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FOREWORD

The work reported herein was sponsored by the
United States Aruy Research Office, Durham, under 2
Contract No. DA-31-124~AR0-D-246. The study presented .
herein was conducted by Mr. James E. Evans in fulfill- §
ing the requirements for a thesis in his Master of }.
Science program at The Jhio State University. 5
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IT ARSTRACT

The princirle of operation of a field mill is ex-
nlained and an analvtical analysis of the fixed conductor
field mill is presented. Several vrevious field mill
desirsng are reviewed, and the summary presents the
difrerent field mill desisns in tabular form. A fixed
conductor field mill is desiened to operate in a subsonic
wind tunnel whose airstream contains a narticulate sus-
pension. Various field mill vane confisurations are

designed, calibrated, and evaluated with the confisura-

tion best suited to the environment used to obtain measure-

ments of the macnitude and polarity of the electric field

in the wind tunnel.
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3 l In the course of an investimation of electrostatic i
3 3
3 . g
S E T vhenomern2 associated with a vortex sceded with a parti- 2
- . -,é
LE o . . . £
3 culate suspension (ref. 3), it was necessary to obtain %
3 2 S < e 3
3 measurements of the variation of the electric field x
N ne 3
5 £
BE __ throush a vortex. In order *to accomplish the above a 4
3 E:
T small, aerodynamically shaped, mechanical collector was §
3 2 needed. ;
3 The primary objective of this investigation was to g
- 3

) desisn, test and evaluate such a collector, or field §

B meter, which is commonly referred to as a "field mill". k

“ A secondary objective was to summarize and oresanize
: I the work of previous investisators in the development

: of field meterse. 3
3 e g
1 3
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VI PRINCIPLE OF OPERATION OF THE FIZLD MILL

In fisure 1 a field mill has been shown schematically
as three plates: a zrounded plate, a conductor, or stator,
plate above the srounded plate connected to the sgrounded
plate by a resistor, and a grounded screening plate above
the stator which moves from left to right.

A nezatively charged body is now placed above the
field mill plates, thus creating an electric field of
strenzth E between the body and the platese As a result

of this electric field an electric flux density, D, is

also presente The flux density can be defined as:

D =€E (1)
where:

€ = perrisivity

D indicates a surface charege density and is a vector in
the same direction as E.

The field mill plates are all electrical conductors.
A conductor may be defined as a medium in which the electric
field is always zero. That is, when a conductor is brousht
into an electric field, the electrons in the conductor flow
until a surface charge distrihution is built up that re-
duces the total field in the conductor to zero. The sur-
face charge distribution is said to consist of “induceqd

charges”. Since the electric flux density is proportional

to E, it is also zero in a conductors
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With the above preliminarv observations, one can now
determine the maenitude of the induced charges on the field
mill plates. Firure 2 presents a differe:r tial volume half

in a plate and half in the air.

R R T TR R R S IR R R T T L T

i  fpeed ey owd GEd NS 0B

Air

Az -
2

Conductor i
&
Figure 2 (ref.10) _
where :
Dny = average inward normal electric .
flux density in air .
Dnp = averaze outward normal electric -
flux density in the conductor o
/os = surface charge on the plate -
¢
i
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5

E”' fauss's law for an electric field, (ref. 10) states:

“The surface intesral of the normal component
of the electric flux density D over any closed
surface equals the charce enclosed."”

3

Thus in symbols

D °¢ds =Q (2) .

where Q is the net charse.

Now, if one lets AZ—» 0 to eliminate the surface area of

- the ends of the volume element, the total flux over the

‘ element is entirely due to the normal fluxes.

By applying Gauss's law to the volume element with

the above condition, the intesral reduces to

A e LR

i Dnp&x Ay « Dnj8x By = Q = psBxAY

Dividing by the area Ax Ay

Dno- Dni= Qs

But Dnp, is the electric flux density in the cénductor

AR AT o e it DAL

13 . . .
{ which is zero. Therefore : : : :

kit

-~ Dmy =/os ‘ ' (53)
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That is the electric field induces a surface charzge on

' the' conductor equal in maesnitude to the normal component

LEM eyt

of the electric flux density and opposite in siegne.

T,

E 1 Using the ahove basic principles the operation of the ;
% field mill ‘has bveen illustirated in fisure 1 A - E. When .

the stator is not shielded (firure 1A) hy the screenins

gh J e T R T m;m«w-.aw..mmm\\mmmﬁmaummmmzmﬁma;v.sm.mma

% . pPlate the nesatively charced vody induces a charre of :
% opposite sien on the stator surface. As the rrounded -
. screcniné plate 'shields part of the stator from the :é
é' electiric field lines (fizure 1B) the surface charze on .
: the shielder portion of the stator plate must co to zero. -l 3
; Therefore'charge flows to ground throush the resistor. - §
Whent the stator is completely shielded (fisure 1C) all o §
bound surface charse on it must go to zero and flow :é §
| ;hrough tﬁe rési§tor to ground. As the screeninz plate .. g
move's aﬁay from the stator and re-exposes part of the -§ g
' ; stator surface to the electric field lines (fiszure 1D) - %
.induced ‘surface charse must reappear on that exposed o §
'area.of!the!statbr. Herice éharze flows from the ground '; é
; .throuzh the resistor to the stator surface. Finally, - %
.the stator is completely exposed to the electric field .E ?
. (fifure 1) and all the original surface charre re- -
o

appears, on the staior plate.
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Thus, if the stator is alternately exposed to and
screened from an electric field, an alternating current
will be induced whose maximum amplitude will be propor-
tional to the surface charse density and thus to the

electric field strensth, E.
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VIT THEORETICAL ANAIYSIS OF THE FIXED CON OR
FIELD MIIL WITH ROTATING SCREENING PIATE

The fixed conductor field mill can be analyzed as one
plate of a capacitor with the other plate being a charged
body a fixed distance away, as shown in figure 34

y

t Charged Body

P ¢
f a2
55 Stator Plate
v

TRV TFer e FrreT e rrr

- with the assumption that the distance between the stator
and rotating screening plate is much smaller than the

distance between the stator and charged bodye. From
Chapter I1I, equation 3 the surface charge on the

differential area Ax Az

/oS =Dz = Ax Az

is

where §Q is the net charge on the stator area ax bpz.

Also, the definition of electric flux density was

D; = €E,

et S

Sac s Ahas e

L S TS S s A Y T
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equatine the two expressions for D; one obtains

Q

€E; Ax Az (&)

Intesrating the above equation with the assumption that

E, and € are constant with respect to time and ‘space

results in

\
Q= SAQ = e Ez dx dy = GEza

or

Q= eEza (5)

where "a

is the instantaneous exposure area at time t.

Using equation 5 for the net charge induced on an

area "a", We W. Mapleson and We S. Whitlock (ref. 12)

have analyzed the alternatinsg current and voltage output

signal of a field mill for two different time varying

wave forms of the instantaneous area "a". They let the

stator have a capacity C, a resistance R to &round, and

defined the

w

following parameters

the maximum exposed area

angular velocity of the exposure-screening

cycle
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10

Then they modelled the following two casese

Case 1.
If one lets “a" vary sinusoidally, the following

equation holds
a =A/> (1 +sin wt)
from equation 5 the charse is given by

Q :..Eg_é (1 + sin wt)

but the current is defined to be
iz (6)
Therefore

A (1 4 sin wt)
2

e
]
=
(i
h
)
O]

iz @Eg Aw cos wt (7)
2

with the pea” -a2lue of currer® “~eing

fe—
[}]

€L Av
2 (8)

The voltase across the C and R of the stator is given by

v = iz = @EzAw 32 cos wt (9)
2
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}

L)
Wepenp s

| O |
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11
where 2z, the impedance of R and C in Parallel, is given by
202p2412
z = R/(W°C<R<41)
Substituting the value of z into equation 9 one obtains

Vv = G EzAwR .
2Tw2Cc2R2+1) <0 wt (10)

If w2C2R2)91. then equation 10 reduces to

v=©€EA coswt (11)
2C

and the peak voltagze V is given by

V= 6€AE, (12)
2C

Case II

If one lets "a" have a triangular wave form, and con-
sidering only a half-cycle at the end of which the stator

is fully exposed, the instantaneous area is given by
a = At/tp

where tp equals ®X/w, the half period of the exposure-
screening cycles From equation 5 the induced charge on

this area is

LE® P 4 EE2A wt
3
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where Q¢ is the charze on the stator at the start of the

half cycle. The current from equation 6 would be

I =4dQ = €EzAv (13)
at w

If v is the instantaneous voltage across C and R, then

_(_i_y_:_l_(i-_y_ (14)
at  C R

Integrating equation 14 with the following boundary con-
ditions:

BeCa 'l t =0 ,V:QO/C

BsCo 2 t =W, v

v

and substituting for i results in

v o= j_E,A‘wR (1-exp (-TYwCR)

Qq exp (-T/wCR)

t ¢

But in the steady state the voltage at the end of the
half cycle must be equal and cpposite to the voltage at

the beginning, or Q,/C = =V. Hence
V = €EAwWR (1~ ex? (_-X/wCR) (15)
x (1 ¢+ exp ( -®/WCR)

Expanding exp ( - R®/wCR) as a series, equation 15 reduces

to

a
7= €EA (1 - _R 4+ higher powers)
2C 12w2G2R2 ‘
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Therefore Yoth cases predi:t that the output peak

voltage V of the field mill will be directly proportional

g % e
SRR RO A

to the electric-field strength and independent of w, the

angular rotation of the screening-cycle, if the cendition

bl Rt

that wiC2R%®L is satisfied.
Equation 12 seems like a verv simple theoretical
equations 3ut it is very difficult tc employ because the

maximum exposure area A, of the field mill is difficult

g

PR PN e pee) Pead e UM SRR IR

to predict due to electric field fringing effects. Figure

A AGE A 50 e iy DB

LA shows the ideal equally spaced electric field lines

terminating perpendicularly on the stator surface. Figure

G

o o
e I =

4B shows how the fringing of the electric field, as is the
true situation, increases the number of lines terminzating

on the statore This increase in ield lines has the effect

WW“,
»m

of making the equivalent maximum exposure area in the ideal
sitvation much larger than the physical maximum exposure
area of the field mill. For this reason equation 12 can

be used only to isolate the design parameters of importance
i and experimental means must be used to cbtain tne exact

é reiationship between the electric field strength and the

field mill output voltage.
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VIII REVIEW OF PREVIOUS INSTRUMENTS

A Cylindrical Field Mill
According to Mapleson and Whitlock (ref. 12), the

first field mill was described by the German Matthias in
1926 It consisted of two semi-cylinders, electrically
insulated from each other but mechanically joined, which
were rotated in the presence of an electric fielde The
charges induced on the semi-cylinders resulted in a sine-
wave currente This current was amplifi..d and used to
measure the electric field.

Kirkpatrick and Miyake (refe 9) and Gunn (ref. 5)
further developed the cylindrical mill, independently,
in 1932. Kirkpatrick and Miyake transformed the electric
field measuring 2evice into a voltmeter as shown in figsure
5A, by placing the rotating cylindrical conductors a fixed
distance away from two spherical electrodes which were

connected to the potential to be measured. Hence, the

electric field between the electrodes depended only on the

potential across them and the device could be calibrated

accordingly.

Gunn also transformed the field mill into a voltmeter,

or electrometer, by essentially the same method as
Kirkpatrick except that his electrodes were two semi~-

cylinders, as shown in figure S5Be.
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Roth Gunn and Kirkpatrick added a commutator to their
instruments which determined the sisn of the applied po-
tential (or charce)s Firure & shows “unn's voltmeter, or
electrometer, schematically in order that this method of
polarity determination can be examined. 17 one studies
Tunn's electrometer, it is observed trhat the steady nroten-
tial on the semi-cylinder electrode, &, (which is highly
insulated by amber) ic converted to an alternating
potential by the rotatinz condunctors 6 and 7 (field mill).
Then the resulting alternatings current is amplified by an
array of vacuum tubes 3 and 9. Instead of measurinz the
resultineg a.ce potential directly, it is passed throush a
commutator, 3, which is operating in strict synchoronism
with the rotatinz conductors. This rectifies the output
asce and it is passed to a direct current indicator, 13.
Now a reversal in sisn of the applied potential will re-
verse the rhase of the ae.c. and the direct current indica-
tor will reverse sifne

In 1935 Henderson, 30ss and Rose (ref. 7) used a
voltmeter exactly like Kirkpatrick's for voliame measure-
menits up to 830 kilovolts. And in 1937 Thomas (ref. 15)
used the Kirkvatrick insitrument immersed

in 0il which

increased the dielectric constant of the system to such

an extent that no amplification of the alternating current

was necessary for hizh voltaze aprlications.
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' B - Fixed Conductor Field Mill

While Matthias, Kirkpatrick, et. al. were developing

1 |
| - s
is

the rotating conductor field mill, Macky in 1933 (ref. 11)

. built an instrument utilizing a fixed conductor which was

g. ’ " alternately covered and uncovered by a rotating vane thus

generafing an éltefnating currente This instrument worked

satisfactorily in'electric field strensths of 1000 volts ;

ier meters .
In 1935 Macky (ref. 11) built another similar field

; mill, figure'7, for measuring electric fields on the order

of 0 to ¥ 400 volts per meter. In this instrument the

\a ‘ ‘fixed conductor, or stator, was made of alternate quadrants

I' of é circle which were grounded through a hisgh impedance.

' Directly above the stator was a rotating grounded vane

iidentical in shape to the stator thereby alternately

screéning and exposing the stator from the electric field.

I The resulting alternating voltage signal was approximately
'§ of triangular wave-form. The signal was then amplified and

automatically recorded. The polarity of the electric field

was inherently determined by the sisnal amplifiers

i "Harnwell and Van Voorhis, (ref.6) were also developing

PP

[ o ]
g rear 1§

a field mill at approximately the same time, 1935 2s Mackye.

Their instrument was built tooperate as a null type meter

¥

using a three vane configuration as shown in figure 8. The

sta%or. vane A, was a full disk, and above this disk were
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Figure 8

vanes B and C, arain made of alternate gquadrants of a circle.

Vane B was used as a grounded rotor and vane C was held

J&Z‘Jm..‘Amﬁ“&\ﬁmﬁh‘ﬁ;&.h&.‘x'm‘.»f.ﬁ,@iujwzd.%%:n.%‘ﬂ%&'A*?Miwﬁéﬁu‘.iw:ﬂﬂn'

fixede MNow, if vane C was grounded, the rotor v »uld

alternately shield and expose that area of the disk not

e

screened by vane C to the electric field to be measured and

overate exactly like Macky's. However, Harnwell and Van

Voorhis cornected vane C to a power supply and adjusted the

X
3

votential to create a field under this vane egual to the

uninmown electric field and of the same polarity as the un-
knowvn electric field. Under these conditions the alter-
nating siznal was reduceé to zero. Hence, *he electric

field strensth was measured by the amcunt of voiential
needed to null the instrument and the volarity of the

null voltare was the volarity of the electric field.

o o




C - Variations of the Field Mill From 1932 to 1971

The two desiens of the field mill, as presented by
Fatthias and Macky, proved very popular and many variations
of these instruments have been developed between 1933 and
1971. However, the fixed conductor desien has proved the
most popular since it eliminates the commutator noise
source. The basic variations in the field mill have been
the type of conductor used, fixed or rotating (as described
previously), the alternatins sismal wave form, the method
of determining polarity of the applied field, the desisgn of
the siznal amplifiers, and the ability of the instruments to
respond to nonsteady fields. A discussion of these varia-
tiors follows with a partial list of the early instruments
using them.

The alternating sisnal has been of two wave forms,
triansular -~ Macky (1937), Trump 1940), Smith (19s4),
ets ale., and sinusoidal - Matthias (1926), Kirkpatrick
1933), Sunn (1932), Van Atta (1936), ete ale The shape
of the stator and rotor, as shown in figure 9, determine

which of these wave~forms will resulte.

Sine~-wave Triangular-wave
rotating conductor stator and rotor
(no rotor)

Ficgure 9
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The methods of determininz polarity of the measured
electric field have been numerous. Some of the early
instruments rectified the current by a commutator -
Kirkpatrick, Zunn, Waddel (1948), et. ale. An z2uxiliary
synchronous renerator has been added and either used in
conjunction witk phase - sensitive detectors or added
directly %o the siesnal to displace the zero of the instru-
ment - Mapleson and Whitlock (1954), ete al. While a very
simple method of polarity recommition was introducing an
asymmetry in the wave form and displaying it on an
oscilloscope - Lueders (1943), ete al. (see appendix 1 for
detailed description).

The method of amplifyin< the alternating current
while maintaining a hizh input impedance has progressed
with the development of electronics from vacuum tube ampli-
fiers to solid state intesrated circuits.

The majority of the field mills were designed to mea-
sure steady electric fields. Consequently, they had a very
slow response time. But Luders, 1943, (ref. 12) designed a
field nill employins a circular stator with 1 fixed per=-
forated ~rounded plate over it and then rotated a similar
verforated srounded plate between the two. He thus ohtained
very rapid response ty greatly increasing the alternatingz

screenins-cycle frequency, o. modulator frequencye.

RTEY.
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¥alan and Schanland, 1950, (ref. 12) were also in-
terested in rapid response, and used a method similar to the
avove. They used a stator made of eishteen studs arraneced
in a circle and rotated over them a plate with eighteen é

correcpondins« holese.

3ut Smith, 1954, (ref. 14) used a modified sector type -
field mill to obtzin rapid response. The ctator was made
of two sets of circle sectors, A and 2, as shown in

i
fisure 10. ;

<
S,

Stator Rotor

Figure 10

o et ey At L

FR O T RAAR

The rotor wac made identical to one of the stator sets
vinich when rotatcd produced an alternatin~ current fron
eack stator set. These two sismals, which are exactly out
of phase, were synchronized and added. Witk this vane con-
imyration of rnior and s%iator, the area exposed to the

3 2leciric field was always constaznt. Therefore, the limit




e )

or. response time was imposed bty the electronics 0% the in-

%? E strument and no% hy the frequencv of the screening cycle.
E 4.
é Smith was successful in recording a varyine electric field
: i up to a frequenay of 22 kops with 2 screenin~-cycle fre-
; - quency of onlv 120 cns.
i ;‘: A much more complete list o0f early instruments with
4 ;" their particular characteristics is given in the next
? 5:; crapter in table I alonz with references for those who
§ ;- desire more details.
f .- The most recent field mills have bheen desiened by
; . Narevicz, Vance, and Wadsworth at the Stanford Research
2 T Institute (Se.Rel.) in 1964, fizure 11, (ref. 13) and by
b
E o Cdam and Forrest at the Royal Aircraft establishment in
E t 1949, figure 12, (ref. 4).
3 . The S.ReJ« instrument uses a unique dual stator and 3
} e rotor svstem as shown in fizure 13. Cne stator and rotor E
z T set is used in a conventional fashion to measure the un- %
% o known electric field while the other set is used tc pro- §
% ; vide a reference sisnale. That is the reference stator §
B E .- 3
‘f . and rotor set Is charsed to an averare d.c. votentiale. §
é .. As the rotor vares pass tv the stator vanes, they vary §
g R
E | -- the stator-to-sround capacitance thus modulatins the stator g%
= | 1 3
f 2 voltaze about its mean d.c. valuee Thus a reference a.c. é%
e | 3
i E.T siznal is menerated and the marimur amplitude of the re- §§
:§ Tererce sisnal is synchronized with the maximum amplitude %
; I of the field sismal, g
[
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Now, the polarity of the unknown electric field is

with the field sisnal by the use of synchronous detectors.

If the phase of the field signal is 18P out of phase

N R T RO

with the reference sional, the nezative half-cycles of

e

I determined by comparing the phase of the reference signal

the field sisznal are passed, and if the field and reference

LT

:w:..-, '
o)

siznals are in phase, the positive half-cycles are passed.

This output is then rectified and displayed on a center-~

TREFEAT LY

zero nmeter.

Wniwe i f
[ L

N

- The S.R.I. instrument used a two channel de.c. output
- which corresponded to electric field ranses of ¥ 50 Kilovolts/
meter and ¥ 500 Kilovolts/meter.

The Royal Aircraft Establishment instrument is of

conventional designe It uses a permanent magnet a.ce

2% ppewrs B R,

- generator to produce a reference sisnal used in the polarity
i determination circuits, figure l4. The measurable clectric
field ranse of this instrument was £ 400 volts/meter

to £ 1000 kilovolts/meter with an accuracy of better than

107 for fields creater than 2 kilovolts/meter.
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IX - SUMMARY OF BACKSROUND MATERIAL

1... basic operating principle of a field mill is the
alternate screening and exposing of a conductor to an

electric field thereby inducing an alternating current,

whose maximum amplitude is given bty D = =Ps. When the
above current is applied to a high impedance, it produces

a voltace whose amplitude is proportional to the electric

E:
b
b
g
{-‘.
4
g
§
4
%
.
&
-
2
5
3
2
4
k3
P
S
g
X
S

field strencth.

The governing equation that indicates the design

L ok S

parameters of importance is

P g pea paey DEN IR WD R OB

-5
Vs €A- (12) %
20 = 3
g if wlC2RZw1 ;
where: 3
-%; V¥ = Output peak=-tcpeak voltage of the field mill %
K]
- € = permitivity %
= A = maximum exposed area 5
%’ E = electric field strenszth 4
& E
T = capacity of stator, amplifier and all ‘
% stray inputs
- Equation (12) is a very simple expression, but it is im-
& practical to employ due to electric field fringing effects.

Many different field mill designs have been developed.

oy |

Table I attempts to list, in chronological order, these

instruments and thei. desisn characteristics. This table

1

presents by no means a complete list of instrumentse.

i
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X - DESIGN SPECIFICATIONS

AR AN W Ayt ke

After many tests on three field mill prototypes, see

appendix I, the final desigzn of the field mill was con-

strained by the following specificationse.
The fixed conductor, or stator, field mill desien
concept would be employed.
5? an A Keithley Electrometer model 610C would be used as
;5-~ a high input impedance amplifier in order that the condi-
tion w2C2R29»1 would be satisfied in equation 12.
The field mill would be able to determine the
magnitude and polarity of an unknown electric field.
- The field mill will be used in a wind tunnel whose
iy -- airstream is ladden with dust. Therefore, the instrument
% must be completely sealed to protect the motor used to
7 power the rotor vane, and it must be aerodynamically shaped.
The field mill should be desisned to make approximately

point measurements of an electric field so that an electric

- field eradient can be determined.
B The rotor shaft should be electrically erounded so
that a minimal amount of noise is created.

Any insulating material was to be shielded in order

b Wi

that static charze would not be deposited on ite Bound
static charge on insulators would create a very serious

error voltage as explained in appendix 1.
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it e

the existing x-y posit

IR
And finally, the field mill was to be desisned to
mount in
tunnel.
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XI - FIELD MILL DESIGN AND INSTRUMENTATION
A

- Initial Desisn and Instrumentation

The design was governed by the specification that the
field mill should make approximately point measurements of
an electric field. Therefore, the stator and rotor vanes
must be made as small as possible. From the prototype tests
in appendix one, the investisator felt that the smallest
practical rotor and stator diameter, to produce a relatively
noise free signal that would be of sufficient magnitude to
calibrate accurately, was one-half (i) inch.

After determining the size of the rotor and stator,
the field mill was designed as shown in figures 16 and 17.
The above desizn can be divided into three parts, the
holder section, the barrel section, and t' ¢ vane head
section.

The barrel section was designed to taper from 1 7/8
inch to 3/4 inch in order to mount the small d.ce. motor used
to power the rotor vane. The center of the barrel section
was bored out to 3" in diameter and two Torrington 3-24
precision needle bearings were pressed in place. These
bearings were used to mount the rotor shaft, which was made
from 1/8" diameter drill rod. The motor shaft and rotor
shaft were coupled by a piece of tygon tubing epoxied in

place. The center bore of the barrel section from the
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number 2 bearing to the barrel cap was packed with felt to

b
e

protect the bearings from dust contamination. The barrel j
cap was then screwed in place to seal the shaft and --
bearing and to act as a mounting plate for the vane head

section.

A slot was milled on the outer surface of the barrel )
% so that i shielded cable, and other wires, could reach the j
vane head section without disturbing the flow. Thesz wires -
were cemented in the slot, and the slot was painte wi<ih

conducting silver paint to eliminate the insulation problem.

Finally the rotor shaft was grounded by two opposed spring

Al AR 0 RO EAS R LA A D R RIS e ettt iRy L

loaded carbon brushes. i

AV b

: The holder section was designed to seal the d.c. motor .-
i and to provide a 3/8" diameter shaft to enable the field .
mill to be mounted in the existing x-y positioner used in i
the wind tunnel. All holes drilled to allow wires to come
out of the holder section were sealed to again guard i

against dust contamination. ..
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;Q Two different vane head sections were designed for the
field mill. The first vane section as shown in figures 18
and 19 was made very similar to the one used on prototype

No. 3 (see appendix 1l). 1t consisted of a stator and rotor -E

made of alternate quadrants of a 2 inch diameter circle

punched from 10 thousandths brass shim stocke. The stator -
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was mounted on the barrel cap but electirically insulated

frem it, and the core wire of the shielded cable was

soldered to the stator. The rotor was spaced approximately

%" directly above the stator and soldered o the rotor shaft.

3
=
E

The above vane configuration was tested (see chapter X1I,
Calibration of Field Mill) to determine if the present

field mill had the same performance characteristics as

RO Lo T

prototype No. 3.

The second vane head section was identical in concept

S g s G

to the one used by Harnwell and Van Voorhis (ref. 6) as
presented in chapter VIII, page 18. This vane head section
consisted of three vanes as shown in figures 20 and 21l.

The stator vane was now a full %" diameter brass disk.

It was mounted on the barrel cap but electrically insulated
from ite Directly above the stator was a rotor made of
alternate quadrants of a 3" diameter brass disk. Directly
above the rotor and identical in shape to the rotor was a
"shadow vane". The shadow vane was connected to a double
throw switch which either grounded the vane or connected

it to a fixed potential.

When the shadow vane was grounded, it screened an
equal area of the stator from the electric field lines.
Hence, the three vane configuration operates in an
identical manner to the two vane configuration if the

shadow vane is grounded.
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1f a poitential is applied %o the: shadow vane, an

3 electric field is created between it and th2 statpr, which

changes the potantial or. the screened porticn of the stator.

The potential on the screened area of the stator, which is .
zero in the grounded state, can be thouéht.of és.thé re-x

ference potential, V ref. 1f the'gnknbwn electric ﬁield

to be measured has the same polarity as the-applied'electric
field, the V ref will have vreen naiséd and 2 décrease in )
the signal voltage will result when compared to the voltage i
obtained with V ref = zero (grounded). Th; reversé will --
hapven when an unknown field of oéposite polarity is presentL

The V ref. will be lowered, and the signal voitage will be

w1t LA SR B NS 2 T A S R et e A A R

zreater than i1 the shadow vane was rfrounded.

Hence, this vane head section was.desisned to operate .

with the shadow vane grounded 1o oﬁtain tﬁe magnitude of -
the unknown electric field. The pdlarity of the electrgc_
field would then be determined by appl&inz a fixed potential .
to the shadow plate and observins whether the output voltage :
increased or decreased. : : : .
In koth of the above vane head sections a shielded | -
cable connected the stator to the i.rmu:t of the Keithley
Electrometers The recorder outout terminal of the Keithlef

was then connected to a2 Tektrcnic 502 A oscilloscope

and a Dana 3800 dinrital multimeter. ‘The oscilloscope was

frd
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used to monitor the field mill waveform in order that one

(A A

'i J! !!' m.

could deteet when the Keithley amplifier was saturated.

AT A T

TS
m v

- Tne Dana multimeter was used as a digital read out of the

.rms voltages A schematic of the three vane head section

? : and instrumentation is presented in figure 22. Fisure 23
A .show‘s the field mill with the threce vane head section,
”: polarity switch, motor battery, and polarity battery.
And figure 24 shows the field mill in the test capacitor

oy

;
v - gy

- alons with the associated instrumentation.
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B =

Desirn and Instrumentation Modifications

Several preliminary tests in the wind tunnel, which
are treated extensively in chapter XII, dictated two
modifications to the initial design of the field mill.

First, the three vane-head section of the field mill
was protected from direct impact of dust particles by a
crounded cone placed 3/8 inch directly above the shadow
vane, as showvn in figures 16 and 25.

Second, the Dana multimeter was replaced by a
Srush lightbeam oscillograph model 16-2308-00 and a high
pass filter. Figure 26 shows a schematic of the filter

where C is a coupling capacitor and Rinis the input impe-

dance of the oscillograph.

9
o

Figure 26

RS e s R R A A S i

[P atn o ‘-r,g,,.,::\«,’,"): . . -~ . _,v.:-

¥ e e AN A S G

At e RS NLA S Haanlali Sl o n

o

SRRt >

i N AP A b el B

R T PRy

Lsas

DR PR AT TP T IV A

oaddn by

PR ORI XS S HYE NS CIONCITTRIRY

TVIND

it

FIVCHSNIN

AR AL P

A0 P i et Frand €5 S 3 aaed bt MRS b ad bt (b AL



R A L TR I R e T Y B AT

52

ehras i

GUER AR i g e L L S R

FER T e d

st

TR

SHRLL A et 47

e

AR

>

n

4

Rt

gy g

FIGURE 25-FIELD MILL WITH DEFLECTING CONE

IV

kv

"

Joat ¥ my A v S




IR a— e
- = e——— e o S A N

R e e e R G L R e e L -t e e e A Tt e R St L

- .

53

Since the input impedance of the oscillograph varied
with gain setting, the filter was designed for a gain of
four or ten with a corresponding input impedance of 2000
ohms. It was desired to cut off all frequencies from zero
to approximately 30 cps. The value of the coupling

capacitor was then determined by

Therefore, a coupling capacitor of 0.022 }Af was necessarye.

Fopt L Y2 ectei g, Yy T
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XII - CALIBRATION OF THE FIELD MILL

A - Calibration Apparatus

In order to evaluate the performance of the field mill

H and determine the experimental relationship between the :
g unknown electric field to be measured and the field mill .
output voltaze (that is calibration of the instrument), T

.
-8

test apparatus was needed to create a larze uniform electric
field.

The resulting apparatus, as shown in figure 27, con-
sists of two 3'x3' aluminum plates spaced 1' apart by .
wooden supportse. A potential was applied to these plates -
using a high voltage regulated de.ce. power supply. Thereby
creating an electric field which would be very uniform
away from the edses of the plates.

The Power Desisns Pacific, Inc., Model HV-1‘'' < re-

o e A Lot B A VR A Vi 22 NP s i R S s, et TS 2 A e L S M B K SR S R L e RN i SO, ) 0T iy

culated power supply was adjustable from 10 to .00 volts,

in steps of 1 volt. The power suprly dial voltage settings

RS v L) Uy
G AR

were checked usine a digital volt meter up to a maximum
3 rotential of 1000 volts and proved to be extremely ac-
; curate. Hence the electric field strength between the
plates was hereafter calculated by reacding the applied -
potential to the parallel plates directly from these dial B
settings and dividing this potential by the plate spacing
; distance. Hence the maximum field strength that could be

3 created with this apparatus was approximately 16,000 volts

per noter.
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i G it a8 B

Talibration of 2 field mill was now a very simple

9

matler of creating a field of known strenztih between the

o

rqrallel plates (capacitor) and readins the field mill

S

Y

outrrt reak-to-peak voltase on an oscilloscope or the

rms voltace on a2 digital voltmeter.

The accuracy of the calitration method was influenced
hy only two major sources of error, eleciric field dis-
tortion due to the prescnce of the field mill and a non-
steady, zero ficld output sienal.

Distortion of the electric field was due to the

frinrsins effects caused by the grounded rotor plate and

oy e B e i R KN A s b ] g b8 <y ot o o

the stator plate. In order to minimize this the fielid

mill vanes were placed as close as possible to the grounded

P/
»

é
7
7

capacitor plate. This method was finally takxen to the
1imit by borinc a hole in the grounded capacitor plate just
iarse ernoush for the vane head section of the field mill to
nass throu~he.

The ~warvin~ 7 .ro0 field sisnal problem was caused by
tre desiom of earlier {ield mill vrototypes. These desisn
proslems are discussed extensively in 2gpendix 1 and
Z« Appropriate desien chances have been made

S0 that thie above error has been eliminated.
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3 ¥ - Calibration of the ‘fwe Yane and Three Yane Eead Seciions
I

“re initial field mill desisrn usin- “‘he two di‘ferent

ranc read conficurations were now calibrated in the test

capacitor. Since previous work with field mill »rototypes,

2rperddixz 1, cmployed a two vanc confiruration, the initial

irn of the field mill was firet checked by calibrating

-
- its *wo vane head section. Then, if an extremely linear

; calitration curve resulted, as was the case with the proto-

) tvpes, the mroundine brushes, electrical connections, etc.

; 0of the field mill would be demonstrated to be verforming well.
- The first time the two vane field mill was placed in the
. test capacitor with an applied electric field of 4000 volis

ver maeter only noise was present in the output siznal. An

S

f the groundins Yrushes showed that lubrican?

Trom the needle tearinss had corntaminated theme The brush

sl

conizaci area ot the rotor shaft was cleaned thorcusghly

p I 3
o

.
I33

ceton: ard the 4000 volt per meter ficld reapplied.

Wt

3.

Jna 2atnut girnal waAs now of sine wave fivm o with no noise

o

‘istortion. Tre frequency of the output sisral was approxi-
20 cpse The frequency of th2 field mill output

at should be twice the ancular velocity of itk rotor
Tre ancalar velocity of the rotor vane weas asprexi-
Lelv 400 wom which would cerrespond o 2 sisna) fre-

"R ~n5e Hence, the above cional was vanerates

br othe alternate exteszure and screeninr of the stator by the
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Havinz estazblished the above fact, the two vane head

section was calibrated from 0 to 9,000 volts per meter as

2 shovm in fisure 28. As can be observed from the calibra-
i tion curve, the experimental relationship between the field
mill output voltase and thc anrlied electric field was ex-

tremely linear. This extreme linearity demonstrated that

the field mill system was perfermine perfectly. Therefore,

i 8

the next phase of development was started by replacing the

two vane confizuration witith the three vane confisguration.

ke o Eopidy

- As stated before, the three vane confisuration would
g grovide means to determine the poiarity of an unknown
clectric fielde. The field mill with a three vane con-
3 fisuration was placed in the test capacitor and the polar-
ity switch, as shown in figure 22, was set on ground. The
instrument was then calibrated from O to 10,500 V/m as
3 shown in fizure 29. Since the ideal principle of operation
0f the above configuration, with the polarity switch set on
zround, is identical to the two vane confizuration, the two
calivration curves should idecally be identicale UYoth
curves are linear but the nlopes of the curves are nst
€ identinzl and the ratio of the slope of the two vanc to

the three vane configuration was l.43. The decrease in

outrut sianal amplitude of the three vane section was

g

: caused by the zcreening of the non-ideal fringinz electric

4
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lines, by the support less of the shadow vane, from
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2 the stator. Hence thé two vane confirsuration had more

I_ _ eleciric field lines, or electric flux density lines,

3 . 2 ' terﬁinétiné on the‘étator than the three vane configuration.
ﬁ As shiown: previously,, the amplitude of the output sirfnal of
E ‘

field mill is directly rropertional to these flux lines.

| —
v

Therefore, thé'siznal amplituds of the three vane con-

%! fiqgration should be less than that from the two vane.

; ) ’ i Havine demon;trated that the three vane configuration
é" ' : was performinz in an équivalent. if not identical, manner
to the two véne configuration, the polarity determination

: mexhod:was ready to- be evaluatede Both test capacitor

j' . plates were'zpounded to create a zero electric field and
the field mill polarity switch was set on V. This switch
‘ ' vosition applies a voltaze of -~135 V.de.ce to the shadow
vane Wwhich éreates an clectric field between the shadow

i rane and the.stator vane. The output signal of the field
n’ . mill caused ty this electric field was approximately 40

- ' millivolts aeca, but the sirnal wave form was not a perfect
sine wave as before. This distortion of the sine wave was

vane

-

tor e exprected singce the {ield created oty the shadtiw
' . wag oxirenely, nor-uriform when compared to %he field
1! . treated hy 1he lest capacitore However, the abeve wave
: H
form -was judned acceviable.
The polarity switch was arain set on sround and an
[ ' : qlectric field strensth of 1400 volts per meter was

crezted in the test capacitore The field rmill output simnal
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: for this fiela was 0.026 Veae.ce The polarity switch was now
§ set at ¥ and the output voltase was 0.061 V.2a.c. Hence,

the difference in output voltage was 0.035 Veasce Since

the polarity of the two electiric fields present were
difTerent, the cutput voltaze, as explained in Chapter Xi,
should increase as ohserved. Thus, the three vare method of

rolarity determination was demonstrated to perform as

aynothesized.
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T = Calitration of the Three Vane Head Section With
Deflecting Cone Usine the Brush lightbeam

s et ————

Cscillograph and Hieh Pass Filtere

When the hir~h pass filter was added to the Brush re-
corder, it caused some attenuatior .f the 70 c.ves. field
mill si~rale In crder %o relate the amplitude of the re-
corded tra-es on the oscillorranh to voltare, it would be
necessary to adjust the fain adjust screw on the front of
the oscillorraph to compensate for the attenuation. How-
ever, this adjustment would have to be made for each
different gain setting used. If one wished to change
rapidly from one rfain settine to another, a2 different
amplifier would have to be used for each =ain setting.
Since the oscillosraph was being used on many different
projects, the zain adjustments would have to be checked
each time the apparatus was used. The above adjustment
would be very time consuming. And a readjustment of the
v2in would introduce a new source of error into the
electric field measurementse.

Zut the linear charateristic of the calibration
curve shown in Tir-ure 29 demonstrated that the field
=311 wzr verforning accordins to svecificationse There-
‘ore, ic civrrumvent the disadvantage oi chanzing the sain
of the ascillorravii, it was calibrated direc’ly in volts
ner meter for each individual desired ¢ain settinge The

above was 2ccornplished by placin~ the field mill in the
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test capacitor and recording the field mill signal on
oscillograph traces at szlected values of electric field.

For the present investigation the oscillograph was
calibrated at a gain setting of 10, only. The calibration
data is presented in Chapter XVI and figure 30 shows the
resulting calibration curve.

The polarity switch was also checked during the above
calibration as shown in figure 31. The field mill output
amplitude (peak-to-peak) for a <+ 14,300 Volt per meter
electric field was 2.48 inches with the polarity switch
set on grounde With the polarity switch set on V the
amplitude (peak-to~peak) was 3.2 inches and the difference
between the two signals was 0.88 inches. The reference
trace (67 Vedecs a nlied to shadow vane) with zero field,
and the polarity switch on V, showed an amplitude of 0.9
inchese Therefore, the polarity of an unknown electric
field is positive when an increase in amplitude is obtained
with the polarity switch set on V. And, the polarity of an
unknown electric field is negative when a decrease or
no change is obtained with the polarity switch set on V.
One would obtain no change in signal amplitude if the un-
known electric field was negative and its mplitude was

one-half the polarity amplitiudee.
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XII1 - DEVELOPMENT AND TESTING

A - Preliminary Wind Tunnel Test

The development work w i the field mill prototypes,
appendix 1, did not result in any conclusions as to the
performance of the field mill in a wind tunnel whose air-
stream contained a particulate suspension. The effect of
direct impact of particles on the stator and the direct
transfer of charge to the stator and Keithley amplifier
from these particles was unknown. Therefore, the field mill
with the calibrated three vane head section was placed in
the wind tunnel to determine the effects of the above.

The field mill was clamped to an extendable rod which
was fixed firmly in the tunnel. The polarity switch of
the field mill was set on ground.s The wind tunnel was
started and the airflow accelerated to 2 velocity of
140 fps with no dust being introduceds The field mill
sisnal was approximately zero for the above conditionse.
The dust feeding system was now activated and roughly two
rourds per minute of dust was fed into the airstream. The
field mill simal &s disnrlayed on the oscilloscope was now
rothing but noise with extremely high veaks. One could
noi d4istinguish any simnal with a frequency of 90 cepesSe
Also, the Keithley amplifier would continually saturate.

These drastic effects were hypothesized to be caused by the

impact of dust varticles on the stator which would cause
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g
J charre or current pulses. If this hypothesis was correct,
j the anzular velocity of the rotor could be reduced to zero
. and the output sisnal would not change. The rotor vane was
Li stopped and the oscilloscope display did not chanze. There-
fore, it would be necessary to protect the stator from
- direct impact of dust varticles.
3 - Desisn Modifications
h It was an extremely difficult desisn problem to make
: L. a cover to protect the vane head section of the probe. 1f
a dialectric was used, in order that the electric field
. lines could pass through the cover, the static charcze
: tuild-uvp or the dialectric, as experienced in the prototype
- field nills, would create an unacceptable error voltasee.
d I one used a conductor to completely cover the vane section,
B the electric field would terminate ¢ the cover and the
L stator wruld be completely screened from the eleciric field.
3 However, a arounded, cone shaped conductor vlaced far enoush 3
8 ;
B ahead of tne vane head section would deflect the dust i
J varticles and orevent their direct imvact on the statcr. 3
} This cone would definitely terminate the electric field
" lines that were comin~ directly into the stator. However,
H the frinzin~ electric field lines would noi “ermirate on
N the cover dut would curve into the stator.
T
ﬁ Hence, a small cone was made and placed directly on top

o7 ihe shadow vane. The field mill was then placed in the

test caracitor and a quick cali%ration showed that the
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output voltare was reduced approximately by a factor of Se

TR TR L T

This was judeed too drastic a sirsnal reduction. The cone
was then moved 3/8 inch above the shadow vane as shown in

i
§
fimure 25 and a quick calibration zhowed 2 sirmal reduction -k

KLy ety N Tl

of only 50% which was judsed acceptable. Before the field ™3

mill was placed back in tre wind tunnel, the Danz Fultimeter

was replaced by a Zrush Lishtbeam oscillorraph model _é
16-2308-00. -

The field mill was placed bhack in the tunnel at approxi- ~§
mately the same position as btefore and the airstrean velo- '%
city and dust feed rate were the same as before. The field )
mill outnut sisnal oscilloszraph trace is shown in figure 32A E
and fizure 328 shows a frequency reference siznal obtained -
By putting the polarity switch on V¥ with dust flow in the -§

tunnel. As one can ohserve from the reference trace, the 3

sirmal frequency has decreased. This was the result of a
defective battery which caused the d.c. motor to run at a

lower rome ‘herefore,the battery was replaced by a vower

Bomrpar §

supplye The simal wave form arair has quite a lot of

[ ]
[ LTI |
VAL o RN 2250 bR

noise in ite Tut a close comparison will reveal a definite
simnal frequency equal to the reference freguency. Also
the extremly hish peaks of the ncise that saturated the
Keithley amplifier are absents The sirnal trace,therefore,

showed the correct trenas but it would be impossible to de-

ternine the armrlitude of the output “ienal with the re-

feramce {requencye.
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It was also noticed that a steady decs signal input
vas obtained from the field mille. This d.ce. siznal made it
impossible to met a zero reference on the oscillozraph
trace. It was also thoursht that some of tae signal wave-
“orm distcrtion micht be caused by the ahove.

“his d.ce component of the *ield mill siecnal was
predicted by Nanevica, Vance, and Wadsworth (ref. 13).
They assumed the field mill vanes were cnaped to expose the
stator in a sinusoidual fashion. Then the instantaneous
charge induced on the stator, as shown previously would be

q=€EA (14 sin wt)
2

They assumed the field mill load impedance was essentially
capacitive if the field mill amplifier input resistance was
greater than 10 times the capacitive reactance. Therefore,
the instantaneous induced voltaze was

VYV =2a/C = €EA (1 + sin wt)
2C

where © is the cavpacity of the vanes and anmnlifier inpute
The abtove voltawe can bte hroken ur into two comnonents:
2 dere comPonent and an a.c. componense
€ ©A
2C

€EA sin wt
20
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%

; Hernce for any meazured olectric field of strensth E. an

é indt'ced alternating and an induced direct voltaze will

; result. ‘‘he arove expression for the alternatine voltage

E comvonent is identical to egquation 12 odtaired by Mapleson %
% and nitlocks %
i In orier to eliminate this d.c. component, 2 hizh x %
% nass filter or coupline cavacitor was added to the : 3
3 - Z
é oscilloaraph, as described in chapter XI. ) %
; C - Tunnel Tests )

; The field mill, with the above modifications, was N

é nlaced at position #1 in the wind turr . . as shown in -

% fimure 33, .

_ _ Y e o 2 4 2.2 .2 &£ &8
T - .
Position i

#2 )

QALL i
Di fferentialx Flow i
24" Airfoil

H
Position %

7ﬂf— #1 -

o 18- 2 i
P*

Figure 37
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The tunnel air velocity was set at 140 fps and the dust was
fed into the airstream at the approximate rate of 2 lb/min.
Figure 34 shows the resultingz oscillozraph trace of the
field mill output sisnal with an oscillograph zain of 10,z
paper speed of 50 inches per second, Keithley electrometer
gain of 100 and polarity switch on srounde Figure 35 shows
a reference freguency trace obtained with no flow in the
tunnel, the polarity switch on V, with the remaining in-
strument settings unchanged.

The field mill was now moved to position #2. The
tunnel air velocity was set at 140 fps. Before dust was

injected into the airstream a vackground trace, as shown in

figure 36,was obtained with the polarity switch on ground
and all other settings unchanged. The dust was then in-

jected into the airstream at a reduced rate of 1 lb/min.

o I

(due to mechanical difficulties) and fizure 37 shows the
resnlting oscillogravh trace.
Next the paper speed of the oscillograph was reduced

to 5 in/sec and two traces under the above airstream con-

ditions were obtained at position #2; one with the polarity
switch on ground, figure 38, and one with the polarity

switch on V, figure 39.
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Comparison of the oscillo.crach trace of the field
mill output zimal at position #1 with dust injected into

the airstrear, fimure 26, :

4
oo
=

rd with <the reference frequency

$os

trace, firure 33, demonstrates that the "0 cps frequency of
the field mill sismal has not been destroyed by noise as in
the preliminary testse Also, the noise has teen reduced to
such a level, that the veak-to-peak amplitude of the signal
could be approximately measured. It is obvious from

fisure 3% that the electric field in the tunnel was not
constant with respect to time. This variation in electric
field was to be expected since the rate of dust injection
into the airstream was not as uniform as desired.

The approximate averace neak-to-pezk amplitude of the
£ield mill simal in fisure 34 was 2.3 inches which
corresnonds to an electric fi:ld, as shown Wy firure 30
0 16,000 volts r2r meter. 3Since the trace in fTirure 34
was taken at a rate ¢r [° inches/second, ihe adove clectric
field sitrenrcth i rnot the avera-e
location nut closer ¢ the ‘nstantarecux field sirencth at

thnt Tronlicne ligwever, the rrirrose of the atove cscille-

could bte annroximated Trom the frace.
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Fizures =40 show osciilocrraph traces of the field
mill output simmal obiained with the incstrument located in
rosition #2 (ficure 33). Firure 36 is a sienal trace with
orly recidual dust in the airstream. 3Jince no distincuish~
able 20 cps freguency is present and the vezk-to-peakx
amplitude of the =immal is no rreater than 0.2 irches, the
sirmal can probatly be attributad to noise in the system.
In any case, the electric field stren~ith wov'd have to be
ejual to or less than £00 volts per meter as shown by fisure
30.

Fisure 37 shows the simal trace ohtained with a dust
feed rate of 1 1b/min into the airstream. Again, the
modulation frequency of the field mil' signal is easily
distinsuisheds The approximate averaze peak-to-peak ampli-
tude of the signal is l«1 inches which corresponds to an
electric field strencth from ficure 31 of 4000 volis per
metere Since the only variable crance between fisure 26
and firure 37 was the additiorn of dust into the airstream,
one can conclud. that the dust is the zrent causinrs the
electric fielde [-.m the analysic of the field mill signal
trace presented in :icurzs 35 and 37, one car conclude that
the field ril] will indees satisfy the specification of
measurine the marnitude of ar unknown clectric fieclg.

The siznal traces shown in fisures 38, 39 and 40 were

reccrded at the rate of 5 inches ver second, as compared
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with the 50 inches per second for,thé rrevious traces,; in
order that the nature of the average electric fie%d ata
point in the tunnel could be examined:and to test the' ‘
electric field polarity determination methcd. F?gure 38 o ;
shows the field mill signal obtained Qith the poiarity switch
set on zround (the same as for the previoug traces)s In . Fed
this trace the unsteady nature of the élec;ric f%eld is
quite obvious. 1In order to obtain an average amplitude of
the signal that could be compared with a signal amplituae
at another location, one would probably be forced to use ' --
statistical methods. However, the aqgroximate avenagé ; ‘ ‘}:
peak-to-peak amplitude was 1.0 inch which cprrespéndé
‘to an electric field of 5500 volts per meter. © ° :
Figure 39 shows the field mill signal\obtaineﬁ with
the polarity switch set on V. A comparison of the'amplifﬁde
of the signal traces in figurés 38 'and .39 shows that the
sisnal amplitude has increased with the polarity:switch
on Ve This would indicate the presence of an electric field
of positive polarity. The approximate avérage amplitude of
the signal in figure 39 was 2 inchese.
Figure 40 shows the trace obtaiﬁed with the polarity | -
switch set un V (136 volts applied to the shadow vane)
with no dust flow. The peak-to-peak amplikude_of Fbe'
polarity trace was l.5 inches. The ideal amplitude of the

signal obtained in fugure 39 would be the sum of the ampli-
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.
! H

. tudes in fisures 38 and 40 or 2.5 inches. Due to the non-

EV . steady nature of the meas-red clectric field and the very
é. rouch approximations to .ii® » -rage amplitudes of the

é' _ signalé. the actual émplitujc of figure 39 was considered
%r ; acceptable. Therefore, the desisgn specification to be able
ir - to deﬁerminq the polarity of an unknown electric field was
E i *  satisfied. ; '
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Summary arnd Conclusions

h

ct

The field mill wi

ot

he +threc rarne head section and

deflectin> cone 4id ind

'

cate ~learly the presence of an

-

£

electric field in the wind turnel whern the airstream was
iniected with dust. The annroxzimate a2verare electric field
strern~in at nosition #! and vosition #2 in the tunnel was
respectively 16,000 and 46,000 voltis per meter with an
indicated positive polarity at position #2. “he purpose
of the ahove meazurements was to denonsirate the field mill
could determine the mamnitude and pclarity of an unknown
electric fielde Since the above electric field strencths
vere obtained with two different dust injection rates, no
hyvothesis can be made a%out the presence of an electric
fielc cradient.

Due to the non-steady state nature of the electric
field, the masnitude of the unknown clectric field in the
wind tunnel was difficult tc dctermine accurately.
Statistical analysis of the field nill data will probabdly
be necessary to determine if an clectiric field sradiont

exists and L0 test the effents ¢ a2 voriex on ihe above
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APPEMDIX I - DESITN, TEST, AND EVALUATIO
PROTOTYPES

A - Prototype P1

It was decided that the first field mill prototype,

Pl, built cduring this investisation would be of the fixed
conductor, or stator, type with a arounded rotating vane,

or rotor, directly above it. ot knowing the masnitude of
siznal to expect, the rotor and stator were made very large,
alternate quadrants of a 3 inch diameter circle. The stator
vane and small d.ce motor, used to power the rotor vane,
were mounted on a 3 inch diameter x % inch thick piece of
plexiglass. The mounting plate, stator, and rotor are

shown in fizure Al.

The only problem encountered in buildir.g this proto-
tyve was the need for an extremely hish impedance amplifier
in order that the condition w2C2RZW1 be met in equation
12. During some previous attempts to measure electrostatic
phenomenon by a dece method, a high input impedance
(approximately 101% ohms maximum) solid state Keithley
electrometer model 610C was usede A frequency response
check was made on pbe above instrument using a wave-~tech

signal generator and 502A Tektronic oscilloscope, firure A2.

Waveteck | O=AnA-510C ~ 502A
Input to Recorded output | Scope
Kelthley of Keithley
Figure A2
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The siesnal generator was used to input a fixed amplitude
sine-wave -to the Keithley amplifier and the output of the J
Keithley was displayed on the scope. The frequency of the K §

sine-wave was varied from 10 cps to approximately 3000 cps ;}

[ D !
[T

vith several different cain settinzs on the Keithleye No

distortion or reduction in amplitude of the sine-wave was

t

LN
revaenmd

Moy
S RS

observede Sincs the maximum possible frequency of the

alternating field mill signal was approximately 200 cps,

Smar

B

the Keithley electrometer was used to amplify the alter~

nating current induced on the stator plate. 3 ;
Field mill Pl was now placed in the test capacitor as - ;
shown in figure A3« The stator nlate was connected to the E
input of the Keithley by shielded cable. The recorder ;
E 2

output of the Keithley was then connected to an oscillo-
scope. A potential of 2500 volis dec. was applied to the
test capacitor and fizure A4 shows the field mill output

signal wave forms A pough calibration of field mill Pl

is presented in figure AS5.

The investigator had expected the signal peak-to-peak

Kb Ay A
A s Wbl o S B L T80 3 s A S5

voltage to be on the order of millivolts, but one can

ab s

observe from figure A5, that the simmal was on the order

i

of volts. Hence, an immediate program to miniturize the

field mill was started and no further tests were run with

the ahove instrument.
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B - Prototype P2

The second prototype, P2 was identical to Pl except
the rotor was made of alternate quadrants of a l.5 inch
circle, fisure Aé. P2 was arain placed in the test capa-
citor and connected in the same manner as Ple The signal
peak~-to-peak voltaze of the field mill was reduced but it
was still in the low volts and hich millivolt range. -

Hence, a smaller, completely new prototype, P3, was built.

C - Erototype P3

Field mill prototype P3 consisted of a stator and rotor

BT 2. B R o A R D N KA B A

made from alternate quadrants of a 3/4 inch circle. The -
stator and dece motor were mounted on a plexiglass plate
1 inch in diameter, figure A7. %

P3 was again placed in the test capacitor, figure A8,

and carefully calibrated, as shown in figure A9, from O volts -

R

per meter to 6500 volts per meter with a corresponding out- a8

put peak-to-peak signal voltage of 1 millivolt to 49 milli- =
volts. As one can observe, the experimental relationship * %
between electric field strenzth and field mill output :E%

voltaze was extremely linear. No statistical curve
fittinz procedures were deemed necessary. el

During calibration of P3, it was noticec that the field B

L T e L Lo A TS 1

mill output voltage would not go to zero when zero electric

field was present. And in addition, this error voltage
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FIBURE AS8- P3 IN TEST CAPACTOR
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was not constant tut varied from several millivolts to a
maximum of 100 mv for short periods of time. I+ was also
noted that, it a srounded probe touched the plexislass
mountine plate in zero field, the error voltage would
chanre. Therefore, it was concluded that bound static
charze was beings dbuilt up on the nlexizlass plate. To
correct this the alternate quadrant stator was modified to
a full circle with two alternate quadrants acting as sensor
and two alternate quadrants electrically isolated and

arounded, as shown in fisure A7 and figures Al0.

Plexiglass

The zero field output voltarce was arain checked and this time
it remained constant at approximately 4 millivoltse.

It was also noted, durineg testin~ of field mill P3,
that a movement of the shielded cahle connecting the stator
to the Keithley amplifier caused the Tield mill simal to
meve up and down or: the oscilloscooe displaye It was
hynothesized that movement of the catle caused small dece

currents to he nroduced witich displaced the mean dece voltace
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around which the field mill signal was modulated. It was
feared that when the field mill was placed in the wind
tunnel, the output signal would be destroyed by the above.
Therefore, it was decided to place the field mill in the
wind tunnel to determine the degree of seriousness of the

above, and to look for any unforeseen problems.
N - - el Te

Field mill F3 was orientated in the wind tumnel as

shown in figure All.
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It was placed 6 inches behind a differential air foil set
at ¢ ?° anegle of attack with an air speed of 140 fps. The
height, h, of the stator was varied from 25 inches to 16
inches with corresponding electric field reading beinz taken
at each point under the following conditions:

(1) tunnel air flow only.

(2) tunnel air flow plus nozzle (dust feeding system)

air flow.
(3) tunnel air flow seeded with a suspension of
dust particles.

The electric field at the first data point, h = 2.5 inches,
was approximately 500 V/m under conditions 1 and 2. When
dust was added to the airstream, condition 3, the electric
field increased to approximately 6000 V/m and the output
signal was a perfect sine-wave with zero noise distogtion.
Hence, the field mill seemed to be performing well and the
cable movement caused little problem. However, when the
dust and tunnel were shut down, the field mill still indi-
cated an electric field strensth of 6000 V/me The investi-
gator then opened up the wind tunnel and wiped his hand
over the remaining exposed area of the plexiglass mounting
plate. This reduced the indicated electric field to 200 V/m.
Hence, the old problem of bound charge build-up on the
plexiglass plate was reappearing but to a much more serious
degree. This was due to the tridoelectric charging (frietion
charging) of the dust particles on the plexiglass.

S N SR A L S A SR R ER RSN Y

e

)

e T e BN VA R B S o R o RN b e S St

i

3
2

s
xgéft"é w
u‘i . ;",. . L

AL SRRSO o
y i
3 2
LA
s s st




106

In spite of the ahbove prohlem the tunnel test was con-

tinued with data taken at several h values (the plexirlass

[T

plate was discharsed between each data point). A graph of

“ ox
(Lo

the electric field smradient obtained in this manner is i

presented in figure Al2. lowever, no conclusions can be

A

drawn from these tests as lonr~ as the electric field, due

to the dust particles, is distorted by the bound charge on jj -
% the plexirlass. j‘
‘ Therefore, the entire plexiglass mountinz plate was ;J
coated with conducting silver paint and grounded, and the }

stator was electrically insulated ffom the conducting

e S e S A e LB 0 S A o o0 b o 4 Do b g et g e R B S Dt 1 X \»,wuwm«.mw R

silver, see figure Al3.
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With these modifications made the field mill was again
placed in the wind tunnel in the same orientation as before

with h = 5 inchese Again dust was injected into the air-
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streame This time the output sifnal from the field mill

S,

was not steady in amplitude but was varying, as would be

[ SO

expectede The tunnel and dust was shut down, but the output

Beuasiad

simmal of the field mill persisted. It indicated an electric

BTl e Ko A B Lk bl

field strenzth of approximately 1000 V/me The investizator

Binod

arain opened up the ‘unnel and wiped ilu Yund over the

silver-coated plexisglass vplate; the simmal nersisted. 2ut,

Boreend

; the sirmal would 70 to zero if ore's hand was rlaced directly

"A »'

atove the Tield mill, wnich would indicate that a field of

: this strens~th was actually present in the tunnel and was

=vu' l

teirs shielded from the stator ty one's hand. The only
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FIGURE AIS-P3 COATED WITH CONODUCTING PAINT
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surface above the field mill was a window in the wind tunnel,
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and it so happens that this window was made of plexiglass.

The field mill stator was now orientated approximately 1 inch

- o
.vm‘

away from the windowe An electric field strength of approxi-
3 mately 68,000 V/m was indicated. This corresponds to a
potential of approximately 1700 volts on the window. The

)

varnished wooden walls of the tunnel were also checked for

static charge built-up and none was found.

rw ’ﬂ-]

Again, the field distortion caused by these windows

would make any electric field gradient measurements

FA—

invalide. Therefore, the windows were covered with

aluminum foil.

orsrronnl

Since the dust particles were clogging the exposed

SR AN M T

1.
Sensnnd

H
dece motor of the field mill, all further planned tests i“

63 3 e
X 4,

were discontinued until a completely sealed field mill

Weenrad

could be obtained (this model is discussed extensively

£
l'""’m‘

in the main body of this investigation). However, many
interesting conclusions, which are listed below, have been
ottained from the above tests.

(1) The vibration of the shielded cable was not

T T PO RS

{1

"

as serious a problem as predicted.

E (2) The charging of the plexiglass mounting plate
proved to be a serious source of error but
could be eliminated by design changes.

(3) The performance evaluation of the field mill

in obtaining electric field gradients was
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surface above the field mill was a window in the wind tunnel,
and it so happens that this window was made of plexiglass.
The field mill stator was nowv orientated approximately 1 inch
away from the windowe An electric field strength of approxi-
mately 68,000 V/m was indicateds This corresponds to a
potential of approximately 1700 volts on the windowe The
varnished wooden walls of the tunnel were also checked for
static charge built-up and none was found.
Again, the field distortion caused by these windows
would make any electric field gradient measurements
invalide Therefore, the windows were covered with
aluminum foil. ‘
Since the dust particles were clogging the exposed
de.ce motor of the field mill, all further planned tests
were discontinued until a completely sealed field mill
could be obtained (this model is discussed extensively
in the main body of this investigation). However, many
interesting conclusions, which are listed below, have been
ottained from the above tests.
(1) The vibration of the shielded cable was not
as serious a problem as nredicted.
(2) The charging of the plexiglass mounting plate
proved to be a serious source of error but
could be eliminated by design changes.
(3) The performance evaluation of the field mill

in obtaining electric field gradients was
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limited by the cdistortion caused by the bound
charge on the plexiglass mountineg plate of the

field mill and the plexiglass windows in the

e . s\
Rk %ﬁsﬁmwm?mMeﬁm{mﬁ;@mﬁmﬁ“" ;

et el Gomd

A LMk A B S ST

wind tunnel. ¥
However, the field mill proved that it was E:
valuable as a diasmostic instrument for de~ é;
termining the effects of the wind tunnel walls £ §

on the electric field. - ‘§

(4) The observation was made that a notch or band- d 1§
pass filter might be needed when the field F i é
distortion effects were eliminated. : »E
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E - Test to Zvaluate the Asymmetric Wave Form Method of
Polarity Determinatione.

A simple method for determinins the polarity of an
unkrown electric field, using a field mill, was introducing
an asymmetry in the output wave form (ref. 12). The above
could be accomplished by shaping the stator and rotor vanes
as showr in figzure Al4-A. Now the peak-to-peak voltase of
the field mill was gziven by equation 12 as

vs €Ax

2C

where A was the maximum exposed, or screened, area. When
the rotor vane is in the position shown in Al4-R, the
value of A is Aje When the rotor is the position shown in
A 14-C, the value of A is Ap. But A; is less than Ap.
Thereiore, V) will be less than V2 and the wave form pre-
sented in figure Al%4-D will result. When the polarity of
the electric field chanzes, the wave form will chanee to
that shown in figure Al4-E.

Thus, if the field mill signal was displayed on an
oscilloscove and the position of the asymmetrical vave
form noted for a certain polarity, the polarity of an
unknown electric field would also be known by observing
the oscilloscore disnlaye. Fisure AlS presents nictures of

osciiloscope disvlays demonstratins the foreroins orinciples.
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ELECTRIC FIELD

A-POSITIVE ELECTRIC FIELD

8-NESATIVE

| FIGURE_AIS—-ASYMMETRIC. WAVE FORMS:
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