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ABSTRACT

This is the final report on the investigation of "A Fundamental
Study of Static Electric Phenomena'.

In this report is given a summary of the charging and discharging
processes of a helicopter in flight. Emphasis is placed upon obtaining
approximations for estimating the magnitude of the problem for given
environmental conéitions. The problems of electrostatic charging and
discharging of helicopters with regard to safety of personnel, cargo
and radio frequerzy interference are stated, Acceptable safety limits
for personnel protection and safe cargo handling are presented.

A solution to the cargo hook up prehlems of elevtrostatic charged
helicopters is proposed, using current *.:thiaology.

A summary is given of the construction and test results of this
"safe-cargo hook up system" (SAFCAR).

The Appendices summarizes work on ccrona discharges, space charges,
and environmental effects on charging and discharging phenomena.
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FOREWORD

The work reported herein has been performed by Princeton University
under the Princeton Pennsylvania Army Avionics Research (PPAAR) Program.
The work was supported under Contract DA 28-043 AMC-02k12 (E), DA
Project # 1H1 62202 A219, Avionics Technology: Task 07, Avionics Tech~
niques Studies.

This is the final report on A Fundamental Study of Static Ileciric
Phenomena.

Contributors to the work repcrted herein but not listed as auti.ors

are:
R. Creed USAECOM
M. M. Chrepta USAECOM
H. E. Inslerman USAECOM
E. G. Sharkoff Picatinny Arsenal

The contributors to this work and authors ofte. worked together as
a team for the test set up, the testing and evalaating test resulis.
The development of the SAFCAR system is the resu.t of an excellent team
work between the Avionics Laboratory, US Army Electronics Command and
the Tnstrumentation and Control Laboratory of Princeton University.
Part of the apperdixes are extracted from the dissertation of Willard F.
Burke, Princeton University, to be published.

One of the results of this work is a simple inexpensive solution to
the electrostatic problems during helicopter cargo hook up operation.

This safe cargo hook up system or SAFCAR has been tested successfully on a

cargo helicopter and over a wide range of environmental conditions,
When in ihe design of new cargo helicopters emphasis is placed upon a

possible solution of electrostatic problems, the safe cargo hook up system

can be implemented with relatively swmall penalties in cost and weigi.t,

It is hoped that the results of the research pursued under this
program will provide the basis for further developments by the Avionics
Laboratory of the U, S. Army Electronics Command.

The Instrumentation and Control Laboratory of Princeton University
acknowledges the understanding encouragement and constructive criticism
provided by members of the Avionics Laboratory,
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current density
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constants

mobility of ion of type (i) in gas of type (J)
mixed with gas of type (k)

index

length

mass

number density of ion of type (J)
number density
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pressure
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partial pressure of 0, in gas mixture

2
vapor pressure
momentum transfer cross section for collisions
of nitrogen ions with oxygen molecules

charge

resistance V/i

displacement in field direction

tube radius

value of r where corona avalanche begins

(a(v), /7(v),)/(46/G)
displacement along path of tube of flux
effective separation from c,c.

s when field is first predominantly current-
dependent

te. o~rature (%K)
ster“zrd temperature
needl¢ thickness
time

time at t s = s
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o (\')i = voltage st constant current |
i vy = mean ion drift velocity due to field f
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g. vthermo = thermal velocity of 02 molecules
A 2 -
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B W = wind velocity ;
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b € = ionization potential
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k Y = mobility
E:
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I, INTRCDUCTION

One of the problems in electrostatics is the electrostatic charging
and discharging phenonena experienced by helicopter in flight.

In forward flight, the presence of static charges on the airframe
presents no particular operational problems. It is quite possible that
some radio and navigational equipment interference may be experienced
during natural corone discharge, but passive dischargers can diminish
these effects.

A cargo helicopter is required to hover in the viecinity of ground
personnel and eyuipment during external cargo loading and unloading
operations under various tactical environmental conditions. Under
certain adverse environmental conditions, large electrostatic potentials
on the airframe can present a serious hazard.

The problem can be divided into three basic areas: first, injury
to ground handling personnel performing the cargo hook-up; secend,
possible damuge to the cargo itself as a result of discharge current
passing through it; third, premature detonation of external armament
systems, igniticn of fuel air mixtures in the vicinity of the arcs
produced when ground contact is made,

In this report a summary is given of the charging and discharging
processes of an airborne helicopter, Emphasis is placed upon obtaining
such approximations that the magnitude of the problem can be estimated
for a given helicopter under certain environmental conditions.

In Chapter II are summarized the charging and discharging phenomena
of airborne helicopters namely; the electrical properties of the heli-
copter in the atmosphere, the charging snd discharging processes and the
potential accumulation of a helicopter in flight. The problems and safety
limits of a charpged helicopter with regard to safety of versonnel, cergo
ar.d radio frequency interference are stated in Chapter III, In Chapter IV
are presented the observations that lead to the conclusion of proposing
a grounding technigue as a practical solution to the cargo hosk up problems
of electrostatically charged helicopters.

The system description is given in Chapter V and a summary of system
tests and evaluation is presented in Chaoter VI, Parts of the Appendix I
are extracted from the dissertation of Willard Burke, Princeton University
(to be published) Reference 1. The appendix summarizes the fundamentals
of corona discharges and the sensitivity to environmentel changes.

Evaluation of test results and acceptsble safety limits, for personnel
and cargo suggest the requirements for discharging a hovering cargo heli-
copter.
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g The requirements for a reasonablz solution to the discharge of a

o hovering cargo helicopter are:

51 1. A discharge capability that discharges the helicopter from

fé several hundred kilovolts potential to approximately earth potential,

g and/or limits the discharge current, at the point of contact, to a

E: safe level,

5

{? 2. A steady discharge current capability, under all environmental
?g conditions, of at least 100 to 200 micro amperes. (Magnitudes of

{¥ Corona discharge currents are strongly influenced by environmental
effects., )

%é 3. A discharge time constant of the order of a second (tentative,
i subject to results of furtler investigation).

gﬁ 4, The method should be reasonable in cost and weight. An interim
fi- method using current technology that satisfies these requirenents is the
i Safe Cargo Hook Up System which is described in this report.

5; I1. THE ELECTROSTATIC CHARGING AND DISCHARGING PHENOMENA OF AIRBORNE
.; HELICOPTERS

A

y% The main elements involved in the electrical charging and dis-

charging phenomena of airborne helicopters are:

A. The electrical properties of the helicopter in the atmosphere.
B. The charging and discharging processes.
C. The potential accumulation of & helicopter in flight,

A, The Electrical Properties of the Helicopter in the Atmosphere

The capacitance of the helicopter at high altitudes (infinite at-
mosphere) depends on the helicopter shape and dimensions.

In proximity of the ground, the helicopter capacitance is increased
to the sum of the infinite atmosphere capacitance and the capacitance

of the helicopter to ground.

In Figure 1 measurements are given of the helicopter capacitance
CH’ which is approximately proportional to helicopter body dimensions.

The resistance of the air is inversely proportional to the concentra-
tion of charge carriers (electrons whether or not attached to molecules,
and ions), the charge on them, and their mobility. The mobility of the
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2 charge carriers is inversely proportional to the air density. Under
certain atmospneric conditions such as smoke and fog, charge carriers
attach themselves to impurities thereby forming "large ions" with
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reduced mobility. In the lower atmosphere the mobility and ion concen-
tration depend upon the purity of the air; this explains the large
variations in measured air resistance. At sea level, the atmospheric
resistivity is in the order of 1 x 10" to x 10" ohms/ meter. The

g resistivity of the air in the vicinity of a propeller or rotor system is
decreased over that of still air because the propeller or rotor system

' imparts velocity to the air, and the effective mobility of the ions is
increased. Since the resistivity is a function of both the number of
ions and their mobility, the effect of this velocity is to reduce
resistivity (order of 1 x 102Q per meter).
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'y The effective helicopter resistance is defined as the electrical
3 resistance in ohms of the airborne helicopter to ground. The effective
2 resistance of a helicopter, with the engine running, is in the order of
g ‘ 5 x 10% ohms.

S ’ Figure 2 shows the measurements of effective helicopter resistance,
e | as 8 function of altitude and corona discharge current.

The combined effect of helicopter capacitance and effective

f resistance determines the helicopter charge and discharge time
constant, which is in the order of 10 seconds. Measured values of

g a few seconds to 30 seconds have been recorded, depending on helicopter
R, size, hover height, and atmospheric conditions.

B. The Charging and Discharging Processes

When the processes described below increase or decrease the
absolute potential of the helicopter with respect to the earth's
potential, they are called, respectively, charging or discharging
processes.

4 1. Atmospheric Electric Field Charging Processes. A helicopter

N flying in the atmosphere, in the absence of all other charging processes,
A will assume a potential equal to the atmospheric potential which exists
at that altitude. The atmospheric potential near the ground at an
altitude h, is in the order of the product of altitude and pol.ential

1 gradient. In fair weather, the potential gradient is usually positive

’f‘ and can be in the order of several hundred volts per meter. 1In elec-

23 trically disturbed weather, fog or rain for example, the potential

g gradient is usually negative and can be in the order of several kilo-
volts per meter. Under conditions of an approaching thunderstorm, much
higher potential gradients have been measured, c.a the order of a thousand
kilovolts per meter prior to lightning strikes. Figure 3 shows expected
field strengths under various atmospheric conditions.

"z 4,
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2, Nonatmospheric Field Charging Processes. Many effects have
been described and measured. The most important ones that yield high
charging currents are described as follows:

Triboelectric Charging. Triboelectric or frictional charging
results when dissimilar materials come in contact with one another. When
particles normally found in a helicopter environment, such as dust, sand,
snow, rain, etc., strike the helicopter, the aircraft charges. The charge
rate or current depends upon the materisls, mass, total surface area of
particles intercepted. On the average, these currents are less than
50 microamperes, but under extreme conditions, currents of several times
this number have been reported (References 1,2). Some evidence exists
that the effective helicopter resistance is lowered in conditions of
high triboelectric charging (RH in the order of 5 x 10%chms).

}

Precipitation. Heavy rain, especially from cumulonimbus clouds,
snow, etc., can be charged and produce positive or negative charging
currents in the order of 100 microamperes, aithough maxim: currents
reported in heavy rainstorms near Singapore have been as high as 0.5 mA.

The self-generating charging process. The main source reported
for the self-generating charging process is the engine, which can produce
ions for one predominant polarity. Also, the ions generated are probably
a function of fuel and air composition, as well as engine condition. The
aircraft is charged to the opposite polarity of the ions. The order of
magnitude of current reported for engine exhaust is in the order of a
few microamperes (Reference 2). Although current levels in excess of 10
microamperes have been reported.

The nonatmospheric charging processes are functiontof the amount
of particles intercepted. This is a function of helicopter weight, density
of the particles in the air and type of particles. In Figure 4, a mono-
gram is given of the charging current as a function of environment and
helicopter weight. This graph can be used to estimate the charging
current for a given helicopter weight and environment; examples are
given for the UHl and the CHMT helicopters.

3. Corona Discharge Process . .The basic mechanism of a corona dis-
charge consists of electrons accelerated by the strong electric field
around any sharp point. The field strength around the sharp point is
directly proportional to the potential at the point and inversely pro-
portional to the radius of curvature of the point. Thus, when the radius
is very small (sharp point) the field strength can be quite large. Locally
accelerated electrons ionize the air; these ions (space charge) are re-
moved from the vicinity of the point by the motion of the air or by the
electrical field.

The magnitudes of the Corona current from a point is proportional
to the voltage squared and 3 strongly dependent upon geometry and
atmospheric conditicns. Also, the Corona current increased with air vel-
ocity. When there are Corona currents in the vicinity of the helicopter,
the effective helicopter resistance to ground is decreased.
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C, The Potential Accumulation of a Helicopter in Flight

The airborne helicopter can become charged by any of the charging
processes. In principle, these charging prccesses can be divided into
two groups:

1, Electric Field Charging Processes

Assume that an uncharged helicopter becomes airborne. The un-
charged helicopter has a capacitance CH with respect to earth. The
value of the helicopter capacitance is a function of altitude. When the
atmospheric potential that exists at the helicopter altitude is not equal
to ground potential, then the helicopter starts charging toward the
atmospheric potentisl. In the absence of all other charging processes, the
helicopter potential Vg will become equal to the atmospheric potential
Va. The time constant of this atmospheric charging process is equal to
the product of Ry x Cy (in order of 10 to 30 seconds).

2, Charging Current Processes

When only a charging current is present in absence of an electric
field charging process, the potential ofthe helicopter rises to a
value of
Q fIcdt

Vg = CH = CH (l)

where Vy  is the voltage in volts
Q is the net charge in coulombs
Cy 1is the capacitance of the aircraft in farads
Io is the charging current in amperes

t is the {1{ime in seconds

In principle there is no limit on the helicopter potential Vy, but
vhen the helicopter potential Vy rises sufficiently above or below atmos-
pheric potential (Vj) that exists at the helicopter altitude, the corona
discharge process starts. This is mainly corona current from sharp points.
The helicopter discharge current increases as the potential rises, until
a state of equilibrium is reached such that the charging current equals
the discharging current. Figure 6 shows measured helicopter discharge
current of the helicopter potential under natural conditions at 25 ft.
hover altitude. The net effect of all the corona points on the airplane
gives a total effective resistance Ry of the helicopter. This discharge
rate is normally slower than the charge rates of the triboelectric,
precipitation, and self-generating charging processes (few seconds or less).

The increase in helicopter rotential above the atmospheric potential,

due to the charging current I, is then equal to the product of the charging
I, and the effective helicopter resistance Ry.
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The total helicopter potential Vy with resnect to ground is the
sum of the atmospheric potential Vy and the voltage due to the
charging current Ry I,.

As described previously, the impertant elements in charging and
discharging processes are:

a, The helicopter capacitance Cy (in the order of 1072 F).

b, The effective helicopter air resistance Ry (in the order of
5 x 10% ohms).

¢, The atmospheric potential Vp (the product of estimated potential
gradient and helicopter height).

d, The charging current I, (estimated from helicopter weight and
environment ).

The helicoptcr charging process can be modelled by the equivalent
circuit as shown in Pigure 5.

Vo 1s & voltage source or generator representing the atmospheric
potential, I, is the charging current of a current source or generator
representing other charging mechanisms such as precipitation, blowing
sand and dust triboelectrie, etc., Cy is the capacitance between the
nelicopter and ground, and Ry is the resistance between the helicopter
and ground. It should be noted that Ry in series with the voltage source
Vp forms the real generator representing the effect nf the earth's electr:.c
field and therefore Ry is also the internal resistunce of this atmospheric
voltage. Vy is the resuitant voltage between the helicopter and
ground due to the various sources. Tiae helicopter resistance Ry is a
function of the charging current I,.: for simplicity it is assumed that
the By is a constant.

IIT1, PROBLEMS AND SAPETY LIMITS QF A CHARGED HELICOPTER

If the helicopter capacitance is charged to a high voltage and
discharges through persomnel or cargo, hazardous conditions can occur.
A large number of "safe" limits for discharges have been determined
and reported in the literature. 'The problem can be divided intu three
partg, personnel safety, cargo safety, and radio rrequency interference.

A, Personnel Safety - For a capacitor type of discharge through
the human body {resistance on the order of a hundred to several thousand
ohms), the sensation thrashold level is an energy of the order of one
(1) millijeule. (Note: 1 millijoule in 1 x 10-° F, che helicopter
capsclity, corresponds to 1400V). Experience nas show#n that one can feel
the effects of a 10 miilijoule discharge under most circumstances. Note
the level of energy discharged affer a person scuffs across a rug in
winter and touches some grounded object is typically 10 to 25 millijoules.
It i3 felt that the sensation associated with a 10 millijoule discharge
during the concentrated effort required to hook n sling load onto a
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helicopter hook would be unnoticeable under most circumstances. The
criterion used here is to prevent any discharge to a person which would
cause him to move involuntarily as a reaction to the shock in such a
manner that the loading operation would be aborted or the loader would
fall down, lose his balance, or otherwise create a condition where he
could be injured through falling.

On this hasis, the 10 millijoule level was established as providing
significant reduction in the shocking potential of an aircraft during
loading end unloesding operations. For a continuous current type discharge
through the humen body, the sensation threshold level is in the order of
1 mA. Due to the relatively short discharge time, the peak current is
higher in the capacitance discharge for the same sensation. Laboratory
and field tests have confirmed that when a high resistance is placed in
series with the human body, the discharge time of a capacitor increases
and the threschold level is then higher than the continuous current sensation
threshold which is the order 1 mA. This observation can be the basis
of a solution ;0 the personnel safety problem using the 1 mA current
sensation tnreshold level.

B, Cargo Safety - Some examples of published safety limits of a
capective type ¢f discharge for cargo operations are as follows:

1., Explosives (commerical initiators): 1073 millijoule
2. Explosives (secondary): several millijoules to 0.5 joule

3. Ignition of fuel-air-gas mixtures:
Vor stcichiometric mixtures: 0.5 - 1 millijoule.

Published safety limits for electrical currents are:

(&) 180-200 pa for constant corona current,
(b) 1 ma for a duration of 100 millisec, {or i t £ 1077

(e) 1C0 ma for a duration of 0.01 millisec.

Normally in open air, the probability of having a stochiometric
mixture appeers to be small. Under these circumstances, larger energies
are required to ignite the fuel air mixture. 1In all the helicopter
loading and unloading operations to date, there have been few if any
cases where anmunition or fuel has been ignited or exploded due to static
electricity discharges. On this basis alone, the probability for dis-
charge of significant amounts of energy through sensitive portions of
ammunition appear to be small, and the probability of igniting fuel is
equally small. This experience, of course, has been with helicoptlers
unprotected from the electrostatic charge accumulation. Any reduction
in the charge on the helicopter which can be discharged to ground during
loading or unloading operations would certainly reduce the probability

of ignition.

s ra Aaladd A TENERRARAA DI D WATAC Ao M

o G TR T RO R T T R TP P O Ry N S E P TR T PR T S s



A i st o GRS
SR PR AT

e

ot S EATS AR OAS AP ARG I Sy o o A TR\ e
R k)»‘.?a'_ oy T NS B s ')

C. Radio Frequency Interference -~ When the helicopter is charged
to a high potential, erratic corona discharges occur which produce RFI.
This electrical noise source can severely hinder and even saturate come
communication and navigation equiprent.

Iv. THE GAFE CARGQ HCIK. UP SYSTEY

General Description: The Safe Cargo Fook Up System is intended to
provide personnel safety during the cargo houi up procedure, and should be
considered as a solution until a better me.hcd becomes available.

Considering the hezards of electrically charged helicopters during
cargo hook up procedures, the following ohbservations should be made:

1. Properly, grounding the helicopter (by an electrical conductor)
and keeping the helicopter grounded solves the personnel problem.

2. Almost any continuous contact between a conductor and ground
surface (sand, asphalt, grass) is sufficient to bring the potentials to
safe levels.

3. During the grounding procedures before ground contact is made,
personnel on the ground may come in ontact with the "grounding conductor".
Upon making ground contact, under certain conditions, the discharge energy
can ignite fues-air mixtures and explosives.

k., The continuous direct current level threshold of sensation is in
the order of one miliampere. The e’fects of short durestions of direct current,
such as capacitance resistance dis:hargss, are less severe than the effects
of continuous direct currents of the same peak level.

5. When the discharge occur: via a resistive path, the current in
the discharge path is determined ty the ! .licopter potential and the resistance
of the path.

The Combination of These Qbse-vations Leads to the Following
Conclusions:

The best method to date, to discharge a hovering cargo helicopter under
all conditions, is a proper grouandisg technique. All aircraft should be
grounded and continuously held at ground potential when fuel, explosives,
or similar dangerous cargo are loaded or unloaded. For ground personnel
safety and when fuel-air mixtures are present, it is advisable that the first
earth contact be made via a resistive path, with a resistance on the order
of 100 megohms.

When a system is designed accordiig to these ~onclusjions, it can be
modelled as shown in Figure 5.

A. Safe Cergo Hook Up System Analyy .
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The elements in the figure left of the marking "helicopter voltage" Vy
represent the helicopter charging process. The elements to the right of Vg
represent the cargo handling, in particular:

Rg is the safe cargo hendling resistance (100 megohms ).

Rg is the grourd resistance, or the resistance from the ground
contact to earch ground (< 8 megohms ).

The resistance of the man, or electrical conduction path, is Rp.

When elecirical contact is not made through the resistances Rg. Rp
and Rg, then the helicopter voltage is determined by:

avy Vg - Va

Cy - =

With the initial condition Vy = 0at t =0

this yiel-s:
Vi = (V4 + Ry Ip) (1~ e =) (3)
H A H ‘¢ RHCH

The charging time constent is:
T = Ry Cy (4)

and the final helicopter potential at equilibrium is:
V§ = Vp + Ry Ic (5)

Note that if the helicopter air resistance Ry can be made zero
(cr smell) then the helicopter potential Vy equals (or approximateS)
the atmospheric potential Vj.

When electrical contact is made and an electrical conduction path is
established through the resistances R_, Ry and R_, ther the helicopter
. ) . 8 g
potential is determined by:

o i, WZla, 'y I, = 0 (6)

For the initial conditions Vg = Vpg at t = 0, this yields for the helicopter
voltage Vy:

t t
' Rs + Bm + Rg) “CyR “CyR
Vi = (Bs + Bm + Ry L. CH H

H Ry + R + Ry + Rg) (VA + ICRH) (1 -e ) o+ VHO e (1)
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8 where: R is the parallel coubinatic.or Ry and the grounding path ;
4 p
- p = R (Rs+ Ry + Fg)
- Ry + (Rg + Rp + Rg) 3
v
,é, The final helicopter rotential at equilibrium is: ]
o Rg + Bp + R j

o V. = —{0s+ m+ 7g) (v, + I.R,) (8)
<y Heo RH + (RS + Rm + Rg) A C'H N
;
QZ The discharge time constant is 3
| T, = Cy R (9) 4
‘: 7]
}3 The current through the ground contact is 3
” Vy 3
U % R+ R, * Rg (20) !
o - 1
|
'ﬁ B, Special Cases of the Safe Cargo Hook Up System Analysis ‘
s 2
K. 1. Mo Ground Resistance (R, = 0) and No Safe Cargo Resistance (R, = 0) i
.E i
i This is the case ¢f the unprotected helicopter and a man or grounding !
R device with resistance .;3 making the electrical conductive path between ;
' g helicopter and ground. Under normal operational conditions, the electrical '
'é resistance Ry is much: smaller than the helicopter air resistance Ry. ;
% Substitution o Bs = 0, BRg = 0 and Bm << BH yieids: i
o ° R
P = :,,,.:.; ....,f‘f_.. = Rm i
‘i ‘/H Y n :
2 :
: t_ '
by : " RnC
k. Vg = (Vy+RgI)e W
ki The curreat I through the conduction path is:
3 VH .
| I = E (108.)
g This current given by equation 10a will be passed through the ground
4 contact or man touching the charged hel1copter and under normal operating
}- conditions exceeds by far tne 'safe current level'. By placing the safe
’?N cargo resistance Rg in serles with thgﬂggn re51stance (Rp), the current
<. level can be kept within ' 'safe curxent levels™.
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For example: if a helicopter of 1,060 puF is charged to 100 kilovolts

and the resistance Ry, = 500 ohms, ihe petk current equals 200 amperes in
the impulse discharge of 5 joules (compare this with the safety limit).

2. No Ground Resistance (Rg = 0) e:d a Safe Cargo Resistance

R, = 10° Ohm:

When making ground contact, such & disch rre system should have the
following characteristics:

a. Peak discharge current in the order or 1 milliampere (sensation
threshold for personnel)., For ~xample: when a helicopter is charged to
100 kxilovolts, the discharge current is

100 x 10% volts

- =3 .
100 x 105 ohms . + X 10~ ampeve

b, The discharge time constant iless than a second. The disctirge
time constant equals the helicopter capacitance times the tctal res.stance
to ground, which is always less than the lovest resistance path to ground.
For example: & helicopter of 10™° farads has a time constant of

T = CH(Rs + Bm) 2 CHRs = 107° x 10® = 107! seconds
(Ry << Rg)

~. The finel helicopter potential at equilibrium will be Vjjeo

Rs + R R
Viw = =St M I 2 S _ '
Bo= g R + R, (At M) f R at LR

For example: assume a helicopver operatin. under rain conditions
hovering al * 30 feet, an atmospheric potential gradient of - bkv/m,
a8 triboelectrical charging curreat of - 30 UA, en effective air resistance
of 2 x 109 =hms.

The helicopter potential bef.'re ground contact is made is:
VW = (Va + IcRH) = (-40 4+ -60) = -100 kilovolts

he final helicopter potential after ground contact is made is:

R 8
Vi & —aS  (V I.R I A 5 2 ) ; olt
15 Ry + Fo (Ya + 1chy) 5T % 109 10 1.8 kilovolts

This voltage on a helicopter of L000 picofarads is capable of
eresgy discharge equal to 1 x 107% x (4.8 x 10%)2 = 22 milijoules.
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3. A Ground Resistance Ry and a Safe Cargo Resistance Rg

Under normal operating conditions, such as over clay, sand, rumway
surfaces, the measured ground resistance Rg is less than the safe cargo
resistance Rg (10® ohms) and the effect of the ground resistance is
small. However, there can exist situations where the ground resistance
Rg is large. This might occur over a thick layer of fresh snow.

When the safe cargo hook up system is used as designed, and no other
contact with the nhelicopter is made (then in series with the safe cargo
handling resistor), then no proolem exists as the current through the
conduction path is less than with no ground resistance. Hence: when
the safe cargo resistance is placed in series with the hook and only
hook contact is made, electrical current limiting is effective and a
ground resistance Rgrhas no serious effects on the safe cargo hook up

system.

However, the final helicopter potential after the ground contact
is made equais:

Rg 4+ R

VHW
Ry + Rg + Rg

(Va + IcRy)

For example: a helicopter charged to -100 kv, and a ground
resistance of Rg = 5 x 108 ohms, the final helicopter voltage becomes

8 4 108
10 2 x 10 16% = -23 kilovolts

Viw ® 7% 109 ¥ 108 + 5 x 108 -

In case personnel should come in contact with the helicopter still
charged to a potential VHm, two sitnations can occur:

a. Personnel is on a place that has also a large ground resistance
Rg. In this case, an energy discharge or charge occurs which is equal to

i
2 “man
13 millijoules.

2 . =1 2 _ 1 -12 3y2 _
Vg*. For this example E=3C V. *= 5 50 x 10" *x (23 x 10°)° =

b. Personnel is standing cn a large ioad with a capacitance, e.g.
truck, etc. By making contact with the heli. opter, the safe cargo hook
ur resistance is short circuited. This short circuit provides then the
discherge path for charge equalization between charged helicopter capaci-
tance ~nd unchareged locad capacitance.

For examtle, if the load capacitanre was also 1,000 n¥, the energy

transfer through the short circuit can be % % CH VHmz = 130 millijoules,
which is a seri»us shcck rasard. )

Hlence, when in extreme cases the ground resistance i, iarge, personnel
.hould only eome in contact with a protected cargo hook and should not come
in contact w'h the helicopter.
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V. SYSTEM DESCRIPTION

Various construction methods can be used to provide for a resistive
element in the electrical discharge path when ground contact is made. The
construction of these devices can be simplified considerably when the elec-
trical potential on the helicopter is limited; for example, by the use of
passive dissipators.

Passive dissipators on the rotor blades diminish the potential build
up on the helicopter. Properly designed r .ssive dischargers (corona points)
reduce the effective helicopter resistance. In Figure 7, curves 1, 2, and
3 represent passive dischargers on the rotor blades of the CHU7. Curve U
is obtained by placing a passive dissipator (braiding) 100 feet below the
helicopter. (NOTE: 40 microamperes discharge current, with 26 kilovolts on
the CHUT helicopter, yielding an effective h2licopter resistance of only
6.5 x 108 ohms.) For the CHSh helicopter or any other cargo hook up heli-
copter which lowers the cargo hook, one can use a passive dissipator on
the cargo hook. This can reduce the electrostatic problems considerably
vhen sufficient cable length is used during the hook up. There is evidence
that when the surface of helicopter rotor blades is electrically conductive
and electrical ccntact is made with the helicopter fuselage, the electro-
static problem is reduced. (For example, compare Figure 6, curve 3 and
Figure 7, curve 1.)

A resistive element can be placed between the cargo hock and the
airframe (SAFCAR System) or can be placed in the grounding path (resistive
grounding link). Both methods are described below:

A, An_ Electrical Registive Flem:nt Between Cargo Hook and Airframe,

This element performs two functions:

a. It diminishes the electrical current through the cargo hook.
This function provides a sa.< cargo hook up operation. When the maximum
current through the cargo hook is limited to less than one milliamvnere
(threshold of sensation), no electrical shock is experienced. The
electrical curreat is determined only by the ratio of the notential
difference and electricual resistance in the path: this is independent
of a good ground contact.

b. After ground ccntact has been made, it reduces the helicopter
potential with respect tc ground.

The construction method for an insulated hook can be one 0 tue
following:

1. An lnsulated Beam or Cargo luok (resistan~e between airfrare or
ca.go hook). This arproach is operationally very desireble as cargo loading
procedures are not affected. To use this method, a change in exicting air-
craft construction mist be nade; namely: (see following page)
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CH4T helicopter: Replace the cargc beam with an insulated cargo
beam. The cargo hook remains essentially unchanged except for wider
rollers which are exchangeable with tne standard hook. A prototype
of this construction was made and performed successfully when tested.

e

e

CH54 helicopter: Change the hook construciton. This is a more
involved task due to the small dimensions of the present hook.
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2., Insulated Cargo Link. In this case, the resistance is placed
between a new hook and the original cargo hook on the aircraft. In
this apprcach, a "doughnut" type device with a hook is hung on the
original cargo hook »f the helicopter. The new hook does not need
to be equipped with the safety devices of the helicopter cargo hook
as in emergencies, the helicopter cargo hook provides these necessary
devices. However, the new hook must have a spring restrained lever to
prevent the cargo from slipping off the hook. This approach requires
that a new cargo link be placed on the cargo hook by the personnel in
the aircraft.
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In the implementation of these methods, the cargo hook capacitance
should be minimized because the cargo hook capacitance can cause an
electrical charge transfer when hook contact is made. (Typical measured
capacitance values of a CHW7 cargo hook, < 30 ppF).

il

B. An Electrical Resistive Element in the Grounding Path {grounding link)

The grounding link is a device that can be attached to the cargo
hook or cargo and provides grounding with resistance in the grounding
path. The purpose of a resistive grounding link is to reduce !
’ electrical potential of the helicopter and/or cargo to ground potential.

The resistance diminishes the electrical current in the ground path when
the grounding link comes in contact with ground, personnel or curgo.

=

.
P T L IR

el

IR

Essentially, a ground link is a conductor of 8 feet or more in
length with a resistance on the order of 10® ohms This length
insures that ground contact is made before personnel can make
contact with the hook. The grounding link reduces the helicopter
potential to a value given by Equation (8).
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! In order to provide safety under all conditions, it is essential
’ that a good ground contact (Rg 5_107 ohms) is made and that the helicopter
and load are grounded and kept grounded during cargo operations.

This method is the least expensive and can solve the personnel
safety problem but requi.es changes in operational hook up procedures.
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If desirable, as for flammable cargo, the grounding link can
also be used for discharging the cargo prior to release. A "ground
1ink" is then connecrted to the cargo so as to make ground contact
before cargo release.
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VI, SYSTEM TESTS AND EVALUATION

Laboratory tests were performed to confirm the current threshold levels
with high voltages using resistors and small capacitances for simulating
the hook capacitance to ground. It was assumed that passive dissipators
in a helicopter would limit the helicopter voltage to the order of
100 kilovolts.

Several riristive grounding links were designed and tested in the
laboratory. The test results were promising and a safe cargo hook up
system was designed to insulate the cargo hook from the airframe
of the CH4T helicopter by 100 kV. This beam, with its associated
end caps, will accept the existing cargo hook with the modification
of the additional four (U4) rollers mounted on the increased length
of roller pins. The hydraulic tubing and electrical connections have
been worked out.

A static mechanical load test was performed at Earle Naval Ammunition
depot. A 30-ton crane was rigged with spreader bars, and loads of 10
tons and 8 tons were lifted. First the l0-ton load was raised and held
for 15 minutes. Two tons were removed from the test load, and the 8-ton
lcad was raised and lowered at the maximum speed. The time for one
cycle (pickup and drop) was 4 seconds. This was repeated 350 times. No
visible damage nor indents were observed at the conclusion of this test.

The beam was tested electrically up to 100 kV and was measured to
be 10% ohms. The touch test was performed in the ETD high-voltage lab.
A ground strap was wrapped around the little finger and tcuch was made
at 10 kV steps up to 70 kV. A mild sensation was detected at 30 kV on
up to 70 kV. The second touch test was made up to 100 kV with the same

results except that at 85 to 100 kV no sensation was experienced. In
both tests a faint snap was heard just prior to touch.

The safe cargo hook up system {SAFCAR) was installed in a CHL7
helicopter. The latter was artificially charged to 70 kV (limit of
th~ voltage generator’ The cargn hook was touched by personnel.
The worst sensation detected, caused by the unprotected hook cavacitance,
corresponded to tne mili shock ~ue gets from a carpet. Similar experi-
ments were conducted with resi.tive grounding links on a CHSL helicopter.
A sunmery of the results is given in Figure 8.

The left ordinate axis gives the helicopter votential with resvect
to ground; the right ordinate axis gives the helicopter potential with
respect to the potential of the atmosphere which exists at the helicopter
altitude. The di..erence between the two ordinates is the atmosrheric
potential which is equal to potential gradient times helicopter altitude.
In Figure 8, this atmospheric potential is 20 kilovolts. The passive
dischargers on the rotor bladesreduce the electrical helicopter votential
with respect to the atmosrheric votential which exists at the helicopter
a’titude.
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The curve marked "safe cargo hook up system" (SAFCAR), or resistive
grounding link, indicates the potential on the b:licopter with respect

o _ground after electrical ground is made. Withthe safe cargo hook up
system, the current is greatly reduced whencver electrical contact

is made with the hook. When electricael ground contact is made and
maintained, the helicopter cargo and hook potential become as indicated

in Figure 8.

In the case of a resistive grounding link, Figure 8 indicates a
lovering of the electrical potential (with respect to ground) of the
helicopter and cargo hook when electrical ground contact is made and
maintained.

The evaluation of the proposed systems can be summarized as
follows:

1. Laboratory models of the "safe cargo hook up system" (SAFCAR)
have been successfully tested in the laborstory and with art.fi-
cially charged airborne helicopters.

2. The method is reasonable in cost and weight. Dev.mding upon the

system version chosen, no changes or only small changes need to
be made in the operational cargo loading procedures.

3. 1If desirable, as for flammable cargo, a "grounding link"
can 8lso be used for discharging the cargo prior to release.

VII, RECOMMENDATIONS

A solution to the electrostatic problems connected with the loading
of a hovering helicopter is proposed. The “safe cargo hook up system",
vhich uses current technology, provides reasonable personnel and cargo
safety during cargo hook up operations.

Some engineering problems should be further investigated and
complete prototypes shculd be made to be tested in the field under
all operational conditions.

In development or design of new cargo helicopters, ermphasis
should be placed upon the possible solutions of electrostatic problems.

The "safe cargo hook up system", it implemented in the basic

helicopter design, could be incorporated with relatively small
penalties in cost and weight.
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APPZNDIX 1, FUNDAMENTAL ASPECTS OF CORONA DISCHARGES
1. Introduction

When the potential difference between two electrodes in air is
large enough, a spark may be seen., The gas has broken down and be-
come a conductor. The voltage at which the breakdown occurs is a
function of the gas, the state of the gas, the geometry of the
electrodes, the electrode materisals, the state of the electrodes,
and the nature of the power supply applying the voltage. If the
voltage is decreased once spark has started and if one of the
electrodes has sharply curved surfaces (i.e. a needle or fine wire)
eventually the spark disappears, but a low current is still carried
through the gas. A typical voltage might be several kilovolts and
a typical current several microamps. This is the current of the
corona discharge,

The corona is a self-sustained discharge because the charge
carriers are not created with the aid of some outside source (such
as high energy radiation). It is an incomplete failure of the gap.
This failure occurs in a tiny region near the small radius of
curvature, while the rest of the gap carries a "dark" current. ‘This
means that the field is high only near the highly stressed electrode
which has the large curvature and it is only in this field that the
gas can be ionized. The dark current will be shown to be ions
created in this high field region. The ions are transported in a
low field at a low velocity.

I{ one electrode is a thin wire, and is positively charged,
the corona will appear as a thin light blue sheath covering the
wire surface., The blue light is indicative of high energy radiation
emitted in the positive corona. If the wire is negatively charged
corona appears as reddish tufts of glowing gas, at points along the

wire. The radiation will be shown not to bLe crucial to the negative
corona process,

Corona in air can occur between concentric cylinders, the
classical coaxial geometry. This geometry is very convenient for
investigat.on of the corona phenomena, as it provides a good ex-
perimental configuration and a easier calculations than most other

cometries. Thig geometry is shown in Illustration Al-l, typical
numbers used in this study are a = lxlO‘hm, b = Tx10~2m.

Corona tskes place in the thin sheath surrounding the wire
where the glow can be observed. The polarity of the voltage deter-
mines the color of the glow., For wires of diameter greater than
075 mm in air, positive corona appears at lower voltage than neg-
ative corona, whereas for smaller wires t.e reverse is true (Ref-
erence Al-1). Each polarity must be considered separately since the
mechanisms are not exaclly the sane,
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2. Negative Corona Process (coaxial geometry)
a. Description of the corona process

The potential of the wire is negative, and is increased
with respect to the environmesnt; the electrostatic field near the
surface of the thin wire electrode is increased.

Natural ionization, by cosmic rays and terrestial radio-
activity, produces about twenty ion-electron pairs per cubic centi-
meter which accumulate in time. The steady state level is of the order
of two thousand pairs per cubic centimeter (Reference Al-2). These
natural ions and electrons are under the influence of the large fields
formed by the superposition of the individual fields of each of the
mary electrons on the wire surface. All positive ions will be attracted
to the surface and with a drift velocity, related to the field vector.
Eventually the ions will reach the wire surface. Any nearby electron
in the metsl will have to choose between its attraction to the positive
ion and its attraction to the wire surface., For ions in air the ion
attraction potential is higher than the work function of the metals
by a factor of two or three. The electron will drop into the lower
energy level provided by the ion with energy to spare. The energy
difference must be absorbed by the surrounding particles in the form
of kinetic energy, internal energy, or radiatioa. One possibility is
that the energy can be used to free yet another electron from the
metal., This freed electron will then be repelled by the wire fierd
and reach very high energies between collisions. The condition for
this to occur is stated as,

€, > 20 Al-1

That is, the ionization potential, si of the ion must be at least as
large as twice the work function of “the metal, ®. Work functions

are usually about four or five electron volts and .onization potentials
less than fifteen »nr sixteen electron volts.

The positive ions give rise to the emission of electrons
from the wire., These electrons together with the initial triggering
electrons are accelerated to high energies away from the wire surface,
They collide primarily with the neutral gas molecules around them.

The ionization and excitation (inelastic) cross sections for the
electron-molecule collision at these e¢nergies has been well tabulated
and are found to be very large. The electrons will ionize the gas
quite readily. The ionization reaction is of the form,

- - +
e 1l 2 + N A1=2

gt
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Since the electron created can ionize as well, and since each electron
can ionize many times, there is an exponential rise in electron and
positive ion numbers and a similar rise in current. This rise is the
electron avalanche in a gas, first studied in detail by Townsend fifty
vears agce., The avalanche does not continue indefinitely because the
field decreases after a short distance from the wire surface., The
electrostatic field of the coaxial wire as a function of radius for a
given voltage difference, V, is,

S S S e L e U x A 0 S

oy

B (r) = ) Al-3

rlnp-
a

-

is the field in the radial direction.

is the applied voltage.

is radius.

is outer cylinder vadius.

is wire radius.
is the unit vector in the radial direction.
is the critical radius; r,=r (0 = 1)

N T o3 <
o=

The coaxial geometry is shown in Illustration Al-l, the electrostatic
field of equation Al-3 is plotted in Illustration Al-2, using the

[1lustration Al- 2
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data as shown below:

v = 5 Kilovolts
b = 3,5 ¢m

a = ,038 mm
E(a) = 200 kv/cm

E(rc) = 20 kv/cm

E(b) = .2 kv/cm

r = 10°a
c

Some of these r'wbers will be distorted significantly when the
digscharge begins since the current carriers themselves contribute a
"space charge" field.

When electronegative gases are present, there is another
important process, the electron attachment, ln air Oxygen is the
most abundant electronegative gas, with an energy of formation of
2.2 ev. The attachment reaction is of the form:

e + 0, + 03 + (2,2 ev) Al=b

vhich may or may not require a third body %to carry off the excess
energy.

At higher energies, another reaction, the dissociative attach-
meant, can remove electrons from the gas., The excess energy of the
electron can dissociate the mo.ecule, AB by a reaction of the form

-~

AB +2% + A+ B Al=5%

where either both A and B are electronegative or B is electronegative.

Alsc an electron can be produced if the negative ion energy rises,
and the attached electron is detached by £ collision:

T+l 0, +H 4+ A1-6
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b. Block diagram of the negative corona process

In negative corona, the natural elecirons in air trigger
an avalanche in the large field near the negative wire surface, The
few elecirons available at small radii multiply exponeniially and
nreate positive ions, more electrons, and excited molecules. Postive
ions move to the wire surface where they become neutralized. Since
the ionization potential of' the gas molecules is more than twice the
electroce metal work function, there is sufficient surplus energy
froin the neutralization to emit free electrons from the metal. The
radiation emitted from deexcited molecules sustains some level of
photoelectric electron emission from the wire surface. The electrons
emitted by these tvo mechanisms are in the best position to multiply
by avalanche. Once the threshold field in this region is reached, the
cycle begins and current rises until it is constrained by the power
supply. IS gamma is the fraction of the ions which liberate electrons,
a block diagram of the negative corona process can be made as shown
in illustration Al-3.

=~ T T~ T~ |photo ionization - T T T T
J I
N
i (a e i _(a)
e( ) s P Y '
e ectrons avalanche ! ipositive ]efficiency ofl
emitted multiplication jions one for relectron
from wire X | of electrons [ leach new I X 'emission by
surface !(>>> 1) felectron ; positive ions
' i
/\ |
| | il
i (a) X et = i (a) +i_(b)
e p e
1p(a) X Y = 1e(a)

Illustration Al-3 (Reference Al, Ab, AS)
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For the example in this study typical currents are of the order

of two microamps per cm of wire length and voltgges are between five
and ten kiloveolts. Wire diameters are about 10 ° meter and cylinder
diameters about 7 x 10”2 meter. Threshold is of the order of five
kilovolts. With the data given in the literature it is possible to
calculate the relative contribution to current of each carrier as a
function of radius. 1i_/i. is positive ion relative curcent. i /i
is negative ion current. ~ i /i is electron current. a is the n L
first Townsend coefficient ard n is the electron attachment co-
efticient., The basic avalanche relation is

die = {a(x)-n(xﬂ&e(x)dx AL-T

x is the distance of travel, o and n are measured in air as a
function of reduced field, E/p, and field is known as a function of

X. If only the electrode field is used, the currents are calculated
from the following formulas,

2
E

Y AT ]

|
[oN
2] 4

A1-8
a (&) AL-0

5

D
ie(%)= ie(a) exp [/' (9;-”-) ok d(%) ] A1=10
ju
E

a

Only relative currents are calculated so i (a) need not be known. «
is wire radius and b is outer cylinder radfus. Currents are graphed
in illustration Al- 4, There is some inaccuracy in the calculation
for this polarity because the charges distort the field at large o/E.
For qualitative description, it is satisfactory.
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3. Positive Corona Process (coaxial geometry)
it a, Description of the corona process

When the wire is positively charged it repels the positive ions,
and attracts the electrons and negative ions. When the potential of
the wire is increased, the eclectrostatic field near the surface of
the thin wire electrode, is increased. The field is very high near
the wire surface and drops off quickly as radius increases, Any stray
electron in the vicinity of the wire will accelerate towards the wire,
If the electron does not become attached to some electronegative

r% molecule, it will ionize the gas by the avalanche process, If it
%f becomes attached, the negative ion which is formed will move toward
e the wire. Eventually when E/p becomes greater than nine kilovolts/

meter-torr at small radii, the electron will detach and contribute an
insignificant amount to the electron current which has been created
there by avalanche (Reference A-10). The positive ions created in the

j

i
@ avalanche process will move to higher radii and iower fields and carry
b the corona current to the larger "collector" cylinder to radius b. The
Y electrons attach as they move through the low fields between "b" and r
¥ in positive corona. If the current emitted from b was ie (b), then
o the current at r, would be approximately,
¥
T . e =5.1 . - .
; i, (r,) %e i, (v) = (L0061)i (b) Al-11
% There must therefore become other means by which secondary electrons
b f are supplied to the vicinity of r . Since this new means of secondary
% j electron production is as effective as that of its counterpsrt in neg-
. ative corona, why does it not appear for both polarities? The only
_i other way electrons can be provided at r to sustain the discharge is
b by vhotoionization of the gas. Another reaction which takes place in
gg the avalanche process is the excitation of neutral particles by high
v energy electrons. After the "trigger" electrons initiate the first
S avalanche, many of the molecules are excited. The electron excitation
A f of a molecule is written.
.
3 e + -+ + e
' ¢ *H, >N, e Ai-12
Y@ 1
fi This excitation potential may be as high as the ionization potential of
é f other species of molecules in the gas, such as oxygen. The excited
e molecule later emits a photon.
3 . ,
H N = N + Al-13
E+ 2 2
3 ,
R The excitation and ionization are very similar. The energy for ion-
2§ f ization is close to the excitation energy. The probability of exci-
I tation will be larger or smaller than the probability of ionization
ﬁ ; when the number of electrons which can excite is bigger or smailer
£ than the number which can ionize. The cross section for ionization
!
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in much larger than the cross section for photoionization, hence the

é ionization is therefore much more frequent than the excitation. The

i cross section for each of the two processes have a larger but similar
¥ electron energy dependence.

.@ The ultra-violet photons emitted may ionize molecules of ion-
T ization potential lower than that of the molecules that emitted them.

;ﬁ The photoionization reaction can be written as:

% ‘ + -

= ¢ +02>0; +e Al-1k
"

‘Y&

§ Since the photons are neutral particles, they may photoionize at radii
k> larger than the radius where they are emitted. They will be emitted

4 for the most part where ionization is highest, at "a", and will be

g absorbed within a short distance of "a". A certain number of them will
.E photoionization between "a" and some larger radius greater than r,.
y:: These secondary electrons then multiply by avalanche,

;? Block diagram of the positive corona process

e In the positive corona almost all ionization and attachment take

% place at very suall radii where the field is almost »ll electrode field.
L In positive ~orona the electron avalanche is directed toward the wire
24 surface, It is only below the critical radius, r_, where electrons can
jg’ multiply. Between r, and a, electron current risés much faster than

e

g -

4 i(r) eN(rc) N(a) i M#*

B ) e ¢ e

i electrons in primary total ' excited

b vicinity of T Ix avalanche _x jcorona + gas

; multiplication -;>current moleculas
b of electron

s current ! !
, R A
"

ﬁ <<:i photoionization < i' | photon

B of neutral gas emission

R molecule

kX

i3 -

M+t oM. Mg

, i (r near rc) X eN(rc)— N(r) | ie(a) + excited molecules

i excited molecules emit photons

i photoionizatior creates i (r near ra)

Illustration Al-5 (Reference A3, Ak, AS)
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an exponential, so it is a good approximation that all secondary
electrons which initiate avalanche originate at ro or in its immediate
vicinity. Secondary electrons are created by photoionization of neutral
molecules. It is known that excited nitrogen emits photons of energy
high enough to ionize oxygen and other components of air which have
ionization potentials less than that of nitrogen. It is only with multi-
component gases that this mechanism appears, block diagram of the
positive corona process can be made and is shown in illustration Al-5.

The formulas used to calculate the relative currents are given
H for the same geometry described on the preceeding pages.

3 E,
" 2yl 2 :
‘ 1n —f&Ea 1e (E) P d (E) Alms
4 2
i E
> D
2 ; By &4 (R 6
: i =}féEa i (E) S-d (E) A1l
2
E
a
R
E .
D . crit a-n D L
i, (E) = 1e(a) exp [j (T) af 4 (E)] AL-LT
D
E

Relative curreant curves for positive corona are given in il-
lustration Al-8. These curves do not have the inaccuracy of the
negative corona curves because avalanche moves toward the wire and
all ionizatiocn and attachment take place near the wire, Jalculations
similar to these are made by Heymann for wires of larger diasmeter
(Reference Al-1}., Data for o and n were taken from References Ai, 5,
6, 10, 11 and 12,

R R I

iy

R -
s AR N SNy

h2y

e AR AL
¢ 5
N

2

sy

3h

e S S e n—— ————————

T i S e e e

Cy e AR




*SI9PUITA]) TBIXBO) UDIMLIG BUOJIOD SATITSO]
UT PTo1d paonpay 9SJISAUT JO UOTIOUNY B SB JUILJIND dA12BSY

(ad/aa09-w) g/d (2 © @/d) . .
60" 80 [0 90 SO vo 0
T _ '

SNIped 9JITM

Vo) ,
U i
(oT®0s ay3 Jjo) 9¢° = ( x)d/d A W
snIpBd JSPUITAD 03 TBuoljzaodoad st _H/d _ <
(2TB2S ay3z JJo) Z°€€ = 14 5
-y
9¢0" = T ® n
SNIpBI J9DPUTTAL JR300 /T el
“
—f
—~f
—

QUIIIND UOJI3I3T3

4uU3IIryv uol aatrqrsod
ATUTULIND UOT 2AIQEISU

4
F ol
e B Vit A ¥ et

B A R )

; K
ot

.

LA ool pe s TIPSR or 4 <22 2t < o e 2 T Y
(i S » L " > SR i Ty P Rt B R LT T,
R A e R 75 g5 RV S e T P AT

A B!
R R HE L o Y00 S S Sy

DR .
R AR




=
ik

EE

BN s
VR AT

¥y

R
B

g
Qi

FA A

et
PEINEES

%

SR g,
EEl A\

Ve Iy N =
FENEEGY R BTG RS
oo RS o g A e T A e e

L, Compar}son of'negat}vg_andgpositive corona processes

ARMSN B SR 3h 0w 2020 S0 0 Ain Anae Se s an 2e an o

In illustration Al-3 and Al-5, the graphs for the electrical
currents were made for the coaxial geometry described in the proceeding
pages. Extensive measurements of the distribution of potential in a
corona tube is given in reference Al~1lk.

As shown, the positive corona and negetive corona currents have
il.ttle in common. The posiiive corora current is carried by electrons
at the wire surface and by positive ions at larger radii. The critical
radius r_ 1is of the same order as the inner radius a. The current is
carried éxclusively by positive ions between r /15 and outer radius b.
This is a range which is approximately 99 '*/,$% of (b-a). The positive
corona is confined because the avalanche proceeds towards the wire surfece.

Avalanche in negative corona moves away from the wire. The many
electrons formed between a and r, are attuched only very slowly since
attachment rates are everywhere much lower than the ionization rates
at higher fields. The current at large radii is eventually carried by
negetive ions alone but this occurs only approximately at a radius equal
to .67 (b~a). The current is carried in equal amounts by negative ion
and electron at a radius approximately equel to .33 (b-a). In negative
ccrona process the attachment at larger radii will depend somewhat on
the space charge fields. The error using the electrostatic field for-
mula will be less because the charge density of electron carriers is
some orders of magnitude smaller than that of ions carrying the same
current.

These corona processes described above ure of interest in under-
standing the current generating mechanisms. It appears that at distance
"far'" away from the corona, the current is determined by the ion current.
In different geumetrical n~onfigurations, the same mechanisms of the
corona process occurs. The influence of the proximity of corona poinis
on corona current was investigated.

STILL AIR DISCHARGE CURRENT (I-INCH NEEDLES #3)

Configuration Discharge Current
— One Pin-2uA
-—— Two Pins-2.6 uA
p Three Pins-2.8xA

Five Pins-3uA

I1lustration Al-6
36
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Y The configurations constructed with sewing needles no. 3, is
;- shown in illustration Al-6, the gap length is about 5 feet and 20 kilo
gz Volts is applied to the needle configurations and the magnitude of the
p: outgoing corona currents are shown in illustration Al-5.

i; The proximity influence of corona points on a rod/or blade were
- tested by the configuration shown in illustration Al-T, using sewing
b/ needles no. 3. For a constant applied voltage of 20 kV and a gap

é- length of about 5 feet, the values of the outgoing corona currents are
H shown in the illustration Al-T,
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5. Ion Mobility

In the coaxial configuration, it is possible to define
an ion mobility at all radii except in a region very neer the
fine wire surface where the field becomes too high. Mobility, u,
is the ratio of ion drift velocity, vq? to electric field, E.

; = uﬁ A1-18

When gas velocity is zero, the ions follow the vector field lines.
When the field is very large like the field near the wire surface,
mobility depends on field. The approximation is made that this
high field region is small ‘enough to ignore mobility variation

with fie)d. Because other corona electrode geometries have similar

electrostatic fields, U can be assumed independent of field in
most configurations. The low field mibility, u, czii be described
by : (reference Al-16).

c
" ny 0 ﬁz At
m (my +my)

1

C = constant.

al = polarizability of tle neutral gas.
n, = number density of gas molecules.
m, = mass of ion.

U is approximately 1.9 cme/volt~sec in the corona discharge in
ajir. Mobility data and discussions of mobility derivations
are given in reference Al1-16,

In order to calculate ion speed, the field must be known,
Field is derived from the divergence equation:

V- E=op A1-20

pc is charge density.
€, is a constant.

From a charge conservation relation, charge density is related
to ion drift speed and current density.

J = Py Vd A1-21
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The solution of the equations Al-1T, 19 and 20 for an infinitely
long fine wire concentric with a large outer cylinder becomes:
(reference Al1-1T7).

2, 1l/2

i/ v ;
L o ’ak1r<d
E(r) = +( } A1-22
‘ b
{eneou \ r/n b/a . a<< b

E is radial field between cylinders.
VO is corona threshoid voltage of the positive center wire.

Vo is threshold field as e function of radius.

rin(b/a)

i/L is current per unit wire length.

Coaxial corona fields ir air were measured experimentalliy
in reference Al-18. From a curve Tit of this gormula to his data
average ion mobility is estimated 1o be 1.9 em /volt-sec.
Numbers given in the literature are within approximately 20%
of 1.9.

A similar equation is erived for a concentric spheres
model.

E(r) =

; val 2)1/2
Gre ur T _EL_‘ ; a<r<b Al-23
° 2 ; a<<b

a is inner sphere radius.,
b is outer sphere radius.
i is total current.

Vo is threshold voltage.

Equation Al-22 is approximated by equation Al-24 at low r, 1 ~ a
v AL-2l

c 0

Blr) = ¥alo/a) 5 7 -8

At large r, r ~ b, it is approximated by equation A1-25 if i/L
and b arec not too small.

. 1/2
E(r) = {%Lu—} S r o~ b AL-25
“ro

Equation Al1-23 is apprcoximated by Al-26 at low r, r ~ a, an.. ty Al-27
at large r, r ~ b, if 1 and bt are not too small.
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f B(r) = = ; T ~a AL-26

g r

{ i 1/2

E(r) & “6meour ;r ~ b AL-27

S

B A new variable appears in equations Al-22 and Al-23 which has

. not been discussed; this is V_, the voltage measured when current is
decreased to zero. The depengence of V_on parameters which

) determine gas state, gas composition, and electrode construction

is difficult to derive. V_depends on the efficiency of the

various corona mechanisms 8escribed in reference Al-16.

6. Discharge Pacameter Relationships

a. Electric Field of the Corona Discharge

1. With the approximation that the high fieid region is
small enouch to ignore mobility vaviation with the field, %he field
can be derived from the following equations:

V.E = p/e, A1-20
J o= p, vy Al-21
vy = uE A1-18

vV E = -g“l—, A1-28

oM
Wo.p = S AL-29
= T EM

Every corona beam is composed of tubes of current flux. Tt is
possible to find the form of the solution in a tube of flux of
narrow ¢rogs section. The narrow tube follows a path, and cross
section is a function of position on the path. Path displacement

is the vector s . A section of a tube is drawn in Illustration Al-T.
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Current flows parallel to s and normal to the tube cross section.
This tube is sectioned at A, and A,, the areas normal to flow of
ion current. All other sur}aces are parallel to current and field
so that current in a tube is constant.

The above equation is rewritten with the divergence defined,

E ° Lim f %7—“—— dA = %— A1-29

£ A7 + oA oM

¥ 4V is the volume of tube section and A is its surface area.
%; n is the urit vecter normal to the surface. The area integral
'ﬁ} contribu.lons are made on A, and A, only, since all other
%ﬁ surfaces have normals norma} to flow and fieid. If El and
é, E2 are the values of field at those surfaces,

B !

s Ehp ~ B 5

b Lim = A1-30

-%’ AV + o ( av eou

Y

ST Dol
e
s AP § O SOOI T L RO S AR ot b et e ik e S N e

2. ¢ Letting AV arprozch zero as As approaches zero and letting
k5. .

g . Al remein coustant, E2 is enproximaeted by,

o 4

) 4 - \
E ! E,=E + { T A1-31

ié % \ds /1

Wz % Upon substitution,

4 aE \

E - Lim (El+ Fre As)A2-E1Al )

5 b - -

4 ; As>o X7 ) EQH Al-32
3 "

L L / \

¢ E . Lim ( A8 bsh, + E; (A-A) \ 3

. As+o '~ ds - | = == Al-33
A { A, Bs i So¥

k :

- 4 dE _ E dA, _ J

.' i ' Pt F L LAY = — -
[ i E@S*h as € H AL-34
£

4 ; E (AdE + Eap) = 248 Al-35
13 € U

3 o)

iA(s)ds .
AE A(AE) = - A1-3€
7z t.ou

4
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- a(sP)as? + (ala)E(a))® AL-37

s' is a dummy variable. A, an average tube cross section area,
is defined.

o

: A(s')ds' 1 S
) A = - —_— = 5 A(s')ds! A2-38
S .y s-a
f ds a
a
: Substitute Al-38 into Al-37
(AE)? = i E o (s-a) + (A(2)E(a))? A1-39

C

solve for E.

b e e e ———

Al-kO

VRO

PR,

bBach tube is defined for different values of i by its cross

secticn of area Ala) on the surface of the source. As total

current in the ion beam is changed, the current, i, in the

tube originating from the source surface area, Ala), also

changes. A(s) for s not eyual to a depends on i and M.

A{s) and E(a) may also depend on i and u. When total discharge
current approaches zero, so also does i approach zero.

Equation Al-LD bvecomes Al-Ll where Eo(s) is threshold field and Ao(s)
is threshold tube areu.

R, SRR RN T WY A 5 W I X R e

, 2
i Eog(a)A(a) 1/2 Eo(a)A(a)
Lzm}E(s) = 1 AQ(S) = —Z;TE) z Lo(s) A1=-41
o

E {s) is the field of charges on the surfaces of the corona
ele-trnles at threshold. It is the nature of corona discharges
to have the largest field near the sharp source, s . a,

and E{s) is approximated well by equation Al-bl




b
i<
i~
N
e
¥

3
2

N N b
Sy SV S FLT 2 e S ety 2%
Rar AR IR R R B ST

7B,

s e e R Y
SR Re o 4

LR

R ey

e

T

et

e ¢ {HAME hote

When s is near a, the field is due primarily to charges on the
source surface. It follows that the second term in brackets

in equation Al-40 is a contribution to E(s) from the charges

on the electrode surface. No matter what the value of i,

in order that the discharge continue, field near the source must
be greater than or equal to its threshold value.

E(a) > E (a) Al-b3

From inspection of Al-39,

E(a) € QEZ; E(s) Al-Lk

Combining Al-43 and Al-kh gives Al-US

B (a) < Bla) < AL n(s) ALk

=

When current is flowing the discharge is constrained by *he
power supply. E(a) has that value which minimizes the energy
stored in the electric field without violating the constraints.
Stored energy is the sum of the volume iategral of the flux
tubes.

%)
Energy = Zf %— E:‘:)E?(sJ )A(sJ)dsJ A1-b6
'Y

If a constant current power supply is used, it is easy to show
that energy is minimized when Ea is a minimum,

Bla) = Eo(n) Al1-LT

Curve fits of V(r) with experimental data taken from reference Al-lh
verify this conclusron for the coaxial cylinder geometry.
Equation Al-40 may be rewritten.

& 2 1/2
b aik ho (a)A (a)i

1A n {g-a) + Al-LE
2(0) }

F(S) = .
{ ueoA

A

L)

e s WA
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{ Voltage is obtained from an integral of the Zield along the
R path of the tube.
-';;, b

- V(s) = fE(s')ds' Al-L9
Threshold voltage is obtained from Al-49 when i is zero.

i E (s} is defined in Al-b1 above.

b | b

;- “ = N ' ! -

‘ v (a) f E (s')ds A1-50
AL : a

) :

- | F E_(a)ale)

5 = ' -
% Vo(a) f AT ds Al-51
A ; o)

1y : a

i

7 b

. 5 (a) = V_(a) / aa) s A1-52
a A (s')

13‘ (o]

Equation Al-52 is substituted into Al-48.

i 1/2
% — 2 2

& ue A o )

i ! 0 Ala)/ ,\as

i 4 (o}

! a

R !

k § 2 2

2 2iA Vo (a) Y

-5 E(s) = { =~=1 (s-a) + 2 Al-5h
UE Av- 2 b

o, [s) A (S) 1 s’

Ao( s')

3 a

.L“.' i

f It is not till s »> a that the first term in the brackets

,._:Tv contributes significantly to field so the first term may be

e simplified, and Al-54 is rewritten.

.

- Ve (a)

o]
2 b 1 ]
A(s)[! _K;Ts')ds]

1/2
2 } Al-55
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This relation simplifies for the two-dimensional coaxial
wire configuration of infinite length drawn in illustration Al-T.
This geometry consists of a single radial tube of area per unit
length, A/L, where A/L is given by Al-56.

A/L

1

2nr = AO/L A1-56

A/L

#

r
% f ompdr £ Tir A1-57
a

v2

E(r) = { YL, 0

} 1/2
27T€0U r2/n2(b/a)

A1-58

The two parameters in equation Al-55 which depend directly
on the gas state and composition are mobility and threshold
voltage. Mobility is described by equation Al1-18 above. A change
in enviromment influences the field by changing mobility and
threshold.

b. Threshold

A difficult parameter to derive analytically as a function of
gas and geometry is the threshold voltage V . The relations found
experimentally (reference Al-19) for parallel wires and for two
spheres can be written as

v =V(p)——-—-—-—®——-/§ Al-59
1+ —

/R

where V(p )T C, and R depend on geometrical parameters. R is radius.

when C/(R®)'/? is much greater than 1, V, is approximated well by
relation of che form of Al-60
v o= v(p ) & A1-60
0 o ng

Flectrodes such as the fine wire or thin needle fall in this category.
As this limit is approached, the threshold field becomes more and more
uniform and corona does not appear. At atmospheric pressures only
sparks appear. The above relation is & good approximation to Paschen's
law for parallel planes with aporoximately 1 cm., gap (reference Al)
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¢. i, V, p Relationships

Field in a tube of flux has been derived to be

. = 1/2
E (s) = {ﬁ—:——%\v(i%;ys + E; (s)} A1-23

If the source is very small and electrode field drops very quickly
as s increases, like the field of a fine wire or thin needle,

o oo’ Vp A1-60

E (s)=E_ (s, p hﬁi— Al-61
o oo,

Substituting Al-62 into Al-23 and as the Voltage is the line integral
along the tube path between the electrodes one can write:

1/2
[ 21A 2
Vo= \/- 5/. o =z 8 +E (s, 0 ) ds Al-62

If A is insensitive 1o densitiy changes then

©

V), =V (p )y — AL-63

=
[0}
T

In order to know how V devends on density it must be known how
A depends on density. Assume that the current is constant and current
densities are high. There are twc effects on A(s) due to a change in
mobility. A higher mobility allows faster beam spreading. An in-
creased mobility also means that beam charge density is decreased, so
repulsion forces are weaker, These two effects are equal and opposite
in the tube described above. Tube area depends cn mobility and current
only because the initial conditions depend on mobility and current.
The conditions when repulsion first dominates beam spreading at low s
depend on these paremeters. Experiments with corona bcams verify the
square-root-of-density relation derived above. Tube area is therefore
insensitive to density changes. Since the choice of tube was arbitrary,
all tubes have areas insensitive to density. Since the beam is a
superposition of the tubes, the current distribution in a beam cross-
section must be insensitive to density changes at constant current.
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If current is small enough the field expression may be expanded
in a series with only two terms. Integration is simplified and the
following expression is derived,

i= =2V (V-v) AL-6}

If current is large enough then

klpo
0

i= v?2 Al-65

Current-voltage curves can be described by a relation of the form,

kpo P
1= v (v-vo) A1-6

which has both asymptotes described (Al-2, Al-5, Al-19, Al-20,
Al-21), The expression requires that if threshold has a square root
density devendence, so must voltage at constant current,

d. Mobility and airflow

The factor k in the current voltage relationship of equation Al-66
is directly proportional to the ion mobility (equation Al-63). When
an sirflow is present, the ion velocity is equal to the vector sum of

the drift velocity of the electrical field and airflow.

Corona current with wind along the corona point. Corona current:

i=ki(v+w)(v- v,) A1-67
= kiv(V - v )1+ %)

where V is the applied voltage at the corona point (volts)

V_is the corona starting putential (volts)
k$ is a corstant; kiv = k in equation A1-67.
v is the velocity of the ions (meters/second)
w is tne wind velocity (meters/second)

The corona current with wind influence can be summarized as follows.

For a corona voint, the derived results for still air remain valid and

can be apnlied in the case where a wind is blowing along the corona

coint, if the result is multiplied by a factor (1 + —Yy O (1 + 1)
kyu\

where w is the wind (meters/second)

L8




o

SECAEY

s
N
53

3
i
S

A
.

p—
SRR AR S

-

o

TR,

ot R e RS
P A

sale s

4

o R

T T

STIRIIIRS

. e e

ki1 is the constant

U is the ion mobility (m/s/volts/m)

V is the potential of the point (volts) or effective voltage
(volts)

The large effect of airflow is shown in illustration Al-8.

P alle

[, = Corona current in
microamp. at Airspeed =0

T

— A A A . A ' A Fy l

CORONA CURRENT AS A FUNCTION OF AIRSPEED

Illustration Al-8
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e, Corona and impurities

There is no model for corona which applies tc all gases, The
simplest example of corona in another gas is the positive ccrona in
pure nitrogen. A more detailed discussion is given in references
(A-2, A-5). The positive corona mechanisu for secondary electron
generation in air requires that oxygen or some equivalent be present.
(references A=-2, A-4, A-5). This mechenism is replaced by a glow
discharge in pure nitrogen in which both the anode and cathode
phenomena characteristic of the glow are cbserved., The negative
corona did not depend on the oxygen-nitrogen combinaticn. Its mech-~
anisms in nitrogen are the same as in air. It follows that the
positive corona characteristies in pure N; are sensitive to the
addition of traces of oxygen. In air the coronas are relatively
insensitive to small amounts of most foreign gases, especially since
air contains a variety of gases already.

ggg Mole Fraction
N, 78.09%

0, 20.95%

A 00.93%

€02 00.03% 3%
Ne 1.8 x 10~ £7
He 5.2 x 10”7 "

The state and composition of air in the atmosphere are variables.
Water vapor is the most abundant impurity. Vapor pressure fluctuates
rapidly between zero and approximately twenty torr. An impurity such
as water will change gas mobility and corona threshold.

1. Mobility and impurities

In order to see the effects of water on the mobility, some
calculations and asswnptions are made which give typical results. A
orimary assumption is that the functional dependence of the mobility
on gas mass, ion mass, polarizability, density, and electric field
is correct, A second assumption is that charge exchange will occur
whenever the reaction energy is positive and will not occur when it is
negative provided the collision frequency between the exchanging
species is high. The fraction of the positive ions created from each
species in the avalanche ionization is assumed to be equal to the
fraction of neutrals of that species originally in the gas. 0 and N2
are assumed to be the only ions produced in the electron avalanche.
(Many other ions are formed (reference A-22)).
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a. Target particle change

The above assumptions are now exploited. Charge exchange
between positive ions and neutrals of like species decreases mobilities.
It is ignored here although there is evidence of symmetry exchange for
nitrogen ions in r.itrogen gas at higher fields. (references A-5, A-23).
It is the pularizability of the gas through which the ion is traveling
which determines the size of the coefficient of the inverse fifth
power force law. This coefficient is also charge-dependent, but it
can be shown that this mobility as derived is independen® of charge
cancely the larger crossection obtained tecause of increased interaction
forces, The ions are singly charged in the corona.

The following reaction is suggested,
+
Ny + 0y = 03 + Ny + 3.b ev A1-68

An energy imbalance of 3 ev is not too large to hinder the reaction.
Since the collision frequency is high, the carriers in dry air exygen
ions. Oxygen does not exchange with added water molecules. The
reaction energy is mildly negative.

07 + H,0 = 0p + Ho0 = .4 ev A1-69

The water receives charge from the nitrogen in an amount comparable
to that received by the oxygen when each is weighted by its density.
The water exchanges quite readily with the oxygen since the energy
balance is approximate and favors the reverse reaction.

+ +
HoO0 + 0, =+ Ho0 + 0, + Aoev Al1-TO
The collision frequency of the water with an oxygen or nitrogen ion
is comparable to the collision frequency of these ions with nitrogen
or oxygen neutrals since the relative velocity at collision is the

thermal velocity of neutrals in the gas.

Water changes the mobility of the average ion if nc charge ex-

change takes place, An ion (1) of mobility l( 1) in gas (1) and k(1)
in gas (2) in a mixture of density N + N(l) (l) ( ) has a (2)
mobility k( 1) as given by Blanc's law (reference Al-5). f(l) and
f(z) are (1)(2) the mole fractions N(x)/N and N(z)/N respectively,
Let N(l) be the air number density of a representative air molecule,
and N(z) be the density of water molecules.
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At a humidity of 100%, the vapor pressure is about 20 torr.

_20H _H

f(z) —77-6'5 -§-8- Al-73
_ 760 ~ 20H L
T 760 AL=T
1 . _ 1 20H . 760 - 20H LTS
: k(1) 760 (1) K (1)
’ (1)(2) (2) (2)
Since the polarizability of H20
o
M0 . 5 AL-T6
o
: N
?
¢ Qo
! H20 = 3.5 Al-TT7
, o
' 02
| oz
H,0
: Ny
; k2 = .6 AL-T8
X air
’ 1 _ .02 AL=TS
+ +
: N2 sz
air H,0 air
+ +
0, _ N,
air H0 '98kair A1-80

Any ion of comparable mass such as NO+ or N: has a predicted
mobility at saturation anoroximately .98 of the mobility in ary air.
The larger polarizability of the water and its lower mass decrease
the ion mobility.
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b. Carrier change

.\'

R
" Water ions would be expected to have a mobility,

-1 +

1 xH120

e air

T = 1.5 AL-82
ks .02

.ﬁ * air

:H 5 +

N 3 H,0

g : k. 2~ = 2,28 A1-82
- ; air

This is not very ¢éi?ferent from the estimstion for air in the corona,
1.9. A few water ions do not exert much influences on the average
mobility. The polarizability is 3.5 times that of the oxygen, and
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? water appears in amounts of the order of 20H, Its ionization potential
?- is only slightly greater than that of 0;. The collision frequency of

iyt
v

+
N2 with 0, must be compared to that with H;O,

ng . +
A ! o Vs Nz,
“. ‘ v N, QN2 v
J H,0 Py,0%H20 thermy
B¢
39 +
- é v Nz
b 9 3
7& __I’_fl\; = 3-'-‘3 Al—8h
| yte
3
g If His a maximum, H = 1.
b ) +
; Ny N2
Ve = 'h ~05
g 0y 3.4y H,0 A1-85
f%ﬁ % If 20% of the original positive avalanche ioas are oxygen and
& H 80% are nitrogen and if in such ions are created per second,
f§» ‘ avalanche i .+ = .2 i A1-86
A % 02 p
' avalanche i,+ = 8 i AL-8T
lJz r)

If water is present at a pressure of 08 ( orr),

H

avalanche i =35 %) Al-88

10"

v e

e b v Ak A Banems e




- g ey

I T L LR T —ern

If all N, ions exchange with either the water or oxygen and since

+ +
Wiz N,

= \V -
02 3.4 HyO A1-89

final densities of water and oxygen ions muy be calculated. It is
assumed that the probability for exchange at each collision is the
same for water and cxygen. The finsl currents of oxygen and water

ions are,
final i+ = .2 ip + 3.h (.8) i AL-90
02 : 1+ 3.5 p
final i, += 5o +-1 (.8)1 A1-91
H,0 38 P T Y Yy
final i0+ = 821 A1-92
2 p
£1 i = 3 -
final 1H20+ .18 1p A1-93
No? ot Koot .82 2,28
T T ks =18 Tso =69 AL-ok
HQO H20 02
—_ — [}
NO: = .87 (r + + NHZP ) = O, A1-95
My ot = <130, A1-96

The oxygen would carry .82 of the total current and average mobility

may be found.

i =4 k EeA A1-97
8 a &
i = N k., EeA A1-98
€ v b
3 5 ) Rea = i i -
L (1'1 +H ) Bea = i + i A1-99
N
T o= = —— ) ——‘L -
S e R T A1-100
kK = .13 k”?()+ v 87 Koj A1-101

ko= 1% (0,08) + 08T (1Y) = 1.0 A1-102
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If no water were present then the mobility would be 1.5. The water

. has raised the average mobility €,7%. If 4,0t exchanges charge with
‘@%f 02 then the change could be smaller, 2
» 53
“gi Erchange with carbon dioxide (.03% of air) is small because its
A density is much smaller than that of oxygen cor water and bececuse its
d ionization potential is higher than that of oxygen or water. The '
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same conclusion is made for the other components of air.
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2. Threshold and wa.er vapor

Ionization and attachment coefficients in humid air have been
measurea aind compared with the coefficients in dry air, In this
report it is statec¢ that the attachment in humid air seems to be a
partial pressure wr ighting of the coefficients of attachment in water
vapor and dry air each measured separately.

PR e i

) In both positive and negatiwe corona, ionization takes place
43 ; only in a small region near the highly stressed source. In this

; ) region both ionization and attachment increase when vapor pressure
3 is raised.

S

From reference A19: "Over a very larse humidity range, tests
show humidity has no appreciable effect upon the starting point of
visual corona if conductor surface is dry." Also if the surface

condition is consivant, conductor material has little influence on
corona starting voint.

3. <Charge exchange

If the transit time of the ions belween electrodes of the coaxial
configuration is of the crder of a millisecond the ions age., That is,
7 they undergo some reactions in the gas which change cuneir mobility
,%j ' (references A-3, A-13). For example, a major difficulty in purifying

; vacuum tubes for cha-ge transport experiments is to guarantiee that

no mercury (or similar muterials) are present (reference A-13).

Mercury has a very low ionization potential and a mass much larger
: than the ions formed ir most other gases. If the ions have enough time
. to collide with Hg, the charge will be transferred to the target particle
because it has a nuch lower lonization potential than that of the ion,
i.e., ﬁ+ r O+ . The mobility of the + jon fermed in the exchange

)
is muc lower? &

Trancit time estimates for three geometries have been made. Keane
measvred transit times of the order of one msec in the point corona

for large gars, i'alculations m.de apree with measured times, The
coaxiil wire and the dise on a cosxial rod voth have transit times less
than 4 msec since *he transrort fields are hiete e, There is appreciable
aging of the lone in the reometry used for impurities present in
densities prester than lO-Snr. fn ion collides once on the average with
an impurity of this density wher transit time is 1077 second.
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L, Clustering

The deviatiors of mobilities in gaseous mixtures from Blanc's
lav indicate ihe formation of complexes (reference A-5). Clustering
occurs especially with impurities of high dielectric cornstant such
as water vupor, ammonias, and carbon dioxide (reference A-22).

The force that charges exert on neutral particles is attractive.

N; attracts N, and forms Nt in tow fields. The charges are attacted
to all pclarizable matter near them, All conductors and dielectrics
attract charges, Dirt, dust, sand, organic material and all other
materials found in air attract the ions in the discharge. The ions
attach to the impurities to form larger charged varticles of very

low mobility. A lower average mobility increases gap differential
resistance, The impurity could be pollution by combustion, dirt

blown by the wind on a dry day or organic matter from nearby vegetation.
Liquids are found in air in droplet form. The droplets are often
conductors and increase ion and electron attachment, In addition to
vater, certain oils in droplet form are often present in wind tunnels
or near combustion engines, If the density of the impurity is low,
then the change in mobility ana the changes in attachment and ioniza-
tion coefficients distort the discharge current-voltage characteristics
only a little.

The impurity ions follow the field lines until they deposit on
the electrode surfaces., They remain on the surface and are removed
by vigorous scrubbing., These particles collect on any surface,
insulator or conductor,




T. Coronu current discharges from a hovering helicopter

The corona discharge from a helicopter is space charge limited
i.,e., the electric field, which provides the driving force of the ions,
is to & large extend determined by the space charge. The change in
total current leaving the helicopter due to a change in the environ-
ment is hence determined by the change of corona discharge parameters
and the change in the space charge.

The major effects of corona discharge current due to environmental
changes are summarized below:

a. The effect of geometry

The magnitudes of the corona current from a point is propor-
tional to the point to ground potential difference squared and is
strongly dependent upon geometry and atmospheric conditions. Experimentis
were done to determine the mutual influence 1 to 4 corona points in
proximity to each other. (Appendix 1, sec-ion k)

b, The effect of pressure variation

Theoretical snalysis and experiments show that the corona
current at constant voltage is inversely proportional to the square root
of pressure,

¢. The effect of temperature variation

Theoretical analysis and experiments show that the corona
current at constant voltage is proportional to the square root of tem-
perature.

d. The effect of impurities

Analytical and experimental years indicate that the main effect
of impurities is to change the ion mobility, corona threshold and elec-
trode contamination. For the larger corona currents the change in
corona threshold can often be neglected. Depending upon the contaminant,
the combination of the two can result in an increase or decrease of the
corona current. In general, the effect of increase or decresse in ion
mobility is a function (and often proportional) to the relative density
of the impurity.

e. The effect of relative humidity varlation
Theoretical an~lysis and experimental results show that corona
current (generated by a constant voltage source) decreases when the

relative humidity increases. The decrease in corona current is propor=-
tional to the increase in relative humidity. For a constant voltage
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source and a given change in relative humidity, Lue percentage change

3 in corona current is not only proportional to the mobility change but
also proportional to the corona current size. Typical variations of
corona currents versus relative humidity are shown in illustration Al-9,
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. Illustration ALl-9
’% Typical corona current variation as a function of humidity
%2 f. The effect of density variations
@ The effect of the atmospheric pressure and temperature on the
A corona current can be combined by relating the pressure and temperature
b with density. The corona current is inversely oroportional to the
ﬁ} square root of density,
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and p = §§¥- PV = kT
where p = density in kg m ?
P = pressure in Nm 2 (kgm ! sec ?)
T = temperasture in %
V = volume m®
R*¥* = gas constant

g. Space charge effects

In the theoretical and experimental investigations of corons
currents between 1 and 100 microamperes, space charge effects have large
influences, for example:

1. Corona current from a sharp point (needles) is space charge
limited, As a result, removal of the space charge by blowing air in-
creases the corona current proportional to air velocity.

2. Corona current fro fine wires or discs have relatively
large surface areas, After the corona current has started, for a given
increase in applied voltage, a much larger increase in corona current is
obtained as compared tn the sharp point. Also the corona current appears
to be less sensitive to air velocity in the region of 0-20 microamperes.




¥
20

N

.
B et e b S S A S

sy
NN

u\i\?‘ﬁi &m i-,.

e RN
etV AL

-
R

<

s

AR
e T

“ .‘

ST, _§‘o

3
A Ry

',_,.:

i i

A%

.

OIS

3 u’l

N RN s
SR 2

o
2.

gl £ v
TRt

AR AL

5 SRR

Al.

Az2.

Ak,

AS.

A6.

AT.

A8.

A9.

Al0.

a11.

Alz2.

Al3.
Ak,
AlS.

né.

REFERENCE TO APPENDIX Al

Combine, James Dillon, Gaseous Conductors, Dover Publications, Inc.
N.Y. 1958.

Loeb, Leonard B., Electrical Coronas, Univ. Calif. Press, Berkeley,
L.A., 1965.

Von Engel, A., Ionized Gases, 2nd Ed. Oxford at the Clarendon Press
(Fair Lawn, N.J.), 1965.

Heymann, F.G., Corona on Wires in Air, Univ. of Pretoria, Jan., 1965.

Loeb, Leonard B., Basic Processes of Gaseous Electronics, University
of California Press Berkeley and Los Angeles, 1955.

Harrison, M.A., and Geballe, R., Simultaneous Measurement of
Tonization and Attachment Coefficients, Phys. Rev. 91, 1, 1953.

Kuffel, E., Electron Attachment Coefficients in Oxygzn, Dryv Air,
Humid Air, and Water Vapor, Proc. Phys. Soc., T4, 297, 1959.

Tozer, B.A., R. Thorburn, and J.D. Craggs, The Attachment of Slow
Electrons in Air and Oxygen, Prcc. Phys. Soc., 72, 1081, 1958.

Rcbinson, N., Solar Radiation, Elsvier Publishing Co.,
Amsterdan, London, N.Y., 1966 (Editor) p. 68.

Loeb, L.B., Energy of Formation of Negative Ions in O

o Phys. Rev. L3,
684 (1935).

Huxley, L.H.G., and A.A. Zaszou, Experimental and Theoretical Studies
of the Behavior of Slow Electrons in Air. 1., Proc. Roy. Scc.
(London), A196, 402, (1949).

Llewellyn-Jones, F., The Glow Discharge, (and an Introduction to
Plasma Paysics), London: Metuen & Co. Ltd., N.Y.: John Wiley & Sons,
Inc.

Loeb, L.B., and A.I. Kip, J. Applied Phys., 10, 1k2, 1939.
Booth, H.J. Phys. Rev., 10, 266, 1917.

Loeb, Leonard B., The Kinetic Theory of Gases, Dover, N.Y., 1961.

Burke, W. Air Velocity Measurement with the Ion Beam of the
Positive Corona Discharge PhD Dissertation, Princeton University
(To be Published).

60

-



DT
RTINS

v

< ¥

B REFERENCE TO APPENDIX Al Contirued
g

';i AlT. Dodd, Edward E., A Short Method for Evaluation of the Town§end

:g' Integral for Electron Avalanche Formation, Phys. Rev., 78, 620, 1950.
?ﬁ A18. Bradbury, Norris E., Electron Attachment and Negative Ion Formation
ij in Oxygen and Oxygen Mixtures, Physical Review, i, 883, Dec. 1, 1933.
K Al19. Peek, F.W., Dielectric Phenomena in High Voltage Engineering,

7 McGraw Hill Book Company, Inc., N.Y. 193k,

.N

% A20. Chapman, Seville, et al, Electrostatic Field Measurement, Corona

. Discharge, and Thunderclouds, Cornell Aeronautical Laboratory Report
;g No. CAL 68, Buffalo, N.Y., March, 1956.

%ﬁ A21. Von Engel, Ionized Gases, 2nd Ed. Oxford Clarendon Press, 1965.

{

b

A22. Glockler, G. The Electrochemistry of Gases and other Dielectrics
John Wiley & Sons Inc., New York, 1939.

A23. Holstein, T. Mobilities of Positive Ions in Their Parent Gases,
Phys. Rev. 56 832, 1952.

RS
R T I P A i AR

21,
&Y
I TR T

b

AR Ky L
RUP "v\" R

AN ORREL

R
b
o5

61

LN R DR

FURARW




t
!

4

R A NS A

ooy
Ny

L b

s

s a.,fw.-'-’

ias s

.Atg,m\@. K U

6

porse s o e L

R T

]

P e

A W ks o P R 0 b

o g We—

APPENDIX II

Principles of Design of Resistive Link' Device

The development of a practical resistive link dischatrge device
was done during this program and was tested in connection with the
CH-54 program. These laboratory models ware also tested in the ECOM
environmental chamber to see whether or not the resistance could be
maintained under adverse weather conditions. This test indicated that
teflon-coated resistors could maintain their resistance in severe
environmental conditions, including rain. Several models of a resistive
link were developed for application to Army helicopters. The elements
of this resistive .ink discharger (Illustration A2-1) are as follows:

1. A device for attaching the link to a helicopter.

2. A teflon~-covered resistor which has a resistance of 10  ohms.

3. A connection from the resistor to a tail piece which consists
of conductive rubber tubing of appropriate mechanical
characteristics and having a resistance of about one megohm.

After liturature search and preliminary investigations, it appears
that a resistive link device can be constructed using conductive plastics
(bulk conduction). It is expected that the latter approach would give 2
simpler construction and a relative inexpensive resistive link device,
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Nylon collar/’ j Contact wire

Resistor support
rod (nylon)

/Resistor 108 ohm RPC~DPX~-1,
6915 or equivalen:

<

Note: Space between the attaching bracket
and the top of the resistor is to be
filled with RTV to maximum dizmeter
of resistor and teflon at leest .02C"
thick is to be shru~k onto the
assembly from the attaching bracket
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Nyion collor\T Contact wire
R
g ~~Clamp
Bendable

8 ft. o resistive tubing

Resistive Link Discharge Device

Illustration A2-1
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to the bottom of the lower nylon collar.
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