents are designed to pass through the atmosphere for
most of their path."Somé'signifiCant potential'problems'includé spacé
charge effects which may make the amount of chaigevwhith'cah be injected
by this mechanism too small for effectiveness, and design quéstioné concern-
ing appropriate electrode configuration, elevation méchéhisms which do\nbt
involve the intfbduction of nearby pseudo-grounds, etc. A double-ended
system consists of an elevated éléctrode system cbntéiniﬁé both a high
potential electrode and a ground. The chief problems here are associated
with the efficiency of charge transfer to the atmosphere since if the charge

is confined to the region between the two electrodes it will do little good

for fog dispersal. An arc discharge system is a variation of the double-

ended system in which an actUal'arc (sustaining'or‘intermi;tent) is
extablished between high potentialvand grounded electrodes. This system
impiies'a féirlY“high'poWer cost, but may produce pérticles in a higher
charge state than the other mechanisms. Appropriate design to maximize
charge transfer to the atmosphefe is a kéy to this approach as well as to
the ;pproach uéing the dbuble;endéd (cOrona) system.

Associated with each of the approaches fbr_ihjection of charges into

the atmosphere there are additional significant questions not directly
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associated with the amount of charge injected. These questions:conéern

the subsequent behavior of the injected charges. To what do the charges

attach? What is the ultimate charge state of the electrified particles? €
Will these particles be effective in disipating fog? Of course this last
question is the key question and its answer allows one to bypass the
others.

Based on our state of ignorance our initiallapproach was td seek ways
to maximize fhe amount of current injected into the atmosphere. Since it
seeméd that the least problem of separating atmospheric currents from in-
terﬂal systém currents would be associated with the single-ended system
attention was focused on this syétem. The experimental program consisted
of two phases: Laboratory tests of eiectrode configuration effects in the
same facility within which the charge transfer measurements were made, and -
preliminary outdoor tests to test the deductions made in the laboratory i
and to seek new effects associated with‘field conditions. _

For the labroatory tests electrodes were substituted for the charginé
sphere.' Currents were monitored by the collector electrode-electrqmeter
system described earlier. The chief results of the laboratory tests were
as follows: \

1. A number of electode configﬁrations were tested with only slight
dependence of the current on electrode design and material. Typically the
cufrent-voltage (I-V) characteristics of the electrddes could be fit to

the functional form

I =1 [expla(V-V))} - 1]

&

with I, a, and V, parameters dependent on the electrode configuration.

Typical parameters were those obtained for a copper braid electrode
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I =8x 10-6 amp, a=36 kVTl; and V = 20 kV. The exponent1a1 form and

0

the lack of dramatic dependence of the I-V characterlstlcs on electrode |
de51gn can best be explalned by the assumption that the bulk of the current
is generated by secondary ionization processes in the ne1ghborhood of the
electrode rather than by d1rect 1nJect10n from the electrode |

"2; Tests of "multlple electrode" conflguratlons were conducted in
Wthh 1dent1cal electrodes were connected together and 1ocated a dlstancej
apart. The separat1on distance was var1ed and the I-V characterlstlcs
investlgated as a funct1on of separatlon It was found that 1f the elec-
trodes were suff1c1ently separated (more than lO to 20 cm) the electrodes.
acted resonably 1ndependently However 1f the electrodes were too close
together the current from the ”mu1t1ple electrode" behaved more 11ke that
from a 51ngle electrode Th1s tends to conflrm the deductlon noted above
that the most 1mportant charge 1nJect10n process takes place external to |
the actual electrode | | |

.3. For a flxed electrode conflguratlon the current at flxed voltage
was measured as a functlon of the separatlon between ‘the electrode and the
collector electrode. It was found that‘the current varied by as much as |
a factor of 10 dependinghroughlv as the'lnverse cube of the separation.
Th1s may be a reflect1on of nothlng more than decreased collection eff1—

c1ency of the collector electrode since the h1gh potentlal electrode is

surrounded by a ground at a dlstance of about 0.85 m.

Follow1ng the laboratory tests a number of "outdoors" testsumre‘:on-
structed For these tests the portable h1gh voltage supply was used ThlS

supply 1s capable of supplylng voltage between 0 and 160 kV It is so

1nstrumented that the high voltage and the current delivered at the hlgh
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- voltage can be determined. For these tests a bamboo mast 25 feet in
length was constructed, high voltage electrodes were mounted on the mast.
This mast would be erected at various angles to the vertical so that the
height of the electrode above the ground could be varied. A collector
electrode was constructed of aluminum foil,énd.copperfscreen mounted on .
a wooden frame. The collector electrode had an area of 0.67 m2. Using
this collector and the electrometer, current density could be monitored
at various locations around the elevated high voltage electrode. !

For the outdoor tests two sites were used. Preliminary investigations,
which focused on the I-V characteristics of the electrodes as a function
of mast elevation, were conducted on a flat grassy erea near the ecadenic
area at NPS. Subsequently the tests were moved to a 1ocat10n overlooklng
Monterey Bay. This second site (beach site) was a large 1eveled area on -
an old sand dune. The elevation of the site above the beach was about 40
feet. Tests at this site concentrated on I-V characteristics of electrodes
and current distributions with varying atmospheric conditions. It waé
hoped that this site might experience fog conditions, however during the
time covered by these measurements only one foggy day occurred and this |
fog was at an elevation of 200 feet so that no direct experience in é fog
‘environment was obtained. |

At the initial site it was shown that identicél currents‘(;SOu amps at
100 kV) were drawn by a simple sharp pointvelectrode fbr heights betWeen.7.5
and 2 meters. The current density pattern was reasonably stmetric about
the electrode. The total integrated current density, determined from the
measurements with the collector electrode, was within 20° of the total high
voltage current. This f1nd1ng tends to indicate the the bamboo mast does

not act as a major perturbation.
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‘The tests at the beachfsitehmreailrc0ndu¢ted’With the high voltage
electrode at the maximum' elevation (7.5'm). During these tests there was
cons{derable evidence that breakdown to the bamboo mast:played a consider-
able role in the observed I-V characteristics. As the system was "cleaned
up" the total current drawn by the electrode decreased by as much a factor
of three from that quoted earlier: Whether this is an indication of undis-
covered probléms'With"the‘méaéufements at the initial site or indications
that the nature of the ground is important is not yet clear. The initial
site was a well watered lawn and 'so should serve as a fair quality "ground
electrode™.  The surface at the beach 'site was quite dry and so the quality
of the electrical ground was much poorer there.

' The most significant observation made at the beach site was a consider-
able wind depehdencé on the diStribution of currents. In a steady breeze
(5 to 7 knots) the maximm current density was observed about 6 m downwind
from the electrode, rather than directly adjacent. Under these same condi-
tions very little current was observed at distances more than 2 metérs up-
wind or cross-wind to the electrodé.’*Infanothéfftest in which the winds
were lighter, detectable current was measured to 12 meters downwind from the -
electrode (the maximum distance at which measurements were attempted). No
surveys of the'total'density'pattern'wefe’méde:SO that the atmospheric currents
could not reliably be determined. More extensive surveys will be conducted
in the near future.

When measurements were conducted under conditions of variable winds
(speed and direction) clear indications of the significance of wind borne
charges were obtained. As the wind would shift toward the line between the
collector and the high voltage electrode (collector downwind) the current
would increase by orders of magnitude and more and then decrease as the wind

died or shifted to another direction.
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The observation of the wind dependence indicates that at least a por-
tion of the injected charges attach to windborne particles. (It is possible
that the particles are small salt crystals in view of the nature of the
site.) The wind dependence of the currents indicates that the aerodynamic
forces of the winds are sufficient to overcome the tendency of the charges -
to follow field lines. " This may be inferential'evidence that the particles
are not highly charged. It is also very significant in that it indicates
the possibility of distributing charge over a very wide area by direct in-
jection from a fixed site. The observation also has favorable implications
for the use of suitable (wide electrode spacing) double-ended systems for
mobile use.

The observations which have been so far made constitute but a prelim-
inary step in obtaining the needed information. It is necessary to make
more extensive current surveys under a wider variety of atmospheric condi-
tions (including fog). It is neCessary to obtain a better indication of the
height dependence of current from a single-ended system and to study the
injection éfficiency (atmospheric current to system current ratio) of double-
ended systems. It is necessary to obtain clearer information concerning
the possible influence of surface moisture., The measurements have been
useful for perfecting measurement and test techniques and have already shown

some highly interesting results.
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