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HENRY DITTIMUS BOWEN AN ABSTRACT

The author presents the vproblems involved in work deal-
ing with the devosition of small particles on plant surfaces.
It is stated that the low recovery efficiency resulting from
the use of current dusting and spraying machinery cannot be
improved substantially without further information regarding
the nature of the forces active in particle deposition. A
theoretical apnroach is considered to be desirable because
oresent evaluation techniques are considered inadequate to
orovide meaningful data in the 1light of the many ohysical
vhenomena that may effect both deposition and sticking after
the particle strikes the surface.

The author proooses to obtain the order of magnitude of
forces active in varticle devosition and svecifically the
relation between electric and inertial forces thet may be
active within the nlant regions. It is belleved that this
quantifying of the megnitudes of the forces will then allow
the develomment of a greater understanding of the deposition
and adherence oroblems. Also the theoretical results will
2allow more vointed investigations to be set un for the test-
ing of idees relative to immroving machinery and techniques
for particle devozition,

Instruments now available for measuring electric fields
or potentials have relatively large cavaclitances and inertias
associated with them. The volume distributions of charge that

results when charged dust is blown into the inner regions of
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a plant contains such a small amount of charge and the dis-
tributions change so ranidly that nresent day instruments
disturb the fields being measured greatly, and are not able
to follow the ravid changes of the field. Because of the
above situation, a measureable field was calculated by two
methods and also measured. The correlation being very good,
it was concluded that calculation methods and assumntions
used could be considered valid for calculations of those
fields that could not be measured. A method of calculating
the force ovroduced on charged narticles near small conduct-
ing disks at zero potentizl (avoroximating plant leaves) is
given,

A study is made of the inertial forces oproduced and the
resulting vath of =2n uncharged particle that is described when
an airstream carrying the pvarticle is deflected by a surface.

A comparison 1s made between inertia, electric, and
gravity forces for several electric fields. The results in-
dicate that electric forces are generally small compnared to
inertie forces and are comvarable in magnitude to gravity
forces for uniform charge distributicns. However, under
actual conditions the forces may be considerebly greater
than calculated due to redistribution of charges in the cloud
so that the charge density is no longer uniform.

The above results have shown that the electric forces de-

veloved within a pvlant region devend both on the charge density
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and the thickness of the cloud blanket near the depositing
surface. This exvlains vnartially the inability of workers
to transfer laboratory work on single surfaces and spheres
with thick blankets of cloud surrounding them to the field
where there exists much closer spacing of deposit surfaces

with resultant thinner cloud blankets and thus lower forces.
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INTRODUCTION

Nature of the Study

The following work deals with the nature and magnitude
of the several forces usually active to some degree in the de-
vositing of agricultural dusts and sprays on to crop plant
surfaces. The forces studied in some detall are the electric
and inertiasl. Gravity and thermzl fields are mentloned but

no thorough study has been made.

Purvose of the Study

The study was undertaken to develouv a greater understanding
of the nature of the severzl forces active 1in the devosition
of agricultural cron sprays and dusts in order that more effic-
ient machinery and techniques for arovlication could be
developed.

Although sprraying end dusting operations have been carried
on for many years and the need for est control hzs increesed
vearly, the equirment for arvlying vesticides is yet woefully
inefficient. From work carried out by Bowen and others (4 ),
it is believed that with present techniques and machines the

dust recovery seldom exceeds 10 to 20 percent under day time



operation (windy and no dew). Dust recovery refers to the a-
mount of dust actually deposited on the plant surfaces as
comnared to the amount discharged by the dusting machine.
According to Brooks (5) when dusting tomato vines with
calcium arsenate by airplane, 50 to 50 percent of the dust
drifts off the tract (200 ft. width) of dusting interest.
This waste dust serves to contaminate pasture and forage
fields on the downwind side of the tract. OCnly a fraction
of the dust that remains on the tract is actually deposited
on the plant, and often that is not uniformly svread over the

plant surfaces.

History of the Study

The agricultural engineer has been greatly namcered in
the past in working with dust and svray machinery because of
two major obstacles. "“he first 1s inadequate evaluation
techniques. The few evaluation technigues now available to
him have either been unreliable or very expensive and have
always required too much time. For this reason verhaps more
than any other, the vrofession has not made any major advances
in pesticide machinery.

The second obstacle has been an almost complete lack of
information as to the relative importance and nature of the

forces that act to derosit dust or spray rarticles on to plant



or other surfaces.

The first oroblem is being studied by workers in several
public experimental agencies, but to the author's knowledge no
one in the profession is working to increase the information
regarding the forces acting to deposit particles onto plant
surfaces. It is inconceivable to the author that significant
advances will be made without more information about the
forces acting.

The author and co-workers spent some three years of con-
tinuous effort directed toward imrroving dust recovery by
utilizing the electrostatic forces wvroduced when charged dust
is blown into the plants. An increase in dust recovery of
some 100 percent was encountered, but biological results have
not shown a corresronding improvement in plant protection.

It has not been determined wny this is the case since evalu-
atlon techniques available have not indicated the relative
amounts of all the various chemical constituents that are de-
nosited on the plants. The same problem of evaluation has
plagued the entomologist and plant =:athologist, and as & re-
sult often =211 that is known about & oesticide i1s that if a
certain quantity is mixed with a carrier and then blown or
sorayed onto the plants at a certain rate, the pests will
sometimes be eliminated. Ultimately, however, an improved
recovery efficiency will result in imcroved vest control or
increased economy. To this end it is desirable to increase

recovery.
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The workers in electrostatic dusting soon realized that
elementary physics explanation of induced charges on the
plants attracting the charged dust cloud gave no indication
whatever of the magnitudes and directions of the forces in a
charged dust cloud. It was impossible to develop a clear
concent of the rhysical processes being carried out because
of the com~lete Jack of information as to the magnitudes of

the inertial and electric forces occurring.

Definition of the Problem

The vroblem 1s to determine the magnitude and directions

of the forces active in dust clouds.

Limiting the FProblem

The problem is of considerable comolexity and each of the
two more imvortant forces merit an individuel treatment beyond
what was possible by considering the two. However, since there
was such a lack of information of the forces of either chase
it was believed desirable to devote a portion of the time to
each force in order to determine its relative importance. It
is hoved that the material gresented will stimulate other
workers in the field to take up those vortions that need further

clarification and that in time the force systems will be fully
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understood by all workers in the field. For the reasons
stated above, it has been considered proper to determine
the order of magnitudes of the forces and not try to deter-

mine the exact forces of a given system.






ZLECTRIC FIZLDS IN CHARGED DUST CLOUDS

Discussion of Electric HFields in General

Electric fields refer to those regions of space in which
an electric charge vplaced therein would have a force exerted
upon it. An electric field may be present in a region even
though actual charges are not present. An electric field in
the macroscopic sense need not be present in a region where
charges of both signs are present in equal numbers and uni-
formly disversed throughout the region. Local fields will
be present 1n this case, however. In the case where there
are charges of one sign only dispersed throughout a region
there will always be an electric field within the region.

The magnitude of the field will depend upon the distribution
of the charges and the proximity and magnitude of charges on
the neighboring boundaries of the system, The field intensity
is the negative gradient of the potential and, therefore, may
be determined if the potential distribution can be found.

The field intensity is the force that would be exerted
upon a unit positive charged varticle, if that particle were
placed in the field. Thus the force experienced by any
charged particle due to the electric field can be calculated
by knowing the magnitude and sign of the charge and the field

intensity.



Calculated Distributions of a Spherical
Cloud of Charged Dust

Direct measurement of the electric fields occurring in
regions surrounding plants in the field when a charged dust
cloud is blown into the region is of great difficulty. The
difficulty comes as the result of two conditions that are
more or less incompatible. Available instruments have rela-
tively large electrical capacities and inertias, and the
electrical gquantities being measured are generally very small
and dissipate very quickly. In most cases the capacity of
the instrument and its necessary leads 1is as large or is
larger than the capacity of the system being measured. This,
of course, violates the rule that a measuring system should
not unduly disturb the values of the quantity being measured.
Secondly, the electric fields formed by a dust cloud and any
conducting boundaries are quickly dissipated both by the
electric forces set up and by diffusion »rocesses. The rela-
tively large inertia of the instrument movement does not
allow the needle to follow the fast changing fields.

In attemots at direct measurement of charged smoke in a
pyrex boiling flask, the potential distribution proved to be
essentially constant all over the volume of the flask within
the time (about one minute) required to measure the votential
at two different positions.

In order to be confident of the calculations for fields

that are imnossible to measure with today's equipment, it is
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required that a measureable field be both calculated and
measured. The measured field should show a reasonable corres-
pondence to the calculated field for the same boundary con-
ditions and charge distribution. The field selected for this
purpose was that of a spherical cloud. The calculations for

a uniform charge density are worked out in Appendices I and
ITI. The calculations in Appendices I and II afe for a spher-
ical cloud surrounding a metal sphere at ground or zero
potential with a zero boundary at infinity. Other cases using
several values for the potential on the sphere and a zero
votential at the outer boundary of the cloud have been worked
out in the text.

The ultimate goal is to determine the electric field
forces acting on charged dust particles. These forces may be
obtained from the product of the electric field intensity and
the particle charge. Either the electric field intensity or
the electric potential may be calculated using superposition
methods. However, it was somewhat easier to measure the po-
tential distribution (from which field intensity could be de-
duced) than to measure the field intensity directly. It is
also believed that the potential distribution concept of elec-
trostatic deposition is a valuable contribution to the under-
standing of the phenomena. For the above reasons the calcu-
lations of the potential distributions of the several cases
wlll be compared with the measured potential distributions.

If these prove to be substantially in agreement, then the

field intensity (negative of first derivative of potential)
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will be derived from the calculated equations of potential
distribution.

The initial calculations of a homogeneous cloud enclos-
ing a grounded sphere were made using a Kelvin transformation
or inversion within a sphere. Because it was not certain at
all in the investigator's mind that the field could be satis-
factorily measured, a second calculation of the same problem
using superposition methods was made, Exactly the same
equations resulted from both methods and since the super-
position method was considerably less complex and would be
more easily understood by other workers in the profession,
the superposition method is the only one presented in the
text. For the special case of a uniform cloud surrounding a
grounded conducting sphere and a zero boundary at infinity
both the superposition and Kelvin transformation methods are
given in Appendices II and III. Graphical additions of sev-
eral fields are presented in the body and actual calculations
are presented in Appendix I.

The method of superposition has the advantage that it may
be used for synthesis of any complex field when all of the
simple components of the field can be calculated or measured.
In fact, by knowing the boundary conditions, certain of the
fields may be found quickly by a trial solution without re-
sorting to the simultaneous solutions of several equations.
It is hoped that the superposition approach will lead other

workers to a better appreciation of the actual nature of the
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electric fields and will demonstrate the method in which geo-
metric arrangement of boundaries may be applied to produce the
desired fields with a dusting machine for field use.

A graphical solution for the case of a cloud with a
grounded sphere within it will be made. The first calcula-
tion 1s for a cloud with a zero potential at infinity of the
type calculated in Appendices I and II.

From Appendix I the potential of a charged spherical
cloud with a uniform charge density ¢ and a radius b 1is

equal to

U, = - 2tRAY3 + 2TAD ... .. P<D (1)
where Q2 is the distance from the center of the cloud.

Up= rdbY30. .. ... e et P2 D (2)

The following table gives the value of Uy /md from

O< P £ 5, where b = 3

TABLE I

FOTENTIAL OF A UNIZORMLY CHARGED
CLOUD VS DISTANCE FROM CENTER

r° Uy /e
In Units In Units
O 18.¢CC
1 17.33
2 15.33
3 12.00
4 2,00
5 7.2C
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Figure (la), page I9, shows the cross-section of the
uniform cloud of charge density +42. Figure (1b), page 19,
shows the potential distribution along an extended horizontal
diameter of the cloud.

If a metal sphere of radius a 1is to be placed in the
center of the cloud, the metal sphere will displace some of
the cloud, thus leaving a hole in the cloud. This will change
the potential by a definite amount due to the absence of the
charge originally in the space occupied now by the metal
sphere. We must then fashion a cloud with a hole within it
of a size that the metal sphere will Jjust fit into. This is
most easily done by adding a small cloud of -49 charge den-
sity (having a volume equal to the metal sphere) to the large
cloud. The small negative cloud suverposed at the center of
the positive cloud leaves a net charge of zero and thus makes
a hole in the large cloud from the charge distribution stand-
polnt., This negative cloud also subtracts from the potential
throughout the exterior of the cloud. The votential of the

small negative cloud 1s given by

Uy = 2mg0P/5 - 2mp9a®. . . ... ..., P& a (3)

P2 a (4)

I

]
i~
E]
&
v
)
K]

Ua

Figure (2a) and Figure (2b), vage /? , give the cross-
section of a small negative cloud and the potential distri-
bution along a horizontal diameter of the small negative

cloud respectively.
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The sum of the large positive cloud and the small nega-

tive cloud 1s as follows

Vo= 2ma(b2 - a%) .. ..., e e P 22 (5)

Upo= - 2T P/3 + 21 b8 - Urdoa’ /3P.....a £ P £ b (6)
¢ 3

Upo= Ums(0? = 2°) /300 e, e P2 D (7)

The following table gives values of U/m# for the hollow
cloud., Figure (3%a), page 19, shows the cross-section of charge
density of a hollow cloud. Figure (3b), vage |9, shows the
potential distribution along an extended horizontal diameter

of a hollow cloud.

TABLE II

POTENTIAL OF A HOLLOW CLOUD
VS THE DISTANCE I'R0M CENTER

r U /m¢o
In Units In Units

1 15.C0

2 14.67

3 11.56

4 8.67

5 £.93

In order to bring the notential to zero throughout the
metal sphere it is only necessary to place the metal sphere
in the hole of the cloud and add to the metal sphere a nega-

tive charge of magnitude such as to produce a potential



- 13 -

equal to but oprosite in sign to the votential of the hole.
We know that the potential of a conducting sphere i1s constant
throughout and an examination of the hole in the c¢loud shows
that i1t too has constant potential throughout.

The charge Q on a metal sphere to produce the potential
necesscry to cancel the potential of the hole is given by
Q= VC, where V 1s potential, and C 1is the capacitance
of the sphere. The capacitance of a conducting sphere is
numerically equal to the radius, and thus we find that the g
on the sphere must be the negative voltage of the hole times
the radius a or Q = Qmp(bz - a%)a.

The potential V to depress the potential of hole to

zero is given as follows

- V=20Q/=0/a=-2me(b®-2a%)as/a
= - 2mo(b? - a%)......p% a (8)
-V =0Ql = - 2mo(b® - a¥lafp......... P2 a (9)

The addition of the charged sphere to the hollow cloud is
shown graphically in Figure (5b), page 260, and the values for

U/mrdo are glven in Table III on the following page.
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TABLE III

POTENTIAL OF HOLLOW CLOUD
WITH GROUNDED METAL SPHERE INSIDE
VS DISTANCE FROM THE CENTER

r Uesv + (-V)
In Units In Units

1 0

2 5.07

3 5.23

4 h.57

5 4,00

The above addition shows a zero potential throughout the
small sphere, a maximum potential about two-thirds of thick-
ness of the cloud outward from the metal sphere and then a
gradual dropping off until it reaches zero potential at in-
finity.

This type 1s approximated when a blanket of charged dust
1s laid down over a field by an airplane. The potential will
be zero at the ground or plant surfaces, reach a maximum some-
where within cloud and again approach zero somewhere out in
space,

The other case of interest 1s that of a cloud with boun-
daries of known controllable boundary values. Ve mey take as
an examonle a spherical cloud with 2 metal sphere in it, but
this time with the outer boundary of the cloud at zero as well
as the metal sphere at zero. The method used will be essen-

tially the same as before, namely, the addition of several
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simple charge distributions,

We may now start with the hollow cloud previously de-
veloped and add a negative charge at the outer boundary (a
metal shell) until the potential of the shell is reduced to
zero, The effect on the inside of the cloud due to this nega-
tive charge is a constant reduction of potential all over the
cloud, This is shown in Figure (6b), page 2|.

The value of the constant to be subtracted 1s given by

(Uasw )y, = 4ma(0? - a%) /50 (10)

The potential of the distribution is equal to

Univ = (Usse )Palr ........................... O£ P £0D (11)
Uaso = (Uaap Jp,, = ome(b® - a?)
TR S I P £ a (12)
U.f(,. - (UA.‘, ),,’b = - EW”P% + 27r‘9b£ - L"'TT-L‘aJ/BP
- hmo(o? - a’)/3b........ asl £0vp (13)
Ua-olp - (Ua-..[, )P=b-= O. .......................... P = b (1}4)

Table IV gives the values of Usrp - (Uaet )P’F/N" from

O%Ff £ 5,where a =1, b = 3,
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TABLE IV

POTENTIAL OF A HOLLOW CLOUD WITH THE OUTER
BOUNDARY AT ZERO VS DISTANCE FROM THE CENTER

e Usst = (Uave Joay /Te0
In Units In Units

1 4 hy

2 3.11

3 0

b 0

5 0

The final case of interest is that of a hollow cloud con-
taining both a metal sphere at zero potential and the boundary
at zero potential. This is shown in Figure (7b), page at,
and can be calculated for the general case as follows: The
potential of a hollow cloud is added to the potentials due to
the negative charges on a grounded sphere and a grounded metal
shell. The value of the negative charges on the sphere and
the shell can be, but need not be found., It is just as easy
to find the value of the depressing potential necessary to
bring the metal svhere and metal shell to zero simultaneously.
The following formula gives this potential throughout the
cloud.

0= Upp = (Uasy Jp,, - V(1 - a/p)..... P =a (15)

At @ = a the potential = C by definition.
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We have taken the hollow cloud at zero potential on the
outside boundary and added an amount aV/b to it to compen-
sate for the negative value of the depressing potential - V
at P = b from the consideration that Q (the charge on the

metal sphere) = VC = Va, where C = a 1s the cavacitance of

the metal sphere.

Uasy - (Ua«l-b )P:lr

(1 - a/p) (16)

V =

_ -QmuﬁGA-%wf -4mm{6ﬂ+lmwh3-ﬁg)6b
(1 - a/b)

If V' = V/ra, then for a = 1, b = 3

V= -2/3 +18 - 4/3 - 4 (27 - 1)/9 _ 4,44 _ .56 (17)
1 - .333 .567 )

Throughout the metal sphere the depressing voltage = V, but
since potential at a distance from the charged sphere due to
the charge Q = VC = Va 1s given by the relation Qp = Va/p,
then at @ = b the depressing potential = aV/b. In order to
get the potential distribution throughout the cloud we now
must subtract the depressing potential from, and add the con-
stant aV/b to the potential of the hollow cloud whose outer

boundary was at ground notential.

U

U“‘_ - (Ua_‘,b. )Ps‘. - V/e + a‘],/b

—~
—
(89}

S’

- 27r40P?/3 + 2TrJ~9b2 - 47#&3/3/’

+ bmo(a® - ) /50 - Ve + aV/p

(]
i
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3
U= - 205 + 2 0% - 4 a¥/3p + 4(a® -1 )/3b

-v'p s av'm (19)
Fora=1, b=3%, V = 6,56
U/mio = - .567P° + 18 - 1.33/P - 11.56

- 560/ 4+ 2.22. . it a P €D (19)
U/mdd= O for O 4P £ a and for P 2 b (20)

Table V gives the values of U/mg for O £ P £ 5, Figure

(7b), page 41, shows the potential distribution of this case.

TABLE V

POTENTIAL OF A HOLLOW CLOUD HAVING
A METAL SPHERE “ITHIN AT ZERO POTENTIAL
AND AN OUTER BOUNDARY AT ZERO POTENTIAL VS
THE DISTANCE FROM THE CENTER

P U/ 4o
In Units In Units

1 0

1.5 1.83

2.0 2.00

2.5 1.30

3 0

4 0

5 0
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Superposition of Simple Electric Fields
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Superposition of Simple Electric Filelds
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Calculations of Potential Distribution of a Spherical Cloud

of Charged Dust That was Measured,

Since it is desirable to compare a measured field and
calculated field, the calculated field must have the same
boundaries and charge density g9 as the measured fields.

The charge density A9 1s taken to be .645 units/cu.
inch, which value is 1938 times the value of¢49/ in e.s.u./
cc.

If Q= HWR3A973 for total charge contained in a spher-
ical cloud of radius R and charge density JDI then
V= Q/R = 4R’ /3R = potentlal at outer boundary of this
cloud. Thend? = 3V/4rR%. Considering that 1 stat volt =
300 volts and 1 cm. = .3%4 inches, we may convert from c.g.s.

units to volts and inches by using the following factor

1
A0 /- (Ur 12) /3 _ 1
2}' 300 1938
L4r(.394)%]/3

/ (21)
A9 (1938) =49 (1)
The diameter of the cloud is 35.5 inches and the diameter of
the metal sphere to be used inside it is .90 inches. 1In terms
of the distance /2 from the center this means the outer
boundary of cloud is (b = 17.75 inches) and the radius of

the metal sphere is (a = .45 inches).

The calculation for Case I is that of a cloud with no

metal sphere in it but depressed to zero votential at the
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outer boundary. The equation as found by methods of the

former section i1s as follows
2 L
U= 219 (b - P ) /3
withA = 645, b = 17.75

U= 1.35 (315 -Pz)

(22)

(22)

The following table gives the values of the potential

for the various positions as calculated from the above for-

mula to the nearest volt.

TABLE VI

CALCULATED POTENTIAL VS
DISTANCE ©ROM CENTER FOR CASH

R A S
rrom (315 - PY) 1.35 (b° - #")
Center volts

45 202 515 L25

2.25 5.05 310 418

4.25 297 ko1l

5.25 275 373

8.25 2h7 333
10.25 210 284 '
12.25 155 222
14.25 112 151
15.25 207. 48 55
17.75 | 315 0 C
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For Case II, where the metal sphere is depressed to 200
volts and the outer boundary is at zero, the equation for
the cloud depressed to zero potential at the outer boundary

is given from a previous section as

U= 210 (b2 -p) /3 - hmgoa/3p
+ 47rowaj/3b..........a £ P £D
(13a)
U= 1.35 (315 - £%) - .246/p + .2U6/17.75..a 4 P £ b

It can be seen that the second term on right can never
be greater than .550 nor less than .013. The third term on
right side of equation equals .013. Thus the maximum error
that can result from neglecting these two terms is .550 -
.01%3 = ,537 volt. This is an entirely negligible value when
considering the magnitude of the first term on right side of
equation having a maximum value of 425 volts. The second and
third terms will be drovrped from all subsequent calculations.
The equation of hollow cloud is now given as

U=1.35 (315 =P )eurerennnnn. aLP LD (13b)

The equation of hollow cloud with metal sphere at 200

volts and outer boundary at zero potential is given by
U= 210 (b -p")/3 - aV/p + aV/b (23)

V being the depressing potential and found by method of pre-

vious section as follows
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200 = 1.35 (315 - .2) -V (1 - a/m).....P = a (24)

c
]

V = 231 volts

av/b = 6 volts

U= 1.35 (315 -p°) - .45 (231)/p + 6 volts ...a«FP &b (23a)
TABLE VII

CALCULATED PCTENTIAL VS
DISTANCE FROM CENTER FOR CASE II

P 2mp(b‘-—ﬂﬁ/3 av/r aV/b U
Inches 2
from 1.35 (315 -P) - .45 (281) 0 + 6 volts
center
45 ka5 231 + 200
2.25 418 46 378
4,25 401 24 383
65.25 373 17 362
8.25 333 13 325
10.25 284 10 280
12.25 222 8.5 220
14,25 151 7.3 150
15.25 05 oL b 55
| 17.75 0 5.2 0

For Case III where the metal sphere is at ground, a
negative charge is induced on the sphere sufficient to depress
the original 425 volts down to zero at the surface of the

metal sphere. The procedure for calculation is exactly the
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same as 1n the precedling case and a value for the depressing

voltage V must be obtained.

U= 0= 2140 (b% - a%)/3 - av/a + aV/b....0 = a
O= 425 -V (1 - a/pb)

(24)

A 5 volts

]
=~
W
@)

avV/b = 11 volts
U=1.35 (315 -A") - U5 (436)/p + 11 volts....a 42 « b (25)
TABLE VITI

CALCULATED POTENTIAL VS
DISTANCE FROM CENTER FOR CASE III

2 o (b2 - PY) /3 av/p av/b U
%ggges 1.35 (315 -#") - s (W36)/p | + 12 volts
center

RIS 125 U35 0

2.25 418 87 342
4,25 4ol 46 3656
6.25 373 31 353
8.25 333 24 320
10.25 284 14 276
12.25 222 15 217
14.25 151 14 148
15.25 55 12 54
(17.75 0 11 0
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Case IV has the metal sphere depressed to a negative
198 volts, aﬁd is handled exactly the same fashion. Solving

for V we have.
V = 639 volts
aV/b = 16 volts

U=1.35 (315 -P) - .15 (639)/p + 16 volts...a4f &b (26)

TABLE IX
CALCULATED POTENTIAL VS ;‘
DISTANCE FROM CENTER FOR CASE IV !
P o1 (b® -p%) /3 av/p av/b U i
Inches N
from 1.35 (315 -pP ) - b5 (639)/p| + 16 volts :
center 5
45 425 639 - 198 ;
2.25 18 130 + 304
4,25 401 69 + 348
6.25 373 bt + 342
8.25 333 35 + 314
10.25 284 28 + 272
12.25 222 24 + 214
14,25 | 151 20 + 147
16.25 65 18 + 63
17.75 0 16 (o]
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Measured Potential Distribution of a

Spherical Cloud of Charged Dust

The first real attempt to measure the potential distri-
bution (from which the field intensity could be deduced) was
a complete failure. A closed pyrex spherical container was
filled with a cloud of charged smoke, by evacuating the con-
tainer partially so that the smoke was drawn through an ilon-
ized fileld type charging nozzle. The filling apparatus was
all mounted in a tight fitting stopper. Once the flask was
filled with charged smoke, the stoopper with the filling
avparatus was replaced by another stopper containing a mov-
able radioactive probe connected to an electrostatic volt-
meter. However, it was found that the time required to re-
place the filling stopper with the measuring stopper and
bring the instrument up to potential was sufficient that an
essentlally constant potential occurred throughout the volume
of the flask., This could only mean that the smoke particles
had almost all precipitated onto the inside of the flask.
Nothing whatever was learned of the potential distribution
that would occur in a uniformly charged cloud. This appara-
tus is shown in Figures (8) and (9).

The second attempt utilized a continuous cloud of charged
dust which was not so greatly affected by vrecipitation. The
continuous cloud of dust was made avallable to the volume re-
gion belng measured to replenish the dust that precipitated

out of the air. Also, conducting surfaces held at known
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potentials were used as boundaries to the cloud instead of
insulated boundaries that changed potential with a precipi-
tation of dust and charge. These conducting boundaries
dissipated the charge brought to the boundaries by the pre-
cipitated dust so there was no appreciable effect due to

dust precipitation such as occurred in the first attempt.

The apparatus to provide the charged dust and the measur-

ing system are pictured in Figure (10) and (11), and a

schematic diagram is shown in Figure (12).

Description of Apparatus.

The apparatus for producing a charged dust cloud and de-
livering it to the measuring region consisted of the following
items: A variable speed motor operating a centrifugal fan
for producing a dust cloud, an ionized field type charging
nozzle mounted on the end of fan discharge pipe for charging
the dust, a power supply for supplying power to the charging
needle, a mixing chamber into which the dust was blown and
mixed with air, a measuring chamber, a perforated bulkhead
between mixing chamber and measuring chamber to provide a
reasonably uniform discharge of charged dust into measuring
chamber, an exhaust fan to draw the dust from mixing chamber
into measuring chamber, and an axial flow fan to provide tur-
bulence in the measuring chamber.

Apparently due to the location of the exhaust outlet in

the top of the rear end of the measuring chamber, the dust
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cloud was prone to move in such manner as to allow a greater
concentration of charge (and presumably dust, although this
could not be visibly detected) nearer the upper part of the
measuring chamber. This condition resulted in a somewhat
lop-sided potential distribution. This condition was greatly
improved by the use of an axial flow fan placed as shown in
the diagram of Figure (12). The fan improved the distribution
no matter whether directed along the floor, toward center of
cage or toward ceiling, but gave best results when positioned
along floor of measuring chamber as shown,

The apparatus for measuring the potential of the charged
cloud consisted of a chicken wire spherical cage of 35.5
inches diameter (which formed a cloud with a spherical shape
when the cage was placed at zero potential), a reference
probe and electroscope type voltmeter, a movable probe (tra-
verse probe) and electrostatic voltmeter, a cord and pulley
arrangement for supporting the movable probe, and an indexed
oulley for taking up or letting out cord which raised or
lowered the traverse probe.

Other equipment included a sling psychrometer for measur-

ing the wet and dry bulb temperatures.
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Fig. 8. Spherical flask with filling cap
and charging apparatus in position.

Fig. 9. Charging nozzle and filling cocks
as used in Figure 8.
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10. View of apparatus used for measur-
ing potential distributions along
a vertical diameter of a charged
dust cloud.

View of measuring chamber showing spher-
ical cage, reference probe (black lead),
traverse probe (glass rod insulated), and
metal sphere. In the background can be
seen perforated bulkhead.






- 33 -

‘PnoTo 3snp

pe3aeyo ® U} UOTINQIIFSTP [BFUa3zod Butanssew J0J snjeaedds Jo weadv]g ‘21

FObD FYIM TWIIITHIS

vy HMU. .HM\\ N
/
/
|
\
\
\

\

1l

f
\ “_
I
I
I
1l

Areang

Jamaoy
,\l\.\

"B

IIMo?

T
—;.«3(3 ]

~—

FG0Y g d0,) OIS

avIHNTNG aIL QQQ&QNQ\J

ad N /:
/ \

AN s

/

v\
b
s
I
1

IIGNUND IIMOTG

|\

FT7ZZON ONIDIVHD — o
F7SIVEG - 7
YILINLTO) FSIIAVY/ — (]
FILIWLTION FONIFITITY — D
IF0Y o/ FTIFVACY — &

IGO0 FONTITITY — W

MFIA <O/







- 34 -

Procedure for Making a Potential Traverse along a Vertical

Diameter of a Charged Dust Cloud.

The adjustable gate on the exhaust fan outlet was nearly
closed. This reduced the pulse effect due to the uneven
feeding of dust to the blower. An axial flow fan (of house-
hold type) was operated to promote a mixing of dust and
charge within the measuring chamber. The centrifugal blower
was operated at 1500 r.p.m. for all traverse measurements.
The charging nozzle was supplied with an ionizing voltage
(approximately + 13000 volts D.C.). The dust (325 mesh atta-
clay) was fed into the centrifugal blower by hand in discrete
quantities of somewhat less than a gram by shaking through a
sieve (similar to a small flour sifter). After an initial
filling of the measuring chamber only one addition of dust
was required for a reading.

The reference probe was taped in place at one of the
measuring stations and the reference dots on the glass faces
of the meter were lined up at a voltage that would allow near
full scale deflection on the traverse meter when at the sta-
tion of maximum potential. The potentials on the metal sphere
dictated to a large extent where the reference oprobe could be
placed. The reference meter was operated in the range of 215
volts to U425 volts depending on the particular case being
measured. The traverse probe had a three foot glass tube for

an insulator at the measuring end, which was sufficiently
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heavy to keep the supportling cord under tension at all times.
An indexed pulley (Figure 10) was calibrated so that by
turning the pulley to a given mark, the probe was raised or
lowered to one of the observations stations. The station
positions were measured in two inch increments from the top
of the spherical cage for convenlence in calibration., This
led to some inconvenience in all subsequent operations with
the data since the sphere was only 35.5 inches in diameter.
The cotton cord stretched the first couple of days but was
recalibrated for each test, and checked after each test to
be sure no change had taken place. After two or three days
the cord did not stretch any observable amount.

Three replications of readings were taken for each sta-
tion. The order of observation of each reading for all sta-
tions was determined by a complete randomization of the
total readings to be taken. Thus the first reading of sta-
tion one might be followed by the first reading of station
twelve. Since the complete traverse required 51 observations
not counting the two end points on the grounded cage, the
last reading of some of the stations was taken as long as an
hour and a half after the first reading. This randomization
was considered necessary in order to confound any gradual
changes in the measuring system due to changes in relative
humidity, or other variables unknown to the experimenter over
the two hour duration of the test.

The reference vrobe was located in one position through-

out test and the position checked by means of the traverse
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ovrobe several times during the test. Once the reference
meter was calibrated for a traverse, all readings on the tra-
verse meter were taken at the moment the tip of the gold 1leaf
of the reference meter fell past the bottom of the index dots
on the meter faces. A falling leaf on reference meter and
falling needle on traverse meter was used for all observation
of readings. This was done to insuvre that the bending stress
in the gold leaf was always in the same direction. Charac-
teristic of a radiocactive probe such as was used for both
reference and traverse probes is that it approaches the sur-
rounding potential asymptotically and, therefore, there is
necessarily a small amount of lag with the falling leaf.

This means that a falling leaf or needle would read somewhat
higher than the true potential and a rising leaf or needle
somewhat less than the true potential. However, indications
were that this lag was not of nearly as large magnitude as
discrepancies that would arise due to variable bending stress
in the gold leaf. The voltage difference on the same point
for a falling as compared to rising leaf was somewhere in the
neighborhood of fifteen volts, which variation could be ex-
vected among different readings of the same point if no con-
sideration were given to method of avproach to the point. On
the other hand, replications of a given reading using fast
falling, slow falling and steady held readings approached
from top down did not show any observable differences in

value of potential other than could be attributed to 1less
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accurate observing and announcing of arrival at point by the
reference meter observer. A hovering leaf is harder to de-
tect when 1t is at an exact position than is a moderately
falling leaf. A fast falling leaf is often not called
correctly because of inaccurate anticipation of the observer
and inaccurate announcement of arrival, For example, an in-
accurate announcement of one-tenth of a second on a fast
falling leaf of perhaps 30 volts per second would amount to
3 volts error, Also a fast falling needle on traverse meter
is subject to the same type of error which may add another
two or three volts to the error. For this reason, a slowly
falling leaf of five to ten volts per second gave the most
consistent results. Repeated observations of a given point
would usually be within two or three volts and often four or
five readings could be taken in rapid succession that were
within one volt of each other., The technique described re-
quires some practice for consistency and naturally 1s subject
to some errors, however, even unpracticed observers are able
to read to within one or two volts of the reading of exper-
ienced observers.

There were four potential traverses carried out tracing
the potential distributions due to four different boundary
conditions placed on a spherical dust cloud of avproximately
uniform charge density. In a2ll cases the outer boundary of
the cloud (formed by a chicken wire cage) was held at zero

potential. In the first case the traverse was of the potential

of a vertical diameter of the cloud without a metal svhere in
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it. The second case was of approximately the same cloud with
a metal sphere of diameter .9 inches centered in it having a
potential of + 200 volts impressed upon it. The third case
was for a metal sphere centered in approximately the same
dust cloud with zero potential impressed upon 1it. The fourth
case was for approximately the same cloud with a - 198 volts
impressed upon the sphere. In the second and fourth cases
the potential on the sphere was obtained by connecting the
metal sphere to a 200 volt battery hook-up. In the third
case the metal sphere was connected to ground. The lead of
the metal sphere was inside of an 8,000 volt break down
strength spaghetti tubing.

The whole traverse from tor of svhere to bottom was
carried out several times in preliminary traverses and also
for the Case I, However, it was decided that since the two
halves of the diameter from top to center, and bottom to
center were quite similar (though not exactly so) it would
be expedient to carry out only the bottom half of the tra-
verse (from bottom to center). This decision came about be-
cause the test was shortened from two hours to one hour and
thus would reduce variations due to changes in relative humid-
ity, temperature and fatigue of operators. The bottom half
was chosen because it most closely followed the theoretical
calculations for Case I.

The data for all four cases are given in Tables X, XI,

XII and XIII. Discussion as to the results of the tests will
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be reserved until a later chapter where the traverses are com-
pared with the calculated traverses of the previous chapter.

The original data reckoned the stations of observation
as taken in two inch increments from the top of the sphere.
However, in the data presented the positions of observation
are given in inches from the center to correspond to the for-
mulae for the calculated traverses which gives the potential
as a function of the distance from the center.

Case I represents the condition of a homogeneous cloud
of charged dust with the outer boundary at zero potential,
The data given in Table X are for the potentials existing

along a vertical radius,

TABLE X
MEASURED POTENTIAL VS DISTANCE FROM CENTER FOR CASE I

“Inches
from Fotential in Volts
center Rep. 1 Rep. 2 Rep.3 Ave,
0] 403 4oz 403 403
2.25 593 593 39k 393
h.25 371 567 373 370
6.25 340 341 350 344
8.25 310 306 315 311
10.25 258 256 257 257
12.25 215 220 214 215
14.25 163 150 153 155
16.25 75 - 85 7C - 80 70 - 80 >
17.75 0 0 C 0
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Case II represents the conditlions where the potential on
a metal sphere at the center of the cloud 1s approximately
half way between zero and the potential 1t would assume if
isolated. The potential was held on the sphere by means of
a 200 volt battery hook up. The reference probe was placed
at 12.25 inches from the center of the cloud and calibrated
so that it read 215 volts at that position. This was done be-
cause it was desired to have comparative densities for all
cases, and it was noted that theoretically for all four cases
the potential of the curves were close to a common value at
any of the positions close to the outer boundary of the cloud.

The data for Case II are given in Table XI.

TABLE X1

MEASURED POTENTIAL VS DISTANCE FROM CENTER FOR CASE II

Inches
from |_ _ Potential in Volts
center|{Ren, 1 |Rep. 2 | Rep. 3 | Ren. 4] Ren, 5[Rep. 6 Ave,
A5 | + 200 | + 200 | + 2C0 + 200
2.25 356 375 374 | 386 385 | 384 |385% 380
4, 25 378 372 370 | 375 373 373 373
6.25 338 343 346 342
8.25 300 303 306 303
10.25 250 2Uo5 248 248
12,25 223 216 215 214%| 218
4,25 160 159 153 157
N6.25 |70 - 80|70 - 80| 7O - 80 75
7.75 0 0 C 0

* These two readings taken after the other readings to as-
certain whether or not the circled group was higher than
previous readings as station because of a change in
reference voltage,







- U1 -

Case III represents the conditions where both the metal
sphere and the outer boundary are at zero potential. The

data for Case III are glven in Table XII.

TABLE XII

MEASURED POTENTIAL VS DISTANCE FROM CENTER FOR CASE III

Inches
from Potential in Volts
center Rep. 1 Rep. 2 Rep. 3 Ave.,
.45 0 0 0 0
2.25 345 350 346 347
4,25 372 373 372 372
6.25 343 338 340 340
8.25 298 300 295 298
10.25 250 246 253 250
12.25 213 217 220 217
14,25 155 150 165 150
15.25 70 - 80 70 - 80 70 - 80 5
17.75 0 0 0 0

Case IV revresents the conditions where a potential of
a negative 198 volts is on the metal sphere and all other
conditions remain the same. The values of potentials at

various distances from the center are given 1in Table XIII.
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MEASURED POTENTIAL VS DISTANCE FROM CENTER FOR CASE IV

Inches
from Potential in Volts
center|Rep. 1 [Rep. 2 |Rev. 3 | Rep. Rep. 5[Rep. 6 Ave,
45 1 - 198 | - 198 | - 198 - 198
2.25 | + 296 | + 300 | + 313 |+ 300 |+ 310 |+ 305 + 304
4,25 533 330 328 + 330
5.25 329 326 320 + 325
8.25 245 208 298 295 298 293 + 297
10.25 2u3 255 253 251 255 253 + 253
12.25 218 225 215 + 219
14.25 162 175 165 + 167
16.25 |70 - 80|70 - 80|70 - 80 + 75
17.75 0 0 0 0
*¥ The thirty readings included in the first three replica-

tions of Table XIII were completely randomized as to order
in which reading was taken.

At those positions where some one value differed from

the average of the closest two by more than ten volts,

more replications were made,

of the

test.

mean of the three was taken for an average.

cations were used,

three

one after the other at the end

Then only three replications were used the

When six repli-

the mean of the other four was used as an average.

the highest and lowest were discarded and
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Comparison of Calculated and Measured

Potential Distributions

The vurvose of obtaining both measured and calculated
votential distributions was to verify the correctness of the
calculated method by means of a comvarison of the similarity
of calculated and measured curves,

There are only two details by which we can judge the
similarity. They are (1) the correzoondence of the general
sha-~e of each case between measured and calculated and (2)
the order of escendency of the curves of the four cases,

The measured notential distribution has been adjusted
in those casecs where necessary to corresmond to the calculated
motential at the »nosition of the reference »nrobe using a
charge dencity &9 of .545 units/cu. inch. This meant mult?-
nlying the notentials except at boundaries for Case I by a
factor 1.03%3, Cace IT by 1.01, Case III by 1.C0O, and Case 1V
by 0.978.

It is recognized that there is some danger in making an
adjustment of this kind because the standard deviation of
this ~oint is quite large being 3.18 volts for Case I, 4,36
volts for Cace II, U4.95 volts for Case III and 4.05 volts
for Case IV, However, under the circumstances some sort of
adjustment had to be made and all cases were treated in 1like
fashion.

It wi1l be noted that the ca’culated vpotential is higher

in the range 6 12 than the measured, but becomes less
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than the measured ootential for the range 13< P4 17,75 for
211l four cases, Thilis indicates that there is a low density
of charge in the region 6« P <12 and a high density of
charge in 13 { P4£17.75. The high and low density are with
resvect toA) = .645 units’/cu. inch. There are two possible
causes of this slight inhomogeneity, (1) the dust cloud pro-
duced in the chamber was not uniform regardless of whether
the dust was charged or not, and (2) the electric field
forces set up by the charged dust cloud tended to gravitate
dust nearer the conducting surfaces at the expense of the
inner regions of the cloud. There is some indication, though
not conclusive, that this was taking place both near the
sohere and near the outside boundary. Probably both of the
above factors contribute to the condition.

There 1is 1little doubt as to the similarity of shape of
measured and of calculated potential distribution curves for
each of the cases, as may be noted by observing Figures (13),
(14), (15) and (16) which compare measured and calculated po-
tentials for Cases I, II, III and IV respectively. The Case
IV, Figure (16), deviates the greatest amount, but there can
be no mistaking the similarity of the general shape of Case
IV for it is quite distinct from any of the other cases.

The order of ascension of the curves starting with Case
IV and going up is the same for both calculated and measured

as can be seen by comparing Figures (17) and (18).
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With the aforementioned considerations there does not
appear to be any major difficulty in accepting the results
of the comparison as indicating the validity of the calcu-
lation., The author 1s going to base all further discussion
of deposition theory and potential concepts on the supposition
that the calculations have been verified and the method of
superposition may be avplied to the other particular electric

fields as are of interest to electrostatic dusting techniques.

Fresent Concept of Dust Deposition

The electrostatic force on a dust particle carrying a
charge Q 1s a product of the charge and the electrical
field intensity I, thus the force is F = EQ. The field in-
tensity 1s the negative of the potential gradient. The neg-
ative comes about because 1like signs repel for electriceal
charges.

In the potential distribution of Case IV, Figure (17),
it will be noted that the gradient is zero throughout the
metal sphere, is very steep in the regions of the cloud near
the sphere and extending an inch or so out into the cloud,
but gradually becoming less steev as we progress outward un-
til it actually becomes horizontal at the top of the poten-
tial curve. This is some four and a quarter inches out into
the cloud. A charged particle being of the population of the

cloud producing the potential distribution shown, would be
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driven toward the sphere for the region from the sphere out

to the place where the notential curve has a maximum. A charged
particle would have no force exerted on it at the position of
maximum potential (where the gradient or slope is zero) and

then would be driven away from the sphere from position of
maximum potential out to the boundary at R = 17.75 inches.

In Case I of Figure (17) the gradient is such that a
charged pvarticle of the same electrical sign as the cloud
would move from the center outward.

If a neutral metal sphere were placed inside of the cloud
and were isolated from any connection with a source of charge,
we would find that it would assume the potential of the hole
in the cloud made by the metal sphere, if the sphere were not
present. This results from the definition of potential as
given by Atwood (}).

The absolute electric pnotential at any point in
an electric field is the external work done upon a

unit positive charge in moving it from a surface or
region of zero electric notential to the point in the

field.

Thus 1t can be seen that it matters not whether a vacuum,
other dielectric, or a conductor exist in the hole in the
cloud, the potential or work required to bring a unit charge
up to the point is the same. We will also find that at the
cloud-sphere boundary the potential gradient is zero and thus
no force is driving charged particles toward the metal sphere.

For the case of the sphere or other surface having a po-

tential less than the potential of the neighboring cloud, the

latwood. Electric and Magnetic Fields. P. 37.
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particles of the cloud will be driven toward the surface by
action of the potential gradient (steepness of the potential
curve) on the charged dust particle. Likewise if a surface
(conducting or otherwise) possesses a potential greater than
that of the surrounding cloud, we find the particle of charged
dust driven away from that surface with no tendency to de-
posit. A consideration of the shape of the potential distri-
bution shows that for Case I of the previous chapter the only
tendency of the cloud is to disverse outward (considering
electrical fields only).

For Case II where the potential on the sphere 1s above
ground potential but much less than that of the maximum of
the cloud, we see dust being driven onto the sphere within a
spherical region having a radius ot some 3.2 inches from
center of metal sphere. At 3.2 inches radius from the sphere
the particles experience no force at the instant the poten-
tial distribution is as shown. From 3.2 inches outward all
of the charged dust is driven toward the outer boundary.

An instant after this distribution existed (for a free
cloud), the potential distribution would have changed. The
potential will seek to become the lowest vossible constant
value in the shortest time.

Even though plants may possess some small electrical sur-
face charge, electrical dust deposition can be brought about
as long as a ootential gradient can be set up at the plant

surfaces of sufficient magnitude to drive charged particles

onto the plants.
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There has been some discussion as to the effect of charged
dust depositing onto the waxy surfaces of plants which have
been shown to have a very high electrical resistance (amount-
ing to several megohns per sq. cm.). This should be consid-
ered iIn the 1light of the magnitude of current being discharged
by this type of deposition. The actual current carried in a
depositing coat of dust is of the order of a fraction of a
micro-ampere, If the surface resistance per square centimeter
were some ten million ohms and one microamp was being depos-
ited, the surface potential would be E = IR = ld_bx 107 = 10
volts,

A glance at Case II of Figure (/4) will show that the
percentage reduction in potential gradient (field intensity)
is roughly equal to the percent the surface potential is of
the maximum potential of the cloud.

All of the previous discussions have concerned the po-
tential distribution and forces acting in a uniformly charged
static cloud, in other words, an imaginary cloud that could
be formed and held for but a small fraction of a second, if
at all. A study of the static cloud was necessary in order
to understand the actual clouds that result in blowing dust
into the vicinity of a growing nlant.

The field forces of a charged cloud tend to reduce the
density of a charged cloud in those regions where high poten-
tials exist in the fastest manner possible. Thus the cloud

attempts to assume the lowest possible constant votential and
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does this as quickly as possible, consistent with the forces
set up. A reasonably fair analogy would be the piling up of
a very viscous fluid. When the pile has been released, the
fluid moves into those places less deep than the peak of the
plle, filling those places of little depth and closest to the
peak more quickly than remote places with the fluid already
at a moderate level.

In Case III of Figure (17) the forces are strongest near-
est the metal sphere and become zero at a place of maximum
potential and again moderately strong toward the outside of
the cloud. If the electrical conductor to the grounded
sphere and metal cage were disconnected at the instant the
potential distribution as shown existed, the cloud would be-
have as follows: Because the forces are greatest at the
sphere-cloud boundary, dust would be precipitated on the
sphere.* Since there is no electrical connection to dis-
charge the deposit, a surface charge results on the surface
of the metal sphere giving rise to an increase in potential
on the sphere surface. Meanwhile more charged dust has been
moving into the region lately vacated by the deposited dust
and doing so at the expense of the region near the maximum
potential of the static distribution. Also, charge has been

moving out less fast to the cage and it begins to raise in

*This is not the case of an isolated sphere that was neutral
to begin with. This sphere had a negative charge on it when
the electrical connections were broken.
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potential due to dust deposition. In time we would have a
charge density such that a constant potential would exist
throughout the cloud and on the boundary surfaces. The
charge would then all be on the boundary surfaces. The in-
crease of charge density near the boundaries tends to raise
the potentials near the boundaries and thus if the surfaces
discharge the charge brought with the depositing particles,
the gradients will be considerably increased above the uni-
form charge density condition. This condition has been noted
by the writer as evidenced by field intensities of such mag-
nitude at the surface of a disk parallel to the flow of
charged dust stream, that a slight crackling and a faint blue
discharge were observed when the dust cloud was blown past

the grounded disk.

Deposit Test

e now have a theory of dust deposition which states
that if the potential on the object to be coated is less than
that of the surrounding cloud, a coat of dust will be depos-
ited. Also, if an initially uncharged sphere is isolated and
surrounded with a charged cloud of dust, no electrical depo-
sition will take place. The deposit test was made to test
this theory.

A number of aluminum foil spheres were constructed as

shown in Figure (19). These metal spherical shells were
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approximately .95 inch diameter with a small flange of about
one-sixteenth of an inch width. The flange was elongated as
shown, on opposite ends to provide space for a small hole. A
small wire hook was passed through the top hole and a weight
on the end of a nylon fishline leader was hooked into the
bottom end of the metal sphere. For the isolated sphere the
top hook was supported on the end of a length of nylon fish-
line leader which acted as an insulating support. For the
grounded sphere the support was provided by a fine copper
wire within a spaghetti tube, which also acted as the elec-
trical contact with the ground. The welght that was suspended
from the bottom of the metal shell was used in order to pre-
vent the very light shell from bobbing around due to the tur-
bulence within the chamber, This weight also kept the metal
spherical shell in the center of the spherical cage. The
same equipment was used for this test as for the previous
tests for measuring votential.

The procedure used for this test was as follows: The ex-
haust fan outlet was in full closed nosition. The axial flow
fan was positioned as shown in Figure (12). The variac
supplying inout to the high voltage power supply was set at
80. The high voltage oower suvnply was delivering positive
current. The charge density was kept as uniform as rossible
by using the gold leaf electroscope calibrated for 400 volts.
The probe to the electroscope was positioned one inch from

the top of the wire cage. The blower was overated at 2,500
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r.p.m. and the dust used was micronized attaclay. A 24 gram
sample was fed into the blower by hand. The rate of feeding
was governed by the potential indicated by the leaf of the
electroscope. An attempt was made to maintain the voltage
at 400 volts. This was possible about ninty percent of the
time. When not on 400 volts the leaf was either above or be-
low usually not more than 50 volts either way.

The blower, charging nozzle and the measuring chamber
were all thoroughly cleaned out between runs.

There were two treatments and four revlications of each.
The eight replications were randomized as to order of per-
formance of runs. The time required to run the entire charge
of 24 grams of dust through the chamber with the potential at
400 volts was also noted to catch any large changes in char-
ging rate. The lower the charge level on the dust particles,
the faster the rate of feeding to maintain the 400 volt no-
tential. This would result in a shorter time of run. It is
not now apparent whether or not this would measurably effect
the rate of the deposit.

Evaluation of deposit was accomplished by weighing on an
analytical balance CENCO IU 1748 direct reading to .0001 g.

In performance of a run, three of the metal shells were
carefully weighed and placed on hooks in a cigar box as shown
in Figure (20). The cover was closed before the metal shells
were transported to the building where the test work was

carried out. Then a metal sphere was carefully placed on the
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appropriate suspension within the.spherical cage. The sus-
pension that was not used for a given run was placed out of
the way during the run. The weight was then suspended from
the bottom of the metal shell., Access to the inside of the
wire sphere was obtained by a hinged opening in the wire.
This was secured in its proper place before a run was made.
After the run was completed the metal shell was carefully
removed with tweezers and placed again on a hook in the cigar
box. The positions of the metal shells were identified in
the box and only one shell was removed at a time.
The following table gives the results of each run and
the order in which they were run. Treatment A is for the iso-

lated case and treatment B 1s for the grounded case.

TABLE XV

DATA SHEET FOrR DEPOSIT TEST

Trezt. “Total Total Dust

Run & time wt. Tare weight
No. Rep. for run gms., gms. gms .

1 Al 19 min. 0.3987 0.3084 0.0003%

2 A2 18 min. 0.3944 0.3942 0.0002

3 B1 15 min, 0.3941 0.3929 0.C012

Y A3 18 min. 0.3906 0.3905 0.0001

5 B2 17 min. 0.3988 0.3974 0.0014

9 A4 16 min C.3965 + 0.3963 0.000% +
7 B 3 14 min. 0.3088 0.3277 C.0C11

8 B 4 15 min 0.3987 0.397> 0.0014
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Fig. 19. " View of metal sh s in order of

run of deposit te




For treatment A the sample mean is

X = .0003 + .0002 :-1 .0001 + .000%2 _ .00023 gms.

Y
Standard error s = A‘ xl = ,C001 gms.

= ,00005 gms,
S
Error of the mean S% = e

tes for three degrees of freedom = 3.182
Fiducial limits of the mean m

1, = X + tee X Sg= .00023 + 3.182 x .00005 = .0003G gms.

;:

l,= .00023 - 3,182 x .00005 = ,00007 gms.

or treatment B

;{- - .0012 + .0014 -:1 L0011 + .0014 = .00127 gms

£ X* _ ,00015 gms.

w
i

) . 00015
Sg= r7r= —~?f=~ = 000075 gms.

l,= .00155 gms.

l,= .00098 gms.

- 590 -






- 60 -
Discussion of Results

As can be noted from the preceding page, the sample mean
for treatment B (the grounded svhere) was 0.,00127 gms. as
compared to the sample mean of 0,00023 gms. for treatment A,
On the basis of the theory the mean for treatment A should
have been zero but 1n all cases there was a small number of
large clots of dust that dropved down from the wire of cage
above during the run and in handling after the run. These
clots avpeared on all shells to some degree. Although the
cage was cleaned before each run, it collected dust in con-
siderable amounts because of the high field intensities assoc-
iated with the fine wires,

The population mean at the 95 percent confidence level
should lie between m = 0,00127 ¥ .00029 gms. for treatment B
and m = 0,00023 ¥ ,00016 gms. for treatment A,

The minimum fiducial 1limit of treatment B is more than
twice that of the maximum fiducial 1imit of treatment A at
the 95 percent confidence level. No actual dust deposit
other than the clots due to gravity were detected on the
shells of treatment A, The very high metallic lustre on the
shells of treatment A attests to the absence of more than a
few small particles collected by electrical deposition. The
treatment B shells had a very uniform coating of very fine

dust which greatly dulled the natural metallic lustre of the

uncoated shells.
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It 1s the author's belief that the deposition theory has
been verified to the extent that deposition occurs as long as
the collecting surface is kept at a lower potential than the
surrounding cloud and that an isolated conductor will assume
the potential of i1ts surroundings and, therefore, collect

no dust due to electrical forces.

The Electric Field and Potential Distribution

of a Finite Disk and a Finite Cloud

The study of spherical clouds enveloping a metal sphere
has served to verify the methods of electric field analysis
but in themselves have 1little to merit as regards agricul-
tural crop dusting,.

The electric fields of interest are those that are found
next to the leaves and stems of agricultural crop plants when
a cloud of charged dust is blown into the inner plant regions.

A complete analysis of the field surrounding a plant
leaf would be difficult indeed and probably would not be
worth what it would cost in time and effort. However, an
analysis of the forces that occur along a perpendicular axis
of a small disk when a cylindrical cloud of dust is next to
i1t would be of considerable help. This would give the mini-
mum force that would be available to a leaf, as all other
areas of the leaf would usually have as large or larger forces

active.
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By use of two formulas developed in potential theory for
the force along the axis of a cylindrical charged cloud of
uniform density, and the use of the principles of imaging and
superposition, one may construct the field intensity distri-
bution along a perpendicular axls of a conducting disk.

The filelds to be constructed are those of a four inch
diameter conducting disk with a cylindrical cloud four inches
in diameter and four inches high placed in contact with it,
Figure (21), and a four inch high cylindrical cloud sand-
wiched between two four inch diameter conducting disks at
zero potential, Figure (22).

The following pages show the steps used in constructing

these fields.
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Diagram showing constants for formula.
F= 2r& (h, + d,- &), Force on par-
ticle with uni% + charge for Figures

25, 26, 27, 28 and 29
d.“Jh?+ a', d,=/hi+ a

Fig. 24, Diagram showing constants for

(9]

formula.

F=2r(h + 4, - &), Force on a
particle with unit + charge for
Figures 30, 31, 32 and 33,

h=(c-b), d=Ja+ b,

d,= &+ ¢~
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2rd[h,- h + 4 - d] h=3

2ro(1 -3+ 53 -5/ h= 1

2r9 (1 - 3 + 3.61 - 2.25)]

d,= /2‘+ 3

- 4,02 49 d,= [25+ 1

From symmetry with (85) the force 1is

F= - 02,554

Fig. 30. h=4=¢ -
F=-2rd[h + 4,- qJ d, = JETZTE?=
F=-2mo(b+[5 -/29) d,= [5°+ 2'=
F= - 2[4 + 2,25 - 5.39)

F=-2rpl6.25 - 5.39]

"= - 2rh0[.86]

3]

5.4 &
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-2ri [h + 4, - d]

—oramo (4 + 8 - Jho]

2ro (b + 2.83 - 6.34)
-2ri0[6.83 - 6.34] =-3,08 4

. 32,

-2rio(h + 4, - 4]

eru[4 + J13 - [53)

-2rpo (4 + 3.61 - 7.29)

-2rM [7.61 - 7.29) = - 2,01~

33.

-2rpo[h + d, - 4]
-2rpo[4 + J20 - [68)
-2mlo (4 + 4.48 - 8,25]
-2rdo[8.48 - 8,25]
-erd[.23] = - 1440
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h=4

d= 2% 2'= f-éf
d,= f6°+ 2% J 40

h=4
d= J2% 3= /13
d,= J2% 7= /53
h=4
d= /2% ¥=/20
a,= f2% 8'= /68






Fig. 34,
F=2rd(2+ /4 -/8)
F=2r0(4 - 2,82)
F=T7.44

Fig. 35.
F=2r(2+/5 - J13)
F=2r0(4.24 - 3.60)
F=4,020n

Mg, 36.
F=o2r(2 + /8 - /20)
F=2rd(4,82 - 4.,48)
F=2,1440
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The force F as calculated 1s the force on a unit posi-
tive charge and thus 1s equal to the field intensity. The
direction of the force is the direction a positive charge
would be urged if placed in the position under consideration,
Thus at the top or bottom of a positive cloud a positive
charge would be urged away from the cloud. At the center of
a positive cloud no force would act upon the positive particle.
A positive particle would be urged toward the center of a
negative charge distribution.

A view of Figure (41) shows that the maximum force occurs
near the surface of the disk, and acting to move a positive
particle to the surface gradually diminishing until at a dis-
tance approximately two-thirds of height of cylinder from
disk. There the force 1s zero and for the rest of the dis-
tance to the outside boundary of the cloud we find the fileld
urging a positive particle outward and away from the surface.
This considers a zero boundary at infinity. This condition
is approximated by a cloud next to the outside leaves of a
plant in field work.

The potential distribution, Figure (43), may be constructed
by the addition of the average intensities for each successive
point. The potential and intenslity distributions have the
same general shape as did those of a spherical cloud when the
central sphere is large and the cloud envelope thin. A study
of elther this or the spherical case will show that the po-
tential distribution and field intensity magnitude are very

dependent upon the thickness of the dust cloud blanket for a
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given charge density. Both an increasing of charge density
and an increase 1n the thickness of the blanket will increase
the potential maximum and magnitude field intensity at the
disk surface., Of course this will prove to be important in
considerations of very close spaced leaves. A second im-
portant field is that of a cloud sandwiched between two para-
llel leaves, as this condition is the rule rather than the
exception in the inner regions of the plant. Figure (42)
shows the intensity distribution and Figure (44) shows the
potential distribution for this case. The maximum intensity
at the surface has been reduced by about twenty percent and
now the position of zero force is midway between the disks,
and the potential distribution is symmetrical as one would
expect.

The fileld forces available in this boundary configuration
are very feeble compared to the forces available for the case
of the sphere surrounded by a thick cloud. No doubt this
accounts for the 1inability of the workers to transfer to the
field the almost unbelievably good results obtained when a
charged cloud is blown around an apple. The thickness of the
cloud envelope is in a large measure responsible for this.
The general form of the field will remain the same regardless
of the thickness of the cloud.

A comparison of the forces available for the above cases
as well as for the metal sphere and spherical cloud will be

made with inertial and gravity forces in the next section.



INERTIAL FORCES IN A MOVING DUST CLOUD

Review of Literature

A review of literature has not disclosed a solution to
this problem except in some special cases that do not apply
directly to a clear understanding of particle deposition in
pesticide application.

According to Brooks (&), a development by Langmuir has
shown that the inertial or dynamical catch of aerosol drop-
lets is directly related to the size of the particle and velo-
clty of the airstream carrying and inversely related to the
diameter of the collecting cylinder. His work was done in
relation to the collection of water droplets on airplane
wings passing through clouds.

A method of plotting the trajectories of water droplets
as alr passes around a wing profile has been developed by
Bergrun (3) using numerical integration. This method is
valid when the streamlines are known. This latter method
deals with free airstream velocities of the order of 300
miles per hour or greater in the region where incompressible
fluid calculations are definitely invalid and the streamline
and Reynolds numbers are such that Stoke's law is not even a

close approximation. The method outlined in the above article
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will yield a more accurate solution than the one about to be
executed, but requires a familiarity with the mathematics of

numerical methods and a considerable amount of time.

Discussion of Force

According to Newton's second law, a body in motion con-
tinues to move in a given direction without diminishing velo-
city until acted upon by an external force. The resistance
to change of motion in a straight line is known as inertia
and the amount of force required to overcome this inertia is
the time derivative of the change in linear momentum of a
given body. One of the most important of forces operating
in the deposition of particles out of the air stream con-
veying them is the inertial force. An inertial force is pro-
duced on a particle when an air stream is deflected by a sur-
face and the linear momentum of the particle carries it to-
ward the surface.

The particles dealt with in dusting work are usually
passed through a 325 mesh screen (44 microns opening) and
usually vary in size from 1/2 micron to 44 microns in their
largest transverse crossection diameter, The active ingre-
dients in dusts are generally in the range of 1/2 to 20
microns because of the methods of manufacture and or subse-
quent treatment. Since a given amount of poison can be spread

over much greater area and many materials are greatly increased



- 76 -

in activity, it is generally believed and has been demonstrated
in laboratories that less material is required to control a
pest when the material is relatively fine than when coarse.

The active particles of interest are for the most part those

in the 10 to 20 micron range. That is to say, this range is

a compromise between the advantages of larger surface coverage
of small particles and the inertia and resistance force advan-

tages 1n deposition of larger particles.

Statement of the Problem

The problem is to determine the net force that is active
in driving a particle toward a surface when the air stream

conveying the particle is deflected by the surface.

Assumptions Necessary

In order for this problem to be solved with any reason-
able amount of labor certain assumptions must be made to
simplify the problem.

(a) The system is two dimensional.

(b) The air is carried around the obstructing surface in

streamline flow.

(¢) The streamlines are parallel within the regions of

interest (that is region of particle path).
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(d) The particles are spheres.

(e) The streamline and particle path line are coincident
Just before the deflection occurs.

(f) That Stoke's law is valid over the range of action
consldered.

All of the above assumptions lead to errors, but these
can be kept small providing certaln requirements are met as
regards the size of particles, velocity of particle movement
with respect to air, veloclty of air movement past the de-

flecting surface and smoothness of the surface,

Two Dimensional Problem.

The actual streamlines formed around a finite surface
are three dimensional and according to Prandtl (IO) are cubic
hyberbolas of the form x y;= constant which are rotationally
symmetrical about the z-axis as shown in Figure (45). The pro-
Jection of the streamlines on the x-y plane are of the form
shown in Figure (45). This type of flow is that that would
be expected if a large diameter Jet of non-compressible t'luid
impinged upon an inf'inite plane. The mathematics of this
type ot flow is somewhat complicated and will not be carried
out at this time, In two dimensional flow on the other hand,
the streamlines all 1lie in the x-y plane and the object around
which the fluid 1s flowing is long as compared to its cros-
section, When the fluid flows 1in two dimensions the stream-

lines will be as indicated in Figure (46) for impingment of
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fluid against a flat plate. A comparison of the flow for a
two dimension plate and a three dimension plate shows a
difference in streamlines of quite some importance in particle
deposition, However, limited time has dictated that the two
dimensional flow be done first and later three dimensional
work will be done since there are mathematical complications
in the three dimensional form that must be eliminated before
successful computation is possible. A great deal can be
learned of the order of magnitude of the forces involved

from the two dimensional case and the characteristics caused
by changing values of mass and velocity of particle and air-
stream will be the same for two dimensional and three dimen-
sional flow. As a further simplification to get the method
an approximation to the path, a circular path is substituted
for the hyperbolic path of two dimension flow., This is Jjusti-
fiable on the basis that it will afford a great deal of in-

formation for a fairly reasonable time expenditure.

Streamline Flow,

Streamline flow or potential flow means that the fluid
does not go into vortices and break away from the obstacle
past which it is flowing, Figure (47). Streamlines give a
plot of the velocity direction at each point in the field.
According to Prandtl (|| ) gases may be treated as non-compress-

ible as far as streamline form are concerned as long as the
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velocity of the gas 1s kept within reasonable limits., For
alr at atmospheric pressure and at a temperature of 15° C an
error in the form of the streamline reaches 1.0 percent when
the velocity reaches 160 ft,/sec., Since the density de-
creases as veloclity increases in the following fashion from

Prandtl (/1).
P =L (1-1/2 g—:+ ceed)

where W = velocity of air and C,= velocity of sound in the
gas, the change in density is introduced by the second term
in the above formula. It 1s a function of the velocity
squared and the error at 1 percent 1s found by setting the
second term to .01. The velocity of sound in air at the above
conditions is equal to 1120 ft./sec. so that by setting

L
W
.01 =
2C3

W= ’.020.‘= %G 2 = 160 ft./sec.

Studies of dusting and spray work will lie within the
air velocities where the streamlines will not depart by more
than 2 percent since this will give a maximum velocity of 226
ft./sec. which is approximately 152 miles/hr.

Except for those leaves directly in front of a duster
nozzle where the veloclity may be as high as 125 miles/hr.,
the velocitles will be considerably less and will not exceed

20 miles/hr., except in a very narrow band, according to
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measurements by Barnes (2).

In a great majority of the plant regions the velocitiles
directed perpendicular to the surfaces will not exceed 10
miles per hour and may be much less at which condition the
compressibility of air will not change the form of the stream-
lines more than a fraction of 1 percent. Except for the
region near the boundary surface, the flow will be streamline
and of a form considering the gas as non-compressible.

Behind the surfaces there 1s a dead region formed, Prandtl
(//), where the pressure is that of the undisturbed fluid as

in Figure (48).

Parallel Streamlines.

Parallel streamlines are assumed in order for the calcu-
lation to be carried out without a step by step numerical in-
tegration. The streamlines that are crossed will be considered
parallel. If the distance travelled by the particle away from
a given streamline is relatively small, this will not intro-
duce large errors; however, for very large distances across
streamlines this can be large and must always be considered

when analyzing the results.

Spherical Particles.

Spherical particles have been very thoroughly investigated
as regards their movement through fluids because of the rela-

tively simple mathematics involved. However, other shaped
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particles have been experimentally studied and can be related
to an equivalent spherical particle by means of suitable co-

efficlents.

In general, the relationship for spheres holds
fairly well (within t 20%) for irregular particles
for values of N of less than 50 where the particle
shapes are not extreme and where the diameter as
measured by screens, elutriation, microscope, or
otherwise is taken as the diameter of an equivalent
sphere.1

The Streamline and Particle Paths are Coincident.

The streamline and particle paths are coincident and the
velocity of the particle is equal to the velocity of the
stream at time Jjust before disturbance of free flow begins.
This 1is almost strictly true for motion where the alr and
particles are not being accelerated. Here gravity forces
have been considered small or acting perpendicular to the

plane of the streamlines,

Stokes Law as an Approximation for the Resistance to Motion

Through Air,

According to Lapple (§ ) Stokes law is a good approxi-
mation in the range where Rplis less than 2, and the velocity
does not exceed a certain value for a given particle diameter.
The values of Rp, the value of the drag coefficient C, and

the velocity of relative movement of particle and air are all

1 Lapple. Fluid and Particle Mechanics., P. 288,
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such that Stokes law F, = 3muDp#4 does not vary over the
whole range of values of u encountered in the example from
the true F_= EE;%EE by more than a few percent.

Development of particle path derivation from the equa-
tion of the path circular streamlines of a spherical particle
can be evaluated approximately orovided the equation of the
particle path is known in terms of the time ¢t.

Lccording to Lapple and Shepherd (9), for streamline
flow the motion is Newtonian and the motion in the x direc-
tion may be superposed on the motion in the y direction and
the resultant gives the actual particle path. The equation
developed in Appendix III gives the path of a spherical par-
ticle of density 2 and diameter 20 microns. This particle
approaches a surface pervendicular to the flow as shown in
Figure (45), and the true hyperbolic streamline is approxi-
mated by a quarter circle, Figure (49). The set-up is shown
in Figure (49), and the path and manner in which the particle
departs from it is shown in Figure (50).

The streamline path flowing around a flat plate would
have a form as in Figure (47) if the fluid were perfect, that
is had no viscosity. In a real fluid with viscosity there is
a separation of the boundary layer behind the plate and there
is a turbulence in that area with a slightly lower vressure
than that of the free stream. In front of the plate, however,
the streamlines approach those of the perfect fluid when the

plate is smooth. This tyve of flow is pictured in Figure (48).
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We are interested in what happens to a particle of dust as it

is carried by the streamline as pictured in Figure (48).

This part of the streamline 1s represented by xy = 6, Figure
(46), a streamline that at 1 cm., from x-axis is 6 cm. from

y axls and further 1s almost perfectly represented by a

clircle of radius 5 cm., The density of our particle is taken

to be 2, its diameter is 20 microns and it is a sphere., The
velocity of the free stream is taken to be 450 cm./sec. (approx-
imately 10 MPH).

The streamlines are taken to be parallel as in Figure
(49). A better approximation would be concentric circular
streamlines, but this would require step by step numerical
integration.

The parametric equations for the particle paths are

equal to the following:

x(t) = -6+ 1 + .94 (5 sin wt - cos wt) - ,035 e

At

y(t) = 6 + .0225 - .964 (5 cos wt + sin wt) - .1925 e

Values of x@®and yg) are now plotted for values of t and

yield the plot of Figure (51).
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Discussion of Results

A study of Figure (49) will show that for the circular
case calculated in Appendix III, the Vs of the streamline as
used in the analysis has a smaller x-component than does the
vj of the particular circular streamline on which the particle
finds itself due to the y-component of the inertia, Thus the
x-component of the deviation from the original circular path
would be in the neighborhood of 25 percent larger than the
deviation as given. However, a look at Figure (46) will
show that as we approach the surface the streamlines them-
selves have a smaller x-component of velocity for a given
value of y and thus there is a compensation for the in-
creased x-component of velocity of streamline.

The calculation based on a circular streamline is thus
more valid for the real case than for the circular streamlines.
Another factor is that because of varying Reynolds numbers the
particles are subjected to greater drags at times than 1s in-
dicated by Stoke's laws., However, assuming the equations of
motion are reasonably close, the drag forces do not vary from
Stoke's law by more than a few percent at any time.

It 1s the opinion of the writer that the equations of
motion are a good aporoximation to the true deviation of
particle from the streamlines and that the order of magnitude
deviation in the x-direction for a 20 micron spherical par-
ticle under the conditions previously described, is one centi-

meter,
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The substance of the aforewritten is that the final
position of the particle is very nearly correct, but the true
path would deviate somewhat from that shown., This indicates
that a particle of these specifications in the stream one
centimeter from the perpendicular axis of a long plate twelve
centimeters wide would just be caught by the surface., All
varticles of this size within one centimeter of the x-axils
should be caught. All those more than one centimeter from
the axis would pass by this surface without striking the
surface,

This means that at 10 mileé per hour velocity only about
17 percent of the particles of 20 microns diameter and den-
sity of 2 would strike the surface. The rest would go around
the surface, A decrease in mass of the particle such as re-
ducing the density would reduce the path deviation from the
streamline in linear fashion. Half the mass would give half
the deviation. An increase in velocity would increase the
path deviation and the percentage of particles caught. Smaller
particle sizes with their increased drag and decreased inertila
will take a decreased deviation that will vary approximately
as the square the ratio of the size. That is, a ten micron
particle will deviate approximately one-gquarter as much as
the twenty micron varticles. This means only about 4 percent
of the particles in the projected area of the surface across
the stream would strike the surface.

The foregolng discussion would be reasonably valid for

those cases in which a collecting surface was moved through
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an essentially undisturbed suspension of particles, such as
for an airplane moving through a cloud or a plate moved
through a room full of a suspended aerosol. Brooks (§) has
transferred material from the field of aeronautics, as has
the author in this paper, and has used it to calculate the
deposition efficiency and explain the phenomena that takes
place in ordinary dusting and plant pesticide work.

It is believed by this author after considerable reflec-
tion and a scrutiny of the laws governing the resistance
forces acting, that the resistive forces to the passage of a
particle through a fluid is very greatly modified (decreased)
because of general turbulence within the fluid carrying the
suspended particles., Turbulence within the fluid breaks
down the shear forces in such a manner that the particle acts
as though 1t were in a medium of lower viscosity. This does
not necessarily invalidate all of the previous work, as the
general streamline form and concept of the deposition method
is yet the same, but the apparent viscosity of the fluid
medium has been reduced in proportion to the amount of general
turbulence present.

According to Dallavalle's (6) dimensional analysis of a
real fluid without a free boundary, we find a dimensionless
constant made uo of the ratio of inertial forces/frictional
forces equal %Yz/‘lf_\f. =P_j:‘¥ = R, the very familiar Reynolds
number. W“here 2 = the density of the fluid, L is a linear

dimension, V is velocity, and « is the coefficient of
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viscosity. With a constant density of the fluild f’for a given
(LV) which is a function of the velocity of flow, shape and
size of vessel in contact with it the Reynolds number reflects
the effect of viscosity and R occ_‘l’i where k 1s a constant =
(Lv).

In studies of particle dynamics we have two distinct
criteria for the Reynolds number R involved, One criteria
is the Iir(Reynolds number of a particle moving through a
viscous fluid) and the other is the R,y (Reynolds number or
index indicating apparent viscosity of the fluid medium of
the particle).

The Reynolds number reflects the amount of destruction
of shear forces in a fluid and thus effectively reduces the
frictional forces in a fluid. At very high Reynolds numbers
we have aporoximately the perfect fluid used in potential
flow theory in which the viscosity is considered zero.

When we consider the resistance to motion of a particle
to passage through a fluid medium, we find there are three
distinct types of resistance to motion. They are, streamline,
intermediate and turbulent.

All three types of resistance can be represented by one

equation

Fa= 7Dy CPKY8 (4]
where

F,= total drag force acting on body, dynes
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D,= diameter of sphere, centimeters

C = overall drag coefficient, dimensionless

f = density of dispension medium or fluid, grams/cubic
centimeter

u = relative velocity between main body of fluid and particle
or body, centimeter/second

M= viscosity of dispersion medium or fluid, poises

The drag coefficient for the streamline or Stoke's law

region 1s given by Cg= gﬁ
Re
R,for the sphere = LY.E: QaEf
#» M

This reduces equation [A] to E,= SmDpku, the familiar Stoke's
equation,

For all kinds of motion, an increase in R? causes a de-
crease in drag coefficient. However, in a qulescent viscous
fluid the RF 1s a function of Dpu I’/,u, that is, the diameter
of the particle, relative velocity of medium and particle,
density of fluid medium and viscosity of fluid medium.

Dallavalle (&) gives the ranges of the three types of
motion and the corresponding range of the drag coefficient C.

-1
(a) streamline motion 10 4 R<&2, Cg= %%

(b) intermediate motion 2 ¢(R {500, C;= .4

<15

s
(c¢) turbulent motion 500 ¢R <10, Ce= 0.44

Lapple (8 ) gives slightly different ranges.

(a) streamline motion R less than .1 to R = 2, Ce= 24
$ R
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%
(b) intermediate motion 2 (R <1000, Cs/= 18.5/ R,

(¢c) turbulent motion 1000 (R {2 x 10‘, Ce= .44

Referring back to equation [A] we see that the force FE,
is a minimum for turbulent flow at RP>than 1000, We also note
that at an Rf of 1000 the empirical value of C, is JU46 and
the coefficient for streamline flow would be Cg= %%66 = ,024
which would yield a force greatly less from equation [A]

E = wTﬁCP&%, than does the turbulent flow coefficient G,
The motion will always be turbulent when this apparent in-
crease of efficiency due to a reduction of value of the co-
efficient of drag C, because of the manner in which C, a
function of Rp 1s obtained. Rp being Dpuf/u, it can be made
large and thus C small by increasing particle size, rela-
tive velocity, density of fluid, or by reducing the viscosity.
In reducing the drag coefficient C 1n any manner except by
reducing viscosity we see from equation [A] that we greatly
increase the drag force F,. However, another concept may
now be brought out that has not been emphasized formerly and
is very important in understanding the resistive force of a
particle as it moves through a fluid medium. This is brought
out by Dallavalle (§) as follows:
An interesting situation arises with reference to

the application of particle dynamics to fluids and may

be stated as follows: Suppose a fluid moves with a

velocity V in a duct; the motion of this fluid is de-

termined in accordance with the variables stated in

equation (2 - 4); now inject into this moving fluid a

particle of diameter d having an initial velocity Vp.
What is the motion of the particle?
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We observe that Reynolds criteria for pipes which
distinguishes turbulent from streamline flow has a
value of 2500, where as the value of the criterion for
particles is about 1.0, as may be seen in Figure 3.

But we must not be led astray by such criteria., Tur-
bulent motion of a particle in a still fluid is a
localized condition, while turbulence in a fluid in
motion 1s general. As we have shown, turbulence de-
notes a destruction of parallel shearing elements in
the fluid so that motion becomes a function of fluid
density only. Hence, a particle injected into a tur-
bulent fluid behaves as though its Reynolds number, R ,
is greater than 1.0 even though its true value may
actually be less.

In general we may summarize the above in two state-
ments as follows: (1) If a fluid is in streamline motion,
the motion of a particle injected into it may be stream-
line or turbulent, depending on whether the relative
velocity between the fluid and the particle is greater
or less than 1.0 thus......iieteeetreceecnsoccscnscnns
(2) If the fluid is in turbulent motion, the motion of
a particle injected into it will be turbulent, regard-
less of thi relative velocity between the particle and
the fluid.

Discussion of Turbulence in rield Dusting.

Although the degree of turbulence, and thus breakdown in
shear forces within the cloud produced by a conventional
duster is not at this time known by the author, it is believed
that at least under certain conditions it would be consider-
able., The use of turbulence as a means of decreasing the
apparent viscosity of the fluid medium and thus increasing
the dynamical catch has not been explicitly stated as an ob-
Jective 1in previous literature to the author's knowledge.
Brooks (57 indicates that an increase in dynamic catch would

be expected by forced turbulence in the foliage. The general

1 Dallavalle, Micrometrics. r. 39.
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concept (not necessarily that of Brooks) has been that forced
turbulence in the foliage would merely cause more particles
to be brought to close proximity of the plant surfaces and
thus the inertia would have more chance to carry particles

to the surfaces., Turbulence in the sense above considered
need not be as microscopic in size of eddies and need not con-
tain the energy of the cloud as would be required to substan-
tially reduce the apparent viscosity of the air. When the
boiling in the air dies down the air returns to its former
apparent viscosity and will again support particle transport
as 1t would before energizing to turbulence.

The amount of turbulence that 1s present in dusting
practice is probably very low compared to that which could be
generated with a tractor mounted duster and proper design of
equipment to create this turbulence., Possibly an increase of
efficiency could be gained by lower discharge velocities with
a higher energy content in the air in the form of turbulence
rather than velocity, so that the dust could remain within the
plant region for a longer period of time. At vresent the dust
enters the plant region and then leaves again in a matter of
seconds. This type of apparent viscosity lowering could
greatly enhance the electrical deposition capacities of a
dust cloud if it turns out to be mechanically feasible to
create this condition.

It is believed that the author's treatment of particle

deposition as related in the early part of the test will
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serve to 1ncrease the understanding of the problem as pre-
sented. However, the particle path as calculated would
appear to be incorrect by whatever influence the apparent
viscosity decrease and the turbulent motion would have upon
the path. In all probability there would be a consliderable
increase in the deviation of the particle from the streamline
and thus a greater percentage of inertial catch than was in-
dicated.

The author does not believe that the introduction of a
general high level of microscopic turbulence would invalidate
the potential flow concept around the collecting surface but
would on the contrary enhance it for the action of turbulence
is to, 1n effect, lower the viscosity and thus make more

nearly perfect the potential flow concept.



COMPARISON OF ELECTRIC, INERTIAL,

AND GRAVITY FIELDS

In any electric fileld, static or dynamic, the force on
the charge q 1is the vectorial summation F = qE ®#qVyB where
F = force on a particle
q = charge on particle
E = field intensity
Vp= velocity normal to direction of magnetic flux
B = magnetic flux density.

Although the fields cannot be considered static in any
sense, the force due to the dynamic part of the above equa-
tion is almost entirely negligible because of the relatively
small velocities and small flux densities. Thus the elec-
tric forces available in a charged dust cloud almost entirely
originate from the static part of the equation and are equal
approximately to F = qE.

The inertial forces available are due altogether to the
dynamic phase of the moving dust cloud and are given by the
equation F = ma.

The gravity forces are given by F = mg where

g = acceleration of gravity

3
I

mass gms

W= mg = F in dynes
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The electric forces available for a given geometry are
entirely dependent on boundary potentials, charge density
and charge level on the particle. The boundary conditions
have already been prescribed, but we have yet to consider
what charge density can be obtained easily with a field type
machine and at what place the charge density (always changing)
is to be considered., We are interested in the charge density
that is available within the region of the plant surfaces.
The question of what density of charge 1s available is not
easily answered because heretofore no instrument has been
available for indicating the charge density that is made availl-
able by a field machine. The charge level on the particle
can be calculated for given particle sizes and given charging
nozzles when using the ionized field method of charging par-

ticles.

Estimation of Charge Density

15 1b/acre on 42 inch rows.

2
43’262 g%/acre 12,500 ft. of row/acre.

For cotton must fill a volume of foliage 2 x 3 x 1 ft. = 6 cu.
ft./ft. of row.

75,000 cu. ft./acre.

15 1b. X 454 egm/1b.
75,000 cu. ft.

Total volume = 6 x 12,500

Dust concentration in air

-2
= 9.06 x 10 gms/cu. ft.
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-5
= 5.25 x 10 gms/cu. in.

3.2 x 10°§ms/cu. cm.

il

Consider average particle at 15 microns dlameter and density

e 2
§ = 2. There would be %—vrj)cs: %7(7.5 X 104) X 2

-1
= 3,54 x 10 gms/particle

iy
3.2 x 10 gms/cu. cm.

The number of particles per cu. cm, =
P P 3.54 x 10°* gms/particle

904 particles/cu. cm.
Using the 1lonized field method for charging, the charge

level per particle in a field machine will be approximately

% 3E,rz where E, is the charging field in the nozzle, % is
the percentage of maximum charge that can be placed on the
particle during the time it is in the charging field, the 3
is the a term that takes into account the material of the
dust particle, and r 1s the radius of the dust particle.
Charge per particle with E,= 7 stat volts/cm. All of
the above conditions are attainable without difficulty 1n the
field.
z -6
Q = % *E,r=2x7x (7.5 x 10t = 7.87 x 10 esu/particle
Total charge/cu. cm. of air==d92= Q04 particles x 7.87 x 10‘6
esu/particle

] -3
& = 7.1 x 10 esu/cu. cm.

Force on a Metal Sphere Within a Cloud for Case III

We calculate the depressing voltage by



- 98 -

0= 2/3 ww'(bl -a") - Z_V+.§—Y A -
-3 2

0=2.1x7.1x10 (45 -1.1") - v(1 - &)

_ 20.2  _

V = T - 035 ~ 31 stat volts.

U for grounded sphere = 2/3 WJDYbL -4 - %Y + % v

U0 4 ' av

DP— 37T/-0P+P,,

DU _ . _ & g 31 _

o= %- 37r(7.1x103)1.1+ < .- =a
-

-E=-33x10 + 28.2......... R -

28.2 stat volts/cm.

[}
1
1

28.2 stat volts/cm.

~—
)

~
]

For a 15 micron diameter particle the force is

-6 -6
F= [E[]q=28.2x7.87 x 10 = 222 x 10 dynes.

Force on a Cloud in Finite Cloud Next to Disk

Force on a particle of a uniform cloud of dust of dimen-
sions 4 inches height and 4 inches diameter next to a con-
ducting disk of 4 inches diameter and at zero potential.

Using 9 1938 = 9, 7.1 x 107 % 1.938 x 10 = 13.75 units/cu. in.
Using maximum intensity as found in previous section as 12,1 &9

E = 19.1J9.= 19.1 x 13.75 = 263 volts/inch

263 volts/inch
300 volts/stat volt x 2.54 cm/in.

Converting to esu units this is
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344 stat volts/cm,

_ 263
[El= Zog

Force on a 15 micron particle at surface of disk 1is
- '6
¥ = [Bfq = 344 x 7.87 x 10 - 2.71 x 10 ° aynes.

The force is toward the disk.

Force on Particle in Cloud Between Two Disks

Calculations for force on a varticle along the axis and
at the surface of a 4 inch conducting disk when the cloud is
sandwiched between two disks as in Figure (22).

Using the same charge density as in the previous cases
&2 = 13.75 units/cu. inch.

The intensity /E[ is given as 15.82 &~
JE[ = 15.82 x 13.75 = 217 volts/inch = .285 stat volts/cm.
F=/E/l Q= .285 x 7.87 x 107% 2.24 x 10 “dynes

The force is toward the disk.

Inertial Force on Particle in Deflected Airstrezm

Calculation of inertial force on a 20 micron rarticle of
density § = 2.
From Appendix III

XW= x, + .964 (5 sin wt - cos wt) - .036 e ™+

jo}

AX = 064 (5 w cos wt + w sin wt) +

t

ik
O
W
)
o
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2 e -
dX _ o6l (- 5 w’sin wt + wlcos wt) - %‘(.036 e 53

2 ~i
)

- -4
(964 (- 5wt) - $3ISEE A% x 5.6 x 107% 3.8 x 10

= - 39,000 - 2 ggc‘= acceleration

Quf
e

The actual force of inertia of a particle is in the
opposite direction to the force that causes the particle to
decelerate,

Maximum force of a 20 micron diameter particle having a
density of 2 and carried by a circular streamline of 5 cm,
radius with streamline velocity of 450 cm/sec. is

-9 3 -6
F=ma= 8.4 x 10 x 39 x 10 = 327 x 10 dynes.

Gravity Forces on Particle

Gravity force is given by F = mg, and for a 15 micron

particle of density § = 2 is

cm

4 J -7
F==mwdr g= %.54 x 10 gms x 280 S

3

eS|

-b
= 3,48 x 10 dynes
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Discussion of Results

The comparison of forces in the chart of Rable XVI was
one of the main goals of this thesls. The quantifying of
forces was done to enable the research workers to clear up
any misconceptions they may have had, to reveal the ways the
forces might be varied and to better understand the mechanism
of particle deposition in general. This has not been com-
pletely accomplished, but it is felt by the author that con-
siderable light has been brought to bear on the problem.

Considering the inertial forces, it is apparent that
when an air stream containing dust is directed perpendicular
to a surface with sufficient veloclty, it is a most powerful
force for the deposition of particles of dust. ‘When the
dust stream 1cs not directed perpendicular to the surface,
the radius r of Appendix III becomes larger and w falls
off very rapidly thus greatly lowering the depositing power
of the alr stream. The electric field forces of Case III of
text using M = 7.1 x 10-3yie1ds values comparable in magni-
tude to the inertial forces,

The results shown here are the author's best estimate
of charge density available in a fileld duster being verhaps
a little on the conservative side when using 15 microns as
the average diameter to determine number of particles and in-
directly charge density. If 7.5 had been used as the average
diameter, the charge density would have been twice what it

is, all other factors remaining constant. The electric force
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available for deposition on a leaf considering a uniform
charge density 2= 7.1 x 10'3esu/bc yields values that may be
considered small when compared to even gravity forces, How
then can we account for an increased deposition when using
the charged versus uncharged even in those regions that have
small leaf spacings that would not allow a sufficient sized
cloud to form even the minute force shown in the chart? The
answer is not apparent to the writer, but it is to be expected
that the charge densities arrange themselves in such fashion
that the potentials are nearly constant within the spacings
between the leaves, This means that all of the charged dust
circulates as close to the boundaries as is possible consis-
tent with the viscosity of the air and thus creates a higher
density and larger forces near the surfaces than is 1ndicated
by a consideration of a uniform charge density. There is, of
course, a possibility that the charge density&)is unrealis-
tically low, but it would take several times the densities
believed reasonable to make the forces highly important. It
may be possible that electric forces in conjunction with
gravity and inertial forces make the particles adhere better
when the foliage is dry due to polarization of waxes on the
plant surfaces than would uncharged particles.

There is no question but that the electric forces are
very significant on the outer surfaces when the dust cloud
blanket is of considerable thickness., In such crops as onions,

the small radii of the stalks and relatively oven growth
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allows substantial electrical forces to develop.

There are at least three ways by which electrical forces
can be enhanced to the advantage of dust deposition. They
are (1) dense clouds of dust can be blown into the plant re-
gion and then recovered atter a certain plant exposure, (2)
other methods ot charging may be used to obtalin a higher
charge level on each particle such as by contact charging,
and (3) a very high voltage machine producing an ionized
stream of air in all the plant region can be used to raise
the charge density of the inner plant regions while at the
same time charging the varticles.

The first of the above methods would require a hood and
recovery system., The other two methods would require special
equipment to produce their higher charge densities. It is
always desirable to obtain the highest level possible on
each particle since a lesser number of high level particles
can give as high an electric fleld as a large number of low
level charged particles., However, the relative movement of
any single particle is imoroved by the condition of high
level of charge on the individual particles.

Thermal repulsion, the force on a varticle in a tempera-
ture gradient may be significant for very small particles
when the leaf temperature is considerably higher than the
surrounding air. This force acts to vrevent devnosition when
the leaf is hot and aids deposition when the leaf is colder

than surrounding air.






APPENDIX I

Development of the Potential Equation
of a Grounded Conducting Sphere in a
Charged Dust Cloud by Method of Superposition
The method of solution is to calculate the potential

throughout the charged spherical cloud then superpose a
spherical cloud of smaller size with a negative charge. This
will give a hole with no charge in it. The next step is to
insert in this hollow cloud a metal sphere of same radius as
hole, carrying the charge just necessary to lower the poten-
tial to zero at the boundary of the sphere. This charge
happens to be equivalent to the potential of the hole before

the sphere was inserted times the capacitance of the sphere.

Potential of a Homogeneous Cloud of Charged Dust of Radius b

and charge density 9 =49.

Boundary and other conditions:

b = radius ot cloud

€=¢€,, € = dlelectric constant of medium.

P =49, ,, is charge density ot cloud............2 4 b
= o...... e e P> b
U;= Potential inside of cloud....covevvennrnnnnn P& b

U,= Potential outside ot cloud........cveeeeeee. P2 D



€5 = G5p cerreeieiiiiiiiianns R i

]
(e
I
Bi =
P
QO
|
O

) = - 4rdQ......... Poisson's Equation

VU= %z ar (P -)—{3-) = Oittineensconnnns Laplace's Equation

Math derivation: By starting with Poisson's and La-

place's Equations we develop the potential within a homo-

geneous dust cloud of charge density g9, .

VU= ok $5 (P73 = - dwan

ol Uy 2

__F ( P DP) = = LHTJ*DO{)

U, 4

P%_P"‘ -3 TP+ C

dU, 4 C

3o = -3 ML+ ox (1)
U= - Zran - Svc (2)
(< - 3'77'4-90 = ;j“" 2 2



From Lim U,= O, Cq= 0
P > o0
From LimA U,= E, Cg= - E

2 — o

3
E = total charge = Vol x charge density = %— T b &%

_ 47 b N
) Dt ittt eces et 2D
3P £
U _ - 4T b >
QP - 3(”. oooooooooooooooooo P-’ b
From ¢9We = .2U0e  ,.......... = Db
€S &3% r
3
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(3)

(4a)

(3a)
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From Ui= Ugeveenveeneenn cee...f =D

2 4 +
- -3—7rm.b + CL= B—Wmob

<
Cy= 2T A9, b
2 b L <

U= - ST, P + 21D ... ... 0£P ¢b (2a)
oU( L
,Dp"=—3‘—TTp°P ............... Oéﬁ-‘-'b (la)

Potential Equation of Homogeneous

Cloud of Charged Dust of

Radius a and Charge density A9 =

-A.

From above.

Q'-’-%W&%F—%Mda .......... /&
00 _ 4 1 <
5P 5T N V2
- Hrd e P
A 35 S
3
2Us _ Arlea” e e PR

or 3p*

Potential of Hollow Cloud.

a (5)
a (6)
a (7)
a (8)

The hollow cloud is made up of sum of cloud of radius a

and &9 =

By addition of equations (2a) and

-d¢9, , and cloud of radius

b and 40 = dJ, where 2z < b,

(5)
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U=+ 2749 (B = 8 )evenrnrnnn.. ...P% 2 (9)

By addition of equation (2a) and (7)

2 3
U= -2 70,P+ ordod - 28T L spey (10)
3 3P
By addition of (4a) and (7)
3 2
- &b - a) e PR D (11)

S s

Discussion of System of Grounded Conducting Sphere Inside of

Hollow Charged Cloud.

The potential equation of this system 1is developed by
adding the potential of a charged conducting sphere of radius
a to the potential of hollow cloud.

The negative of (9) must be put on the conducting sphere
to depress the potential of the hole to zero. The charge @
to produce this negative potential is found by the relation
Q = VC, where @ 1s the charge, V 1s the potential and
C = a 1s the capacitance of the conducting sphere*, There-
fore, the charge to depress the hole to zero is given by

Q= -2rda(b® - a")a.

9

The Potential of the Sphere with Charge Q.

Q= - 2r (b - a*)a

* The capacitance of a sphere is equal to its radius in un-
rationalized units,
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U=%=§=-27ro(0.(bl ca )i PE A (12)
v-8 -—2rM(b’ -a)a ceene.. 22 (13)
g r

Potential Equation of Hollow Cloud Containing Grounded Sphere.

By adding equations (9) and (12)
U=O.'...'... ...... .'...‘.‘.....'...."Péa (14)

Adding (10) and (13)

2 ke T - MWAQ.as
U= -37d, +2rdb 35
2 2
- 21 &% (b -
T (/, 2ls .akP %D (15)
By adding (11) and (13)
I 2
U = Mvﬂ;(‘r,o -a ) _ 2#}90(;: - az)a””/,_;_, b (16)

#ield Intensity E 1in Charged Cloud with Grounded Conducting

Sphere Inside.

The field intensity is given as the negative af%%g.
U £
- E =0 = O.itererrnceoonnncas ceeeon ..P & 1
r P& a (17)
L _ 92U _ - 4@l  Liro a
“Top T T3 T st
Iy t
+ 27'@“%,' a’la L., agl &y (18)
2 4 ey o (v - &
_E=W_ -4/ b -a), B ~ada pap  (10)
0P 3F P






APPENDIX II

Development of the Potential Equation
of a Grounded Conducting Sphere in a
Charged Dust Cloud by Method of Inversion in a Sphere
By use of a Kelvin transformation or inversion 1n a
sphere the surface formed by r = a can be made at zero po-
tential, so that the surface charge on the conducting sphere
is replaced by a volume distribution within the conducting
2
sphere. The inner boundary will be at ¢ = a/b where a

is the sphere radius and b 1s the radius of the dust cloud.

Boundary and Other Conditions.

U= Up, €00, 0P = €0Uy /OPueeunnennn. P = &/
Up= Uz, ¢2U, /0P = €PUs DB .vivniinnnnnnn P=a
U= U, é,DU,A/,)p = QUa/OPeriieneiiin... P="

€=€=¢= €, s> Where ¢ = dielectric constants of mediums

M= 0, where4ﬂ= charge denslity of region
5 5
003_“—‘ "pg a/P

G- P,






Limit Uq= O
P —> o0

Limit PUs= Q

P> 0
10
7'u =/,la g—ﬁ (P _f’p:) = - Umap, Polsson's equation

Mathematical Derivation of Potential Equations.

w_

P

3 1 4 2 00 4 % d
Vs gm (PT5R) = - A= SRR rrom (1)
q_(p? Uy _ hrana®
d_‘ (P ) ‘) - FJ
/_.‘DU:. 27r.0¢a5 C

A LS
dU _ _ 2mRa’ C,
3P pi TPt

5

_ 2mpa’ _ Cs

T THer Tt Oy
271’.0.9/’2 Cys

Uy= - S5+ F’+ C, from integration of (1)
E’: _ L“TJ“ZP - _C__f
b) 3 P2
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(1)

(2)

(3)

(%)
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U= (C?’+ Cy from integration of (1) (8)

Ce= 0, from consideration of 1im U= O
P —>

C,= Q, from consideratlion of 1im PUs= Q

r—> o
C
U, = F7= PQ (8a)
2Us_ _Q
e - et (9)
2U .
€|-_P'= 6'—%? ooooooooooo o 0606060000600 0 ) ....p'—'at/b
5 b’ 2
0= - TF‘;’; + C;E from above condition

Cy= 2Twb'a

Q = total charge = vol times charge density 49

e ¢
2
= 'Y 2
Q [Lnr.wfgﬂ dP]‘,:_po%_‘ + [Lhra&ff-’ dPl . 4,
v ¢ 2
I 2 2
Q= - umo,[ 2 ap + b, [Pap
a2 P a
'
Q= %— T49, a' + % mv,b’ - 2w, ab”
22Uz J Ug
(3‘37; - €'—D— . e o o o o o o o @ © o 0 o 0 0 0 0 0 e o o o o 0 P= b
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2 bty Q= 4/5 T Q
-5 T b + & ==+ C, = B from above condition

2
Co= 27, b
3
U’= Ul.. .... ® o 0 0 o o o L] e @ o o o o o e O o o o .p=ah
C,= - % 1 b3+ C, , from above equation (10)
2= T FTRE T d
U1= U’ ................ ® o o o o o o ® @ o o o o o .P= a
2 e L
3 THa - 2meb + Cy= O, from above condition (11)
Solving (10) and (11) simultaneously
4 3
CZ= - 3 Wd-o.g" + Cq (10)
0= %w,,waa‘wu C,- 2T Db (11)
o= o hg,pto 2 * B (12)
L——gﬁ.é—-gvgﬂ,a+2mu>, 2
By substitution of (12) into (10)
T
Cq= 2TA, b - %TTM,&L
o1, P orwa’  2mu ab :
U = - ® + ° - v
<4 3 3/, p + QTTAﬂ,b (68.)
QU;_ 4wl 2Tr49.ag+ oTMab
3P 3 a0 C T (7a)
Q _ 2mraa’ Lreb  2mm.ab”
U=;= T TdD _ 2% (8b)

5p T T30 P
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D)

=

3 3 z
b _ Q_ _ 2mpwa _ Yreb 2me.ab
> P 3P1. 3p* + /,1. (93-)

L

Summary of Potential Equations in Inside and Outside of

Charged Cloud.

U = O by definition in a grounded conductor...pr£ a (13)
2 2 »  hroa’
U3= - 3- TTJ\O‘J(-’ + 2r4,b - ——3—7,——
2 2
- 2"”%(b/o‘ a_)a inside of cloud..... a£pP £b (6a)

i a 2 2
U = 4rp(o - a ) 2m2(b - a)a outside of cloudfx b (8b)
4 3C P

Summary of Field Intensity Equations for Grounded Sphere

Inside of Charged Dust Cloud.

- E= %g.= O within conductor..... ceeaee F & a
522U bl braa’
YO >3 >p*
2 2
+ vax(b/g: a )a inside of cloud...a €7 b (72)
3 3 2 2
Sp= Ul Hmlb - 27)  emf(b” - at)e | La iy (0a)
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Me rac
SPHERE

52. Cross-section of conducting sphere and c¢loud
showing distribution cf charge density as
uniform in cloud and non-uniform as imaged
into conducting sovhere.






APPENDIX III

An Analysis of Particle Deviation

from a Circular Streamline

A first approximation to the path of a particle of mass
m, having an alr drag resistance ku (u = relative velocity
particle and air), and subjected to the inertial forces pro-
duced on a particle when the particle attempts to follow the
streamlines of a deflected air stream may be obtained from
the following derivation. A diagram of a circular streamline
and relation of co-ordinate system to the streamline is shown

in the following figure.

X

Fig. 53. Co-ordinate 3ystem for develooment of
equation on rarticle devosition by
inertial force,
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Assumptions and Other Conditions.

The circular streamline equation from the preceding figure
is given by

X= -+ r sin wt
y=+¢6 - r cos wt

The y-axis represents a surface which has deflected a stream-
line of an impinging airstream into a circular form., The air-
stream before deflection was directed parallel to the x-axis
at a velocity V. Assume that for a given starting position
(x,, vy, ) the particle path does not deviate from the stream-
line circle enough to aporeciably change the velocity of the
airstream and that the latter velocity is constant, say V.

It is assumed that at the starting position (x,, ¥, ) both the
streamline and the particle have the same velocity and direc-
tion. Let 2z = a vector giving the vosition of a particle P,

and Vg= the velocity of the air along a streamline at (x, y).
MZ = k (- z) = Drag = k (wind vel. - part. vel.)

Vs (1)

FIx

k -
A =z =
+ m

The x and y components are given as

..X‘ -+ %).{ = %Vst (2)
. 1{ ° ]_£
Y+ 5 V= - sy (3)
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v=2 (-e+ r sinwt) = rw cos wt
S d

d N
V.= 5= (+ € - r cos wt) = rw sin wt
"l at

Initial conditions:
t=O,X=X. (4)
t =0, V= X = Vo (5)
t=0, y=1y (6)
t=0, §=9=0 (7)

Mathematical Derivetion of Particle Movement in x-direction.

’e 1{ Py _ k

(X4 ]

X + Ex= +l§wr cos wt
m m

. t t
xek=+1£"i£[eécos wt
at

m
- at -
X e = E‘Lrlje cos wt
m
I at
_ kwr e v .
X e = S0 Gy (a cos wt + w sin wt) + A
d kw - at
x = £Wr (a cos wt + w sin wt) + Ae (8)
m(w® + a*)
kwr a 1 -at
X = nTwE T ET) (;f sin wt - cos wt) -3 A +3 (¢)
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x =Y, (4) and (5)

V. = kwr .
° m{w?®+ a*) (a) + A

_ _ kwra
A= T m(w* + a‘v)

_ kwr _ _ Vo, kwr
Xo= m(w® ¥ a%) ( 1) a  mwryat) T B
- kwr Vo_ kwr
B = %ot m(w* + a*) YT mwry at)
\Y
B = X°+ g"

t
_ kwr a . v, -%
x(e) = S CAREW ) (W sin wt cos wt) - 3 e
Qa
+ kwr e-“’:_ x+ Y (2a)
m(w* + a*) ° a

Mathematical Derivation of Particle Movement in y-direction,

ve k . _ E
Y+ g ¥V =g Vg (3)
X k . k
~y = —rw sin wt

y+ 47 m T
. At t
ye = 1%1_'_‘”1 e’l6 sin wt dt
;oett o kru [e(a sin wt - : t) + ! (10)
y -m(ws_{_a;)easnw-dcos.v + 4

_ krw a . 1 -aé
Y = nlws ras) (- 5coswt-sinwt) - = Ae + 3B (11)
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t=0, y=0 (7)

_ kwr _
0= Itweary (- W) + A

A = krw?
m(w* + a*)
at t = 0,....y = ¥, (6)
- krw _ay _ 1, krw® + B
9= m(w® ¥ axr) ( W) a m(w?f+ at)
z
_ kra krw
B =7+ mwr+ a*) " am(w® + av)
yo = y. - STV ( 2 cos wt + sin wt) - L . lerv © et
° m(w*+ ar) w a ~m(w* + a*)
+ kra + krw *
m(w®* + a®) am(w* + av) (11a)

Evaluation of Constant for a Specific Particle,

\Y 450 cm/sec = velocity of varticle and streamline at t = O

r = 5 cm = radius of streamline arc

w Q0 radians/sec

-1
8.4 x 10 gm = mass of particle

3
il

-6 ;
3,78 x 10 gm/sec = drag constant = 67«R

Yt
Y
il

-3
R = 10 cm = particle radius

-6
M =200 x 10 poises = viscosity of air

k

2
a=r=045x10

*

X q
a’= (%) = 20.2 x 10
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_6
kwr - 378 x 10X .90 X 10°x 5 _ .96k em
m(w?® + a%*) O x 109,81 x 109+ 20.2 x 10 ‘

2 . Lig_g = 5 (dimensionless)

wr _ 450 _

—-5 = HS—O- = 1 cm,.

xwlr 5.78 x 10 % .81 x 10'x 5

am(w* + av) 450 X 8.0 x 10°% 21 x 104 = -1925 cm.
Kk 150 x 10°x 3.78 x 10 X 5

akr . X x 3,78 x X N

mw® + av) 17.6% x 10-4 = 4.83 cm.

Evaluation of Components of the Particle Path.

The x and y components of the particle path may be
found by substituting the constants of the preceding section
into the formula for xw and yw. This 1s done on the follow-
ing two pages for four time increments, each corresponding to
22-1/2 degrees of the circular arc. The particle path 1s

found by plotting the x and y components of the path.
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APPENDIX IV

Measuring Instruments for Charged

Cloud Measurements

The instruments used for electrostatic potential measure-
ments are of two types. The gold leaf electroscope and those
depending on the force developed between two charged plates.
Both of these types have a varlable capacitance, the electro-
scope having between 3 and 5 cm. and the other types having
capacities depending on the design of the instrument, Elec-
trostatic voltmeters do not require continuous current to
measure, However, some considerable charge 1is required to
bring these instruments up to potential and this is at the
expense of the system being measured. Therefore, care must
be exercised in taking results when small systems are being
measured. The leads and their position with respect to the
surrounding objects and walls of the room effect the capaci-
tance of the total measuring system.

The ordinary Cenco physics laboratory electroscope "A"
of Figure (§4) is an inexpensive and reliable instrument
when a range of 50 to 500 volts 1s to be measured. They are
difficult to use for anything but a reference meter. Cer-

tain precautions should be taken if reasonably accurate
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results are to be obtained. There 1is usually about ten to
fifteen volts difference in the voltage of a given position
of the tip of the gold leaf depending on whether the position
is approached from above or below. This is largely due to
the bending stress in the gold leaf itself. For more accur-
ate results one should approach a point from the same side

as was used for calibrating the meter. The meters are easily
callibrated using known sources of d.c. voltage. They read
equally well positive or negative electricity and can be used
to determine sign of charge by comparing deflection from un-
known sign with that of a known sign, such as a comb which

is negative after combing through ones hair.

A meter that may be read fairly well from 1000 to 8500
volts, "C" of Figure (§4), can easily be constructed from an
electroscope, by replacing the gold leaf and suspension with
an aluminum foll leaf of double thickness suspended from a
pivot shaft and cup bearings from a spring-wound alarm clock.
The use of electrostatic voltmeters in charged cloud measure-
ment requires probes and leads. The probes are best made by
using a piece of copper or brass that has been coated with
an alpha emmitting radioactive salt. Polonium nitrate 1is
relatively easy to obtain and does a very effective job.

The leads are easily made up by stringing a number 35 or
4O enameled copper wire inside a length of spaghetti tubing
obtained from a radio shop. The smaller the wire the less

capacitance the lead will have. The spaghetti tubing should
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have a voltage breakdown rating of at least 8000 volts for
use on the high range instrument.

The purpose of the radioactive salt is to emit alpha
particles which ionize the air sufficiently in the vicinity
of the probe to supply whatever sign of charge is needed to
raise the probe and leaf system to the potential of the posi-
tion of the probe. The charge of sign that does not go on
the probe is driven from the probe and tends to lower the po-
tential of the system being measured by whatever amount of
opposite sign of ion is used 1in raising the potential of the
probe and instrument movement,

Once the probe has reached the potential of the surround-
ings the equal number of positive and negative ions formed by
action of the radioactive salt wlll not effect the potential
of the system as long as they stay mixed throughout the system
in equal numbers. The greater the radioactivity, the faster
the instrument can coﬁé to the potential of the surroundings.
However, this type of sensing element is inherently slow
especially with instruments of large electrical capacities.

The small ball on the reference probe for the cloud
measurement "A" of Figure (4%) and the flat disk on the end
of”the movable probe "C" of Figure (4%) were given four coats
' each of polonium nitrate,.
| The suspension and grounding wire for the metal sphere
used in Case II, Case III and Case IV of the measured poten-
tial test are shown in "B" of Figure (45). The suspension

system for the grounded part of the deposit test is shown in
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"D" of Figure (§%).

The

instruments used in tests throughout this thesis are

"A" and "B" of Figure (§9).

Fig. §4.

Fig. 5¢.

Instruments for electrostatic potential measured.

DT
b
% N

o
S P

Probes and suspensions used {or &he potential
measurement and deposit. tests.
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