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The passive static electricity dissipation concept described in the report offers a
worksble solution to the problem within the context of Heavy Lift Helicopter

program constraints. ‘ine experimental designs and hardware were substantiated
during full-scale testing in a desert environment of heavy triboelectric charging

and provided the basis for the design of prototype nardware.
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DISCLAIMERS

The findings in this report are not to be construed ss sn officisl Department of the Army position uniess o
designated by other suthorized documents.
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Trade names cited in this report do not constitute sn officisl endorsement or approvel of the use of such
commaercial hercdiware or softwerse.

| 1Tl IN |
Destroy this report when no ionger needed. Do not return it to the originstor.




m‘

ARSI

Unclassificd
SECURITY CLASSIFICATION OF TMIS PAGE (When Date Entered)

REPORT DOCUMENTATION PAGE

. REPORT NUMBER

USAAMRDL-TR-74-22

4. TITLE rand Subtiile)
TECHNOLOGY DEVELOPMLNT REPORT - RCSULTS OF
STATIC ELECTRICITY DISCHARGE SYSTEM TESTS
(ACTIVE AND PASSIVE) - HLAVY LIFT IELICOPTER

5}?
b
<
3

READ INSTRUCTIONS
BEFORE COMPLETING FORM

2. GOVT ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER

AN P30

. TYPE OF REPOART & PERIOD COVERED

Final report
6. PERFORMING ORG. REPORYT NUMBER

T301-10194-1 and -2

0. CONTRACT OR GRANT NUMBER(a)

7. AUTHOR(y)

John B, Solak Contract
Gregory J, Filson DAAJO1-71-C-0840 (P40)
9. PERFORMING ORGANIZATION NAME AND ADDRESS X 10. PROGRAM ELEMENT, FROJECY TASK

Boeing Vertol Company AREA & WORK UNIT NUMBERS

A Division of The Hoeing Company
Philadelphia, Pennsylvania 19142

11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
vay 1974
U. S, Army Aviation Systems Command T3 WUMWBER OF PAGES
St. Louis, Missouri 63166 {35
V4. MONITORING AGENCY NAME & ADDRESS(1! diff: from C Hing Oftice) | 18. SECURITY CLASS. (of this report)

Lustis Directorate
U. S. Army Air Mobility R&D Laboratory
Fort Fustis, Virginia 23604

16. CISTRIBUTION STATEMENT (of this Report)

Unclassified
18a. DECL ASSIFICATION/ DOWNGRADING ‘
SCHEOULE

Approved for public release; distribution unlimited,

17. DISTRIBUTION STATEMENT (of the abatract entered in Block 20, i different from Repert)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse aide il necessary and identity by block number)

lrelicopters
Electricity
Flectric fields
Turbines

20 ABSTRACT (Continue on reverse side If -Tcolury and identify by bdlock number)

bLissipation

Thia documer.t presents the findings of a three-phase program
consisting of laboratory tests, ground tests, and a full-
scale flight tust program to evaluate methods for active
dissipation of the static electricity buildup on the Heavy
Lift Helicopter (HLH). Remote helicopter-borne electric
ficld mills were also evaluated as sensors of the electrical
potential between the hovering helicopter and the ground.

pD [R5 73

Reproduced by

NATIONAL TECHNICAL
INFORMATION SERVICE

U S Depar*ment of Commerce
Springfield VA 22161 i

EDITION OF 1 NOV 65 1S OBSOLETE Unclassifi ed

SECURITY CLASSIFICATION OF THIS PAGE (i.n Dats Bntered)




o RSN TV T O VN AR BD PR SRR R R IR TR R N PRI TP SN,

Unclassified
SECURITY CLASSIFICATION OF THIS PAGE(When Dats Bnteted)

20, Continucd,

Flight tests were conducted on a CH-47 helicopter, since the
HLH is currently in its development stage.

This document also presents the final results of the static
electricity drainage tests for the Heavy Lift Helicopter (HLH)

Advanced Technology Component (ATC) development program.
Included are:

1. Summary of active static electricity discharge
system tests.

2. Detailed description and findings of passive
static electricity discharge system tests.

3. Final program conclusions and a recommended design
for the HLH static electricity system hardware.

Unclassified
SECURITY CLASSIFICATION OF THIS PAGE(When Data Bntered)




TABLE OF CONTENTS §

Page

“!

1.0 ACTIVE STATIC ELECTRICITY DISCHARGE SYSTEM . . 1 |
1.1 INTRODUCTION 5 = 3 o & « 4 o & & s 6 « & o & » 1
1.2 TEST SEQUENCE AND PROCEDURE . . . . . . . .+ . . 2
1.3 TEST DATA COLLECTION/PROCESSING/ANALYSIS . . . 2
1.4 TASK CONCLUSIONS . .« « &« & ¢ & v o 4 o o o o 3
1.5 RECOMMENDATIONS . & « « & & « & & « o o o o o . 4

2.0 DESCRIPTION AND FINDINGS OF PASSIVE STATIC

ELECTRICITY PROGRAM . . . . « « . « . « . . 5
2.1 BACKGROUND + + & « « & ¢ o o o u o v v v o o 5
2.2 OBJECTIVE . + « & + v v v v o o v o e e v e o 5
2.3 DESIGN APPROACH . . « + « & « & ¢ v v o o o o . 5
2.4 HARDWAKE DESCRIPTION . .« « & v & o & « o « o & 6
2.4.1 GROUNDING LINE . . & & « o & o o « & o o o & 6
2.4.2 GROUNDING POLE . . &« & « & ¢ o & o o + o o & 8
2.5 FLIGHT TEST EVALUATION PROGRAM . . . . . . . . 9
2.6 TASK CONCLUSIONS . « & ¢ v & v v o 4 o o o o & 11
2.7 DESIGN OF HLH RESISTIVE GROUNDING LINK . . . . 12
2.8 RECOMMENDATIONS . « & & « + & o o « o & o o o & 15
2.8.1 PASSIVE STATIC ELECTRICITY HARDWARE . . . . . 15
2.8.2 ARCTIC INVELTIGATION . . + &« o + & o o o o & 15

3.0 REFERENCES e e o e e e s 4 4 s e e s e s 16

iii



e TR TN A1 o romsL TN AN P KB AR T RO R IR i,

APPENDIXES Page

I. Nanevicz, J. E.,and Douglas, D. G., ELECTROSTATIC
DISCHARGE SYSTEM, Stanford Research Institute, Final
Report, November 1972, 17

II. Douglas, D. G.,and Nanevicz, J. E., FLIGHT TEST EVALUA-
TION OF HELICOPT.{ CARGO HANDLING SYSTEMS - PASSIVE
STATIC ELECTRICITY DRAINAGE, Final Report, Stanford
Research Institute, September 1973. 152

III. HLH STATIC ELECTRICITY SYSTEM HARDWARE DESIGN. 227

iv



ARy Loy P T - - o

e

TECHNOLOGY DEVELOPMENT REPORT
RESULTS OF STATIC ELECTRICITY DISCHARGE SYSTEM TESTS

(ACTIVE AND PASSIVE)- HEAVY LIFT HELICOPTER (HLH)

1.0 ACTIVE STATIC ELECTRICITY DISCHARGE SYSTEM

1.1 INTRODUCTION

With the contract award to develop advanced technology components
for the Heavy Lift Helicopter (HLH), The Boeing Company, with
Stanford Research Institute (SRI) as subcontractor, undertook

the assignment of solving the most troublesome static electric-
ity problem affecting a helicopter:

* Potential equalization between a hovering helicopter
and the ground or a cargo handler standing on the
ground.

The design objective is to limit energy transfer on contact to
1 millijoule. For a heavy lift helicopter of 120,000 pounds
gross weight and the electric capacity of the order of 2,000
picofarads, this is equivalent to no more than about 1,000
volts potential cGifference.

All previous tests have indicuted that the maximal charging
rates are of the order of 300 microamperes for a 40,000-pound
helicopter gross weight. For the 120,000-pound heavy 1lift
helicopter, an estimated charging rate of 600 microamperes
was set as the design objective for dissipating capability.

The design objective for an HLH active automatic system can,
therefore, be stated as follows: not more than 1 millijoule
discharge (potential difference less than 1,000 to 2,000 volts)
under 600 microamperes natural charging conditions.

There are two basi. approaches to the solution of the large
hovering helicopter problem:

® Sensing and actively dissipating proper polarity
and amperage charges into the surrounding air to
counteract the natural charging of the helicopter.
This method is commonly called an active system,
since a high-voltage power supply is used to produce
the discharge.

®* Reducing the helicopter voltage by means of passive
corona points and grounding the helicopter by ineans
of droplines (passive system).

This section is concerned only with active dissipation systems.

1
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Basic approaches selected for the remote sensing and active
dissipation investigations described in this report are:

To sense the potential between the winch-mounted
cargo hook and the ground by locating an electric
field mill on the hook and evaluating accuracy
(fidelity) as a function of height of this field
mill above the ground.

To dissipate currents up to 60) microamps into the
exhaust plumes of the helicopter turboshaft engines,
thereby taking advantage of the high flow velocities
in this region to overcome space charge limitations
close to the active dissipator electrodes and to
provide a mechanism for blowing the free ions away
from the helicopter.

1.2 TEST SEQUENCE AND PROCEDURE

The test program, which was formulated in Reference 1 of
Section 3.0, was divided into three phases:

1.

Laboratory dissipator tests using a low-speed wind
tunnel and a full-scale mock-up of an engine exnaust
and aft helicopter fuselage.

Helicopter ground tests of selected active dissipator
configurations to evaluate the thermal, acoustic,
soot, and flow field effects of an actual engine
exhaust plume.

Full-scale flight tests on a CH-47 heliccpter at
the U. S. Army Yuma Proving Ground to evaluate
active dissipators and remote sensors under condi-
tions of actual helicopter triboelectric charging
while hovering in a dust cloud.

1.3 TEST DATA COLLECTION/PROCESSING/ANALYSIS

Success or failure of the active dissipation system was pred-
icated on solution of two basic problems:

l.

Dissipation of & continuous charging current of 600
microamperes into the air surrounding the hovering
helicopter.

Correct sersing of the potential difference between
the helicopter and the ground while actively dissi-
pating high charging currents.
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It was anticipated by Boeing Vertol that the dissipation problem
could be solved, but that the question of correct sensing might
encounter basic limitations from the physics of ion clouds and
from remote sensor concepts, since potentials are inferred rather
than actually measured directly. For this reason, Boeing Vertol
went to the technical community for expertise in static elec-
tricity dissipation in the form of a request for quote (RFQ) on
the Reference 1 program. %
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Bids were received from two technically qualified organizations:
Dynasciences Corporation and Stanford Research Institute. The
sensing problem dictated emphasis on basic electrostatic physics
rather than on hardware. Stanford Research Institute (SRI) was
selected to perform the program and prepare a final report.

Test data collection, processing, and analysis are contained in
the comprehensive subcontractor final repcrt by Dr. Joseph E.
Nanevicz and Mr. D. G. Douglas of SRI, entitled "Electrostatic
Discharge System" which is provided as Appendix I to this
document.

1.4 TASK CONCLUSIONS

Appendix I contains the conclusions derived from this program.
A brief summary of the major conclusions is provided below.

1. Sensing Accuracy - Under heavy triboelectric charging
conditions, the ion cloud which surrounds a large’
helicopter as a result of natural charging, active
dissipation, and electrification of the ground surface
can falsify readings from sensors located on the
helicopter fuselage and on a simulated cargo hook
lowered to within 5 feet of the ground. The residual
discharge energy on the helicopter resulting from these
sensor errors can reach 10 joules (Table IV, Page 110)
on the fuselage and 1.0 joule on the cargo hook (Table
VII, Page 145). This lack of sensor accuracy, at
large helicopter charging levels, prevents any active
dissipation system from meeting the system safety
objective of the heavy 1lift helicopter.

2. Dissipation - It will be feasible to actively dissipate
200 microamperes into each turbine exhaust of the HLH
for a combined total of 600 microamperes using a
bipolar power supply of 200,000 to 250,000 volts poten-
tial. Dissipation from corona points extending from
the fuselage into the rotor downwash could also provide
currents in excess of 600 microamperes but would
require approximately 8 corona points located a minimum
of 6 feet away from any conductive surface of the
helicopter.




Resistance of the Ground - Prior to the June 1972
Yuma desert tests, the resistance of a dry desert

was considered to be of th: order of 10° ohms (Refer-
ences 2 and 3). Measurements at Yuma in May and

June 1972, near the end of a 159-day dry spell, have
shown that desert resistance %s seldom higher than
10 ohms and never exceeds 10’ ohms. This throws

new light on the feasibility of passive dropline dis-
charging techniques in lieu of active dissipation as
shown below:

Ground Charging Residual
Resistance Current Helicopter Voltage
102 ohms 600.«A 600,000

107 ohms 600« A 6,000

106 ohms 600 «A 600

1.5 RECOMMENDATIONS

1.

Based on the findings of this program, it is recommended
that the Heavy Lift Helicopter Advanced Technology Compo-
nent static electricity dissipation program be reoriented
from active dissipation to passive dissipation and
grounding techniques.

Primary objective of a passive grounding system shculd
be protection of the ground handler during cargo
hookup operations. A reasonable amount of sparking
should be accepted upon grounding.

Cargo unloading should be protected by contact grounding
directly through the cargo itself.

For the special case of dry snow, where high surface
resistance could prevent successful ground, a winter-
ization kit approach should be used consisting of a
projectile and trailing wire to pierce the insulating
layer.
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2.0 DESCRIPTION AND FINDINGS OF PASSIVE STATIC ELECTRICITY
PROGRAM

2.1 BACKGROUND

Based on the findings of the active dissipation program, the
static dissipation program was redirected to a passive system. .
The passive system was developed and subsequently demonstrated |
in May/June 1973 at the U. S. Army Yuma Proving Ground.
Appendix II to this report fully describes the tests and demon-
stration. Subsequent paragraphs summarize the passive static
electricity system development program.

2.2 OBJECTIVE

The primary objective of the passive system is the protection of
the cargo handler during cargo hookup operations. This objec-
tive presents a design compromise:

1. A highly conductive grounding link (such as a low- ]
resistance wire) between the helicopter and the ground }
surface will leave the minimum residual voltage on the 1
helicopter. However, in case of inadvertent contact
with the cargo handler (prior to contact witbh the
ground surface), it will expose the cargo handler to
the full discharge energy stored by the helicopter.

2. If a resistor of several megohms is inserted in the
grounding line, it will protect the cargo handler
against very high voltages on the helicopter (e.g.,
10 Mohms will allow a contact up to 120,000 volts,

20 Mohms over 200,000 volts, etc.) but will leave a
residual voltage under heavy charging conditions due
to the ohmic voltage drop. At the HLH design maximum
charging current of 600 microamperes, a total resis-
tance between the helicopter and ground of 10 Mohms
will leave a residual voltage of 6,000 volts on the
helicopter, and 20 Mohms will leave a residual voltage
of 12,000 volts.

2.3 DECIGN APPROACH

Two pieces of grounding hardware were considered for the HLH.
The first is a resistive grounding link, commonly called a
grounding line, which is attached to one cargo coupling and
dangles approximately 7 feet below it. As the HLH winches are
used to lower the cargo coupling for load hookup, the grounding
line contacts the cargo or the ground and thereby discharges
the helicopter prior to any handling of the cargo coupling by
ground hookup personnel. The second hardware item is a

5
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resistive grounding pole intended to be used under the special
circumstances of a depot location and a requirement to handle

or guide cargo before it touches the ground. In this situation,
the grounding pole, which is a loose piece of ground handling
equipment, is used to contact the cargo and to thereby discharge
the cargo and the helicopter, making it safe for ground handler
manipulation.

Designs were formulated by Boeing Vertol for the grounding line
(Reference 4) and grounding pole (Reference 5). Fabrication
bids were solicited from static electricity discharger 1:anufac-
turers. Successful bidder was The Truax Company, Fort Myers,

Florida.
<3

2.4 HARDWARE DESCRIPTION

The grounding line and grounding pole hardware are shown in
Figure 1.

2.4.1 GROUNDING LINE - The grounding line consists of the
following elements:

l. Cargo coupling attachment fitting
2. Damage-resistant leader

3. Disconnect coupling

4. 10 megohm resistive element

5. Disconnect coupling

6. Grounding element

7. Corona discharge element

Electrical conductivity is provided from end-to-end of the
grounding line.

Cargo Coupling Attachment Fitting - This item consists of an
L-shaped aluminum bracket which attaches to the cargo coupling
and provides a horizontal mounting surface for the remainder
of the grounding line.

Damage-Resistant Leader ~ This item consists of a 3/16-inch-
diameter steel cable encased in a 1/2-inch~-outside-diameter
rubber hose sealed with RTV type sealant at each end. Steel
threaded shafts are swaged to both ends of the cable to provide
attachment means for the elements above and below. The purpose
of this item is to absorb, in a harmless mannecr, any accidental
impacts which might occur if the cargo coupling is dropped on
the ground or on top of cargo, or if it is swung into the side
of cargo or other obstacles.
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Disconnect Coupling - This item consists of a standard pair of
MS electrical connectors. 1t serves the dual purpose of pro-
viding a convenient means of replacing damaged elements rather
than the entire grounding line and acts as a yield feature to
free the cargo coupling in the event that the grounding line
becomes snagged in ground obstacles or is trapped under cargo.
Tensile force for complete severance is 300 to 700 pounds.

Ten Megohm Resistive Element - This item consists of a 1/4-inch-
diameter stranded nylon rope, dipped in polyurethane doped with
a carbon dust of sufficient content to provide the required
resistance and flexibility. Heat-shrinkable Teflon tubing is
used to jacket the nylon rope in order to prevent shorting of
the element by rain droplets. Teflon was selected as the
jacketing material because of its high resistance to carbon
tracking, a phenomenon which skorts high~voltage insulators.
The resistive element is designed to carry continuous currents
up to 600 microamperes without deterioration. The purpose of
this element is to limit sparking on ground contact and also to
act as a shock limiter in the event the grounding line is
accidentally touched before it contacts the ground.

Disconnect Coupling - Same as prior disconnect coupling.

Grounding Element - This item consists of a 2-foot length of
cadmium-plated steel chain. Welded tabs are provided on each
end link for compatibility with forked bolts which in turn are
attached to disconnect couplings. A feed-through wire is pro-
vided to ensure end-to-end electrical conductivity. Its pur-
pose is to provide a flexible, damage-resistant multiple contact
element to ground the helicopter under widely varying conditions
of surface composition. An additional consideration is to
minimize the danger of injury to ground handlers or damage to
cargo if inadvertently struck.

Corona Discharge Element - This item consists of either a
metal brush made up of 300 steel wires of 0.010 inch diameter
shaped to form a hemisphere, or a standard fixed-wing aircraft
passive electrostatic discharger (Truax Company Model ESD-2A).
The purpose of this item is to decrease the magnitude of spark
discharge prior to ground contact by providing a low corona
threshold element which will reduce the helicopter potential
as it descends to within 5 feet of the ground.

2.4.2 GROUNDING POLE - The grounding pole consists of the
following elements:

l. Conductive contact element
2. One megohm resistive element
3. Lead wire

4. Ground contact element

5. Insulating rod
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Conductive Contact Element - This item consists of a 1/4-inch-
diameter anodized aluminum rod threaded at one end and bent
into the shape of a shepherds crook. Its purpose is to contact
the cargo and to accept direct spark discharges which are then
carried to the ground. It also provides a means for gripping
or hooking onto most types of external cargo.

One Megohm Resistive Element - This item consists of a 12-inch-
long rigid tubular fiberglass center-body overcoated with
polurethane doped with a carhon dust content sufficient to
provide the required resistance. Attachments are provided at
each end to maintain electrical conductivity with the conduc-
tive contact element and the lead wire.

Lead Wire - This item consists of a 120-inch piece of No. 6 AWC
copper braid inside an equal length of heat-shrinkable Teflon
tubing. Disconnect couplings of the MS electrical type are
provided at each end to permit field replacement if the lead
wire becomes damaged. The purposz of this element is to carry
the static discharge from the conductive contact element to the
ground and also to serve as a drain for a lightning strike to
the helicopter after the grounding pole has been attached to
the cargo.

Ground Contact Element - This item consists of a 2-foot length
of cadmium-plated steel chain. Welded tabs are provided on
each end link for compatibility with forked bolts which in turn
are attached to disconnect couplings. A feed-through wire is
provided to ensure end-to-end electrical conductivity. The
purpose of this element is to provide a reasonable contact

electrical path to ground under widely varying terrain conditions

in the presence of hovering helicopter rotor downwash.

Insulating Rod - This item consists of a hollow insulating
fiberglass pole 6 feet in length covered with heat-shrinkable
Teflon tubing for water repellency. Its resistance exceeds
100 megohms. A series of polypropylene water droplet collars
is provided to prevent rain from forming a continuous conduc-
tive path cown the length of the pole. A rubber handgrip is
provided at the lower end to facilitate one-hand usage. The
purpose of the insulating rod is to protect the ground handler
from the shock energy levels of helicopter discharging.

2.5 FLIGHT TEST EVALUATION PROGRAM

The static electricity hardware was evaluated under simulated
operational conditions during a series of U. S. Army flight
tests at Yuma Proving Ground, using a CH-47 Chinook helicopter.

=2
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The helicopter was hovered over typical surfaces such as macadam,
concrete, hard-packed desert, plowed-up desert,and the contact
was established by the grounding line, lowered on a simulated
cargo hook (aluminum block) or by the grounding pole. Different
groundi1g electrodes (chain) and resistive elements were tested,
under actual service conditions (whipping in the helicopter
downwash, deployment by dropping the line, manhandling by ground-
ing pole). In addition, the resistance between the grounding
electrode and the good ground was measured and plotted in fynna-
tion of applied voltage. The detailed description of these

tests is contained in Appendix II. It soon became obvious

that the grounding resistance is sufficiently low to insure
acceptahle residual voltage after ground contact was made, but
that the grounding line and the grounding pole hardware as
supplied by The Truax Company are unsuitable for reasons out-
lined below.

l. Grounding Line

a) Damage Resistive Leader - The steel cable should
be encased in vulcanized rubber to exclude water
ingress and corrosion,

b) MS Connectors should be replaced by more rugged
and more permanent coupling. A yield feature
should be included as a separate design element
(500 1b. + 100 1b.).

c) The flexible resistive element failed under test
conditions. Subject to strain of deployment from
the helicopter, whipping in the helicopter down-
wash or hooked accidentally by the grounding pole,
its resistance has invariably increased by a factor
of 3 to 4 (30 to 40 Mohms). Such high resistance
would leave 18 to 24 KVolt residual voltage under
600 microamperes charging and is therefore unaccept-
able. The transition from resistive coating to
connector was by means of a copper wire, which was
failing under normal handling. For the above
reason, the tests were completed using a rigid
ceramic resistor with good resistance stability,
but unsuitable for the incorporation in the actual
design. The redesign of the resistive element
(and the whole grounding line) is contained in
Appendix III. Full redesign considerations are
given in Paragraph 2.7 of this report.

d) Grounding Chain - Its length will be increased from

2 feet to 3 feet, to allow for more vertical motion
of the hovering helicopter.

10



e) The Corona Discharge Elements will be eliminated
because the tests have shown that its contribution
to RFI cannot be detected in presence of other RFI
generated under triboelectric charging conditions.
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2. Grounding Pole - As stated in Paragraph 2.6, Item c of
this report, 1t was concluded that the use of the ground-
ing pole is not warranted. The deficiencies of the
grounding pole are reported below in case some user has
a requirement for the grounding pole rather than the
grounding line (e.g.; U. S. Coast Guards are using the
grounding pole for shipboard operation).

a) The contact hook should be 12placed by some form of
a clip-on device, which would prevent accidental
breaking of the grounding contact and thus free
the cargo handler from holding the contact unbroken
(Note: If the contact is accidentally broken, the
helicopter regains full voltage in 1 to 2 seconds).

b) 1.0 Mohm Resistor should be eliminated. Its reduc-
tion of sparking of the grounding chain is insignifi-
cant. To limit the danger of spilled fuel ignition,
a much higher resistance is required, which would
defeat the voltage lowering process.

c) Water droplet collar must be lighter.

d) “The grip must be of larger diameter and longer, to
allow holding the pole with both hands.

2.6 TASK CONCLUSIONS

The following conclusions have been drawn from the flight evalua-
tion of passive static electricity hardware:

1. The concept of a resistive grounding link between a ‘
hovering Heavy Lift Helicopter and the ground for
static electricity potential equalization is viable
for typical moderate climate surfaces.

2. A passive grounding line with a 1l0-megohm series
resistance should be employed on the HLH to protect
ground handlers from static electricity during cargo
hookup operations. The design of the grounding line
should be revised to provide 10 Mohm resistance stable

within $1 Mohm under temperature, voltage, and strain ;
variations, retaining its flexibility and providing g
good protection against service abuse (Appendix III 4

and Paragraph 2.7 of this report). All other improve-
ments outlined in Paragraph 2.5, Item 1., should be 5
included. :

11
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A grounding pole should not be used with the HLH, since
ground personnel could receive severe shocks if contact
were inadvertently lost with the cargo.

2.7 DESIGN OF HLH RESISTIVE GROUNDING LINK

1.

General. Due to lack of firm data on stability of
Hexible resistors (temperature, voltage,mechanical
strain) it was decided to take the following approach
on the design of the grounding line.

a) Long Term Solution - Flexible resistor, fully
tested for environmental conditions will be used
when it is offered by the resistor industry.

b) Short Term Solution - Fixed resistive elements of
suitable stability, properly protected from service
life abuse will be used.

The short term solution is discussed below and shown in
Appendix IITI.

Basic Design. The resistive line will consist of 3
elements 3.3 Mohm each, 70 KVolt each, 7 inches long.
Each resistor will be incased in a strong protective
tubing for mechanical protection, and potted on ends to
exclude water ingress and corrosion. The resistors are
chosen from the products of the Resistance Products Co.
in Harrisburg. Their resistors were used by Princeton
University and ECOM in experiments described in Ref.5.
(NOTE: Other companies equally qualified are Victoreen
Resistors, Cleveland, Ohio, and International Resistance
Company.)

Resistance stability Requirements. The resistor must
from -65°F to 160°F

hold 1its resistance within +10%

(per HLH specifications) under maximum voltage of 200
KVolt (120 KVolt for dry climate, measured in Yuma
desert, 200 KVolt anticipated for the Arctic).

Industry Standards. The resistor industry uses defini-
tions given below:

a) Temperature Stability - Percentage per°‘C

b) Voltage Stability - Resistance is measured at 1/10
voltage, then at full voltage. The resistance change

per volt is defired as

R at 0.1 volts = R full volts
Volts - 1/10 Volts $

12
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Types of Resistors Available. Two resistance types are
available from the resistor industry, namely:

* Carbon film deposited on fiberglass. This resis-
tance has the advantage of a flexible rod !fiber-
glass), but the carbon coating exhibits large tempera-
ture and voltage coefficients.

* Metal oxide film deposited on ceramic. This resis-
tance has the disadvantage of rather brittle rod
(alum. oxide) but the oxide deposit has superior
temperature and voltage characteristics. It is
pointed out that + 1.0 Mohm resistance change is
rather conservative and pirobably + 2.0 Mohm resis-
tance change would be acceptable in service. In
Items a) and b) below, the two resistance types are
described in more detail.

a) Carbon Deposited on Fiberglass - 3.3 Mohm, 70 KVolt,
126°C Temperature Range.

* Resistance change with temperature

10”3 per °C
1073 x 126 = 12.6% = 1.26 Mohm for 10 Mohm

¢ Resistance change with voltage

3 x 107% per volt
Change: 3 x 1076 x 7 x 104 volt x
3.3 Mohm = 0.7 Mohm
2.1 Mohm for 10 Mohm
Total change: 3.36 Mohm

This resistor could be used if nothing better was availa-
ble, but was rejected for a better one which is described
in the following.

b) Metal Oxide (RPC Type X7071) on Ceramic (alum. oxide).

e Resistance change with temperature

200 x 1078 per °c = 2 x 10”
for 126°C and 10 Mohms = 0.25 Mohms

(Note: Victoreen claims 3.5 x 1074 per °C )

J per °C

* Resistance change due to voltage:
1078 per volt.

10 Mohms x 10-6 x 180 x 102 = 1.8 Mohms
(Note: Victoreen claims 5 x 106 per Volt)

13
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Total Resistance Change: 2.0 Mohms approx., which
corresponds to + 1 Mohm change. This type of
resistor was selected.

Resistor Data. Length 7.C inches, which corresponds to
10 Volt/mil, customary in resistor design (an insulat-
ing sleeving can be provided, e.g., heat-shrinkable
Teflon tubing,if service tests show flashover problem
exists)

Continuous current carrying capability - 1 mA, maximum
1l.6mA. Surge capability - 1.4 A for 1 microsecond (approxi-
mately), Total Resistance Change Due to Temperature and
Voltage: less than + 1.0 Mohm.

End caps, stainless steel or nickel, 0.1 wide. Thick-
ness: 15 mil + 1 mil (Pigtails spot welded on both ends
to end caps).

Problem of Thermal Expansion and Potting. The aluminum
oxide 13 not flexible; hence it must be protected from
mechanical abuse. Enclosing the resistor inside a
Teflon cylinder would provide good water-repellency and
a strong case. Potting looks like a very attractive
solution against water ingress and dielectric strength.
Unfortunately, the difference in thermal expansion of
the materials in question excludes potting of the whole
resistor length (see Table 1 below).

TABLE 1.

Material Expansion Coeff.|! for 126°C for 126°C

Total Expansion
Linear Thermal on 7" Length Expansion

Alum.Oxide | 7 x 107® per °c | 6.3 mi1

Crmmer

Fiberglass | 8 x 10~° per °c | 8.0 mil

78 mil

Teflon

95 x 107 per °c| 84 mil

Potting
Compound 160 to 230 x 142 to 205 mil

BAC 5550 106 per °cC

135 mil

65 to
138 to 199mil

|

It is obvious that potting the whole length of 7" wnuld
present very difficult packaging. The 40-mil expansion
difference between the Tet'on and aluminum oxide pre-
sents a problem, which wou.1 require some flexible

14



bellows on both sides of the resistor. A suitable com-
promise is a fiberglass case, covered with heat shrinka-

tle Teflon tubing or polyolefine tubing for water
repellency, carbon tracking), and potting of both ends
of the tube only.

2.8 RECOMMENDATIONS

2.8.1 PASSIVE STATIC ELECTRICITY HARDWARE

1. The resistive grounding link design presented in
Appendix III should be adopted for the HLH.

2. The HLH/ATC development program does nct include full
hardware qualification. The resistive grounding link
(Appendix III) should be subjected to military qualifi-
cation prior to production.

2.8.2 ARCTIC INVESTIGATION

The significance of arctic climates on grounding surface resis-
tance is unknown. Since suvrface resistance affects the perfor-
mance of the resistive grounding link, typical arctic surface
resistances should be established at HLH residual static elec-
tricity potentials to extend hardware application to these
climates.

Survev of the literature in the United States, United Kingdom,
and Canada has shown that there is no data available on contact
resistance of a grounding element at voltages up to 14 KVolt
and currents of the order of 600 microamperes. Some physicists
(Prof. J.R. Addison of McGill University) believe that surface
conduction of the snow crystals at such elevated voltages will

be more significant than the relatively low conductivity measured

for conduction through the ice crystals body. It is quite
possible that the grounding contact resistance will be suffi-
ciently low to assure operational feasibility of the passive
method even under worst (dry snow) condition.

15
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APPENDIX I

ELECTROSTATIC DISCHARGE SYSTEM

FOREWORD

This report was prepared by Stanford Research Institute, Menlo
Park, on Army Contract DAAJO1-71-C-0840(P40), subcontract P.0., CH-700377.
The work was administered under the direction of The Vertol Division,
Boeing Company, Philadelphia, Pa, Mr, B, J. Solak was the technical

moni tor.

The studies presented began in December 1971 and concluded in
September 1972, This report describes research performed by the
Electronics and Radio Sciences Division, Electromagnetic Sciences
Laboratory of Stanfo:d Research Institute., The principal investigator,
Dr, J. E. Nanevicz, was :esponsible for research activity under SRI

Project 1657,
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ABSTRACT

Laboratory and flight tests were performed to investigate various
active discharger systems, and the sensing problem as it relates to the
Boeing 301 HULH Helicopter., Excellent agreement between laboratory

studies and flight tests were obtained.

The experiments show that while high-net-current (> 600 ;,A) dis-
charger designs were probably feasible for the HLH helicopter, the
accurate sensing of the helicopter potential (with respect to ground)
would be very difficult when the helicopter was operated in an external

space-charge environment,
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I INTRODUCTION
For many years it has been known that when an aircraft (fixed or

rotary-wing) operates in an environment containing particles (snow, ice
crystals, rain, dust, etc,) there is a high probability that the aircraft
will become electrified due to triboelectric (i.e., frictional) charging,
This charging can increase the potential of the aircraft to a point,
beyond which further charging results in corona discharges from various
parts of the airframe to the surrounding air, These uncontrolled high-
energy discharges can interfere with radio equipment and/or prematurely

detonate explosive devices or ignite inflammable materials,

Considerable effort has been expended in recent years in identifying
and solving this problem on fixed-wing aircraft. The solution has gen-
erally been to install corona-discharge devices that lower the aircraft
potential, through passive or active means, to acceptable levels. These
devices utilize a non-recirculating discharge system in which the rapid
flow of air over the aircraft surfaces is used to carry away the ions
created by the corona discharge to allow a reduction in potential to

low energy levels,

A hovering helicopter, however, presents a different problem not
easily solvable by conventional means. There is no slipstream into
which ions may be injected and suitably carried away from the aircraft.
The hovering helicopter and its rotor down-wash tend to form a ''closed
loop”' system--i.e., ions injected into the rotor wash tend to recirculate
back to the airframe through the convective processes beneath the

helicopter.
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With the increased use of helicopters in cargo operations, the
electrostatic discharge encountered when the cargo is grounded poses a
serious hazard to ground personnel and to explosive or inflammable
materials, This hazard rontinues to increase as helicopters become
larger, since the capacitance of the helicopter (and hence the energy

released on discharge) is proportional to the size of the helicopter.

The program described below was undertaken in an attempt to define
a few optimum discharger designs that might be used on the Boeing 101
HLH, and to determine the feasibility of correctly sensing the heli-

copter-to-ground potential using electric-field meters,

When considering the problem of maintaining the potential of a
hovering helicopter near zero (with respect to ground) it becomes
apparent that the most crucial problems are (1) devising a scheme for
accurately measuring the helicopter-to-ground potential in the presence
of charged particles, discharged ions, and external electric fields,
and (2) designing and positioning a discharging element on the heli-
copter capable of removing from the aircraft the required discharge
current. There are many other problems associated with the development
of a functioning active discharging system, such as designing a high-
voltage supply capable of operating in the helicopter environment, and
designing a stable servo system, but unless the problems of sensing und

discharging have been solved, all other problems are academic,

A review of Lhe general problem quickly indicated that any approach
to this investigation must lean heavily on experiment, The geometry of
the helicopter is sufficiently complicated that a purely analytical
approach to a study of the electrostatic fields in its vicinity is
difficult. The problem is further complicated by the fact that a
hovering helicopter may not be located in a field-free, charge-free

region, but can be surrounded by charged particles of various kinds,
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(ice, dust, discharged ions, etc.) severely complicating the sensing
problem, The primary 1limit on current discharged from an element is
established by the ion cloud formed about the element by the discharge
products, Accordingly, to determine discharge-current levels, it is
mandatory that the airflows about the helicopter (which are responsible
for carrying away the discharge products) be known or simulated
accurately, Proper description of all of these parameters in sufficient
detail to permit an accurate analytic solution appeared impossibly

difficult, so that a highly experimental approach was followed instead.

In further planning the possible approaches, it was observed that
flight tests can be very expensive ind marginally productive unless they
are carefully planned to eliminate as much as possible random testing
involving a wide variety of configurations, This consideration dictated
that flight tests be preceded by thorough laboratory and ground tests

to serve as a guide in determining the ultimate course of the flight tests.

With the above arguments in mind, it was decided that the program
would be conducted in three phases, In the first, laboratory simulations
were carried out at SRI to investigate likely approaches, and to weed
out those that proved to be undesirable, The laboratory tests also
provided an opportunity to vary certain parameters such as size and
spacing to investigate their effect on system performance and to do
these things economically, In the second phase, ground tests were
carried out on a CH-47 helicopter at Boeing Vertol in Philadelphia to
verify the laboratory results and gain additional insight into the dis-
charging processes as they apply to the CH-47, The ground tests also
afforded the opportunity to investigate the workability of proposed
flight-test systems in an actual helicopter environment. In the third
phase, flight tests were conducted at the Yuma Proving Ground, Yuma,
Arizona, using an instrumented CH-47 helicopter., During these tests,

conducted in May and June, 1972, the best of the discharger designs
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selected in the laborntory and ground tests werc thoroughly cxaminad,
Concurrent with the discharger evaluations in the llight-test phase,
airborne and ground ficld meters were used to determine the feasibility
of accurately inferrirg the potentianl of the helicopter with respect

to ground.
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I1 LABORATORY INVESTIGATION OF DISCHARGER DESIGNS

Experience in designing aircraft discharging systems has indicated
that 1t is essential that the discharge products (ions) be injected
into a high-velocity airstream to carry them away and minimize the
limitation of the discharge by the presence of the discharge ion cloud,
or space charge. In addition, it is important that the discharge pro-
ducts be directed away from any field-sensing devices being used to
measure alrcraft potential, because these charged particles may intro-
duce a measurement error. In casting about for likely locations for
discharging elements, one is immediately led to the rotor-blade tips
since these are regions of clearly defined, high-velocity airflow. This
technique was not studied because locating active discharging elements
on the rotor blades greatly complicates rotor design, and the costs
involved were beyond the scope of the present program. A second, smaller
and slower region of directed airflow away from the helicopter exists
in the turbine engine exhausts., The feasibility of locating discharging
elements here was investigated on the present program, A third region
of directed airflow away from the helicopter is located amidship in the
region where the two rotors intersect. The functioning of a discharging

element in this location was also investigated.

In designing a discharging system, one must select a discharger
configuration, a discharger location, and an operating potential. M.y
combinations of these parameters are possible, and to test all of the
combinations during flight tests would be prohibitively expensive., It
was decided, therefore, that a helicopter mock-up would be used in a
laboratory program to investigate a wide variety of discharger arrange-
ments, and to select the most promising for further investigation during

the ground and flight tests,

29

T



e M e b z
b e A SR 8 a LA PO B U TR, SR Y AT RO A ity

It was observed that, in order to expedite the investigation of
the various design parameters, it would be desirable to have an operating
full-scale model of the discharging system, aircraft, and engine available
in the laboratory. This approach is far preferable to simply placing the

cngine mock-up in a uniform low-velocity airflow field, because the

actual space-charge distributions expected can be more realistically
simulated. This was accomplished at minimum cost by modifying an 1
existing water-wave wind-tunnel facility in the Electromagnetic Sciences

Laboratory at SRI, This facility employs two 30,000-cfm centrifugal 4
blowers to generate a maximum wind velocity of 55 ft/s in a tunnel of |
3-ft-by-5-ft cross section as shown in the sketch of Figure 2. By
building an adapter section in the output plenum chamber and knocking

a hole in the wall of the chamber, it was possible to use the air source
to feed a 22-inch-diameter cylindrical tube simulating the CH-47 heli-
copter engine exhaust. The "engine’ and a full-scale mock-up of the

aft part of the Chinook helicopter in the immediate vicinity of the

engine were installed in the room beyond the plenum chamber.

A photograph of the laboratory set-up is shown in Figure 3. The
mock-up consisted of a wooden framework covered with sheet metal to
simulate the electrical characteristics of the helicopter fuselage,
Provisions were made to electrically isolate the aft end of the engine
tail-pipe and the helicopter mock-up to permit such parameters as local
recirculation to be studied in the laboratory, A track made of PVC

plastic pipe was used to support various discharging elements under study.

Once the "engine' was operational, a series of velocity-profile
measurements were made at various stations behind the tail pipe. The
results of these measurements are shown in Figure 4. It is seen from

this figure that the modifications made to the wind tunnel allowed an

|
2

increase in wind speed to about 125 ft/s, It is evident that at a
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position one tail-pipe diameter downstrcam of the exit plane the flow

is still very clearly defined and has not grown appreciably in diameter,
Farther downstream, however, the boundary of the flow becomes less
clearly defined, and the flow becomes turbulent. These results are
interesting, because they indicate that there is little flow actually
impinging on the body of the helicopter to cause recirculation. Althoughn
the maximum flow velocity in the simulator engine is slower than the
300-ft/s turbine exhaust velocities on the CH-=-47, it was felt that the
important aspects of various discharger design parameters could be
adequately investigated with these speeds, and costly modification of

the wind tunnel to increase wind speed would be avoided. A measure of
the sensitivity of a particular parameter to wind speed could be obtained
by repeating measurements at several wind speeds. Provisions were
included in the existing tunnel to vary wind speed by adjusting louver

settings on the centrifugal blower input.

During the laboratory discharger tests the candidate discharging
electrodes were mounted on a PVC rail running parallel to the exhaust
axis and positioned 22 inches below the axis. The rail was attached to
the mock-up at the forward ed and was mounted on a strut extending to

the aft end as 1s shown in Figure 2.

The approach to testing in the facility was as follows., First, a
varlety of possible discharging-element designs were conceived and
assembled., Some of these designs were mechanically awkward, while others
appeared to be electrically less desirable than others., These "ugly
ducklings' were deliberately inciuded in the initial testing to make
certain that no satisfactory design was accidentally discarded as the
result o¢f unjustified, preconceived bias, Next, each successive design
was installed in the laboratory simulation facility and evaluated

according to the following general procedure. The "engine exhaust"
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wind speed was set at the maximum value of i25 ft/s and the power-supply

voltage was then increased in steps to its maximum value. Next, while
the power-supply voltage was held at its maximum value, the airspeed
was decreased in steps to zero. Where appropriate, the position of the
discharging element was varied from one to three nozzle diameters aft
of the engine exhaust plane, and the test sequence was repeated, i
Measurements were made of wind speed, power-supply voltage, power-supply g
current, net discharge current, current recirculaied to the helicopter

body, recirculation current to an electrically isolated patch on the

fuselage, and current arriving on a large metal screen located approxi-

mately 10 ft downstream from the aft end of the helicopter., The voltage

and currents measured are illustrated schematically in Figure 5, Taking

date in this way limits to a tractable quantity the number of combinations

of supply voltage and wind speed that must be measured to specify the

performance of a particular discharger design., With these measurements

taken, it is possible to extrapolate the data both to higher wind speed

and to higher power-supply voltage, to estimate ultimate per.ormance

capabilities.

A description of some of the more interesting designs investigated
is given in Figure 6 along with an indication of the results observed
for the maximum wind velocity. In Column 1 of the figure are shown the
results for a single sharp point located on the axis of the engine and
one nozzle diameter downstream of the exit plane. Comparing Column 2
with Column 1 we find that moving this same point to a position roughly
four nozzle diameters downstream of the exit plane markedly reduces
the current recirculating back to the airframe and increases the net
current discharged from 23 tu 60 pA, Column 3 demonstrates that some

additional discharging capability is achieved by using three discharging

e

points spaced over a line somewhat smaller than the exit-plane diameter.
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Columns 4 through 6 summarize a series of experiments using a

discharging element consisting of a ring cquipped with discharging points

%
!

pointing inward or outward from its periphery. (This general design is

interesting since, by proper location of the pins, it results in a low-

R

noise dischargin;, system,) Comparing Columns 4 and 5, we find again

that moving the discharging element to a position roughly four nozzle

diameters downstream of the exit plane decreases recirculation and ;
increases the net discharge current. Within Column 5 we find that a

ring fitted with inward-facing pins discharges roughly the same net

current as one fitted with outward-facing pins, but that with the inward-

facing pins, the power-supply current (and hence recirculating current)

is half as high. Comparing Columns 5 and 6 indicates that by using a
22-inch-diameter ring with both inward- and outward-facing pins, one can

achieve a slight increase in nct discharge current while sustaining a

substantial increase in recirculation current.

Column 7 gives the results of an experiment in which a single 0.0003-
inch-diametcr wire was used as the discharging element. For this test,
the power-supply voltage was restricted to 76 kV, so that the current
was lower than it would have been with 110 kV applied. At the higher
voltage, the discharge current should approach that of the other dis-

charger configurations tested & 60 pA).

Column 8 gives the results of the experiment in which an auxiliary
grounded electrode was placed in proximity to the discharging electrode
in an effort to achieve the desired discharge current at lower power-
supply voltage. During these experiments great care was exercised to
avoid arc-over, which might damage the power supply. Accordingly, the
voltage was restricted to 80 kV in this configuration, giving a net
discharge current of 50 uA, 1t appears that discharge currents of 60

to 70 uA could be achieved at a power-supply voltage somewhat below 110 kV,
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The power-supply current for the configuration of Column 8 will be

higher than that required for the same discharge current for a lone

15-inch ring with inward-facing pins as illustrated in Column 5.

The last three columns in the figure illustrate a set of experiments

conducted to investigate the effectiveness of using an auxiliary grounded

&
2
3
1
1

electrode to reduce the power-supply voltage requirements of a single-
point discharger. 1In Columns 9 and 10 it is evident that the re-
circulation current increases markedly when the point is even with or

upstream of the auxiliary ring, Unfortunately the higher recirculation

i

current is not accompanied by an increased discharge current. With the

design of Column 11 it was possible to achieve a slightly higher dis-

ARSI

charge current than was achievable with a single point (see Column 2)

for a given power-supply voltage.

Based on tests performed on the discharger configurations shown
in Figure 6, more exhaustive tests were conducted on those dischargers

showing promise electrically, and that might lend themselves, mechanically,

to the ground- and flight-test program,

Although detailed data were taken for each discharger configuration,
it 1s instructive to look first at only the data for top wind speed and
highest supply voltage to see how discharge current varies with dis-
charger design and location for these "more promising" configurations.
Data for the single discharge point are presented in this abbreviated
form in Figure 7. In Column 1 we see that as the discharge point is
moved farther downwind from the "engine' exhaust plane, the power-
supply current decreases and the net discharge current increases, These
results indicate that the net discharge current achievable is limited by :
recirculation to the airframe in the immediate vicinity of the dis-
charging element, For this reason, discharging elements positioned far

back from the fuselage result in a higher net discharge current even

though they are located in a region of somewhat reduced flow velocity.
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In Column 2, the effect of moving the discharge point away from
the center line of the engine is illustrated. Evidently the vertical
position V along the center line results in maximum net discharge
current. Although moving the point away from the skin to Positions A
or B reduces the power-supply current, it also reduces the net discharge
current, As might be expected, moving the point toward the skin to C
increases the power-supply current (as the result of increased re-
circulation), but also reduces the net discharge current, Apparently
discharge current is maximized when the ion density is uniformly dis-

tributed throughout the exhaust,

Column 3 illustrates the effect of using an auxiliary electrode
in an effort to achieve the desired discharge current at lower power-
supply voltage. Although the power-supply current is drastically
increased, most of this current flows to the auxiliary ring, and the

net current is lower than it would have been without the ring.

Column 1 of Figure 8 illustrates two sets of experiments using a

®© O,

30
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DESCR!PTION -—p— |--o-—|-—20
OF
DISCHARGING \
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1-INCH-
—_ . c WIDE
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FIGURE 8 RESULTS OF EXPERIMENTS ON THE USE OF A LONG ELEMENT AS A
DISCHARGER FOR WIND SPEED = 125 ft/s
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single 0,003-inch-diameter wire as a discharging element. The purposc
of these tests was to investigate the way in which discharging
characteristics are affected by the length and placement of the wire.

In Configuration A, the wire extended from a point on the center line

of the exhaust at a distance one nozzle diameter downstream, to a point
on the top of the exhaust three diameters downstream, To achieve
Configuration B, the wire was merely translated down by one-half a
nozzle diameter. The effect of this translation was to markedly increase
the power-supply current while at the same time reducing the net dis-
charge current, In Configuration C, a shorter wire was used to span the
entire nozzle. There is very little difference in performance between
Configurations B and C, The results of these experiments again indicate
that bringing any part of the discharging element close to the fuselage
increases the recirculation current and, often, decreases the net dis-

charge current,
i

The second column in Figure 8 shows the results of an experiment in
which a pin-filled metal bar was used as the discharging element. Its
performance is similar to that of the 0.003-inch-diameter wire, The
primary difference is that the power-supply current was lower with the
bar than with any of the wires, This probably stems from the fact that
the bar was tilted down at the back, making it roughly parallel with
the contour of the helicopter in this region and maximizing the spacing
between the discharger and the helicopter skin. The wire of Column 1,
on the other hand, is tilted upward. It is probable that the power-
supply current in Column 2 would also have approached 110 yA if the wire

had been tilted downward.

Results of experiments with various combinations of ring-shaped
discharging elements are presented in Figure 9., Column 1 indicates that
the net discharging current is relatively independent of the diameter of

a single ring used as the discharge element, It should also be noted
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that this current is almost identical with that obtained with a single

point in Column 1 of Figure 7 (positive polarity),

Column 2 of Figure 9 illustrates the results of experiments with
discharging elements composed of a discharging ring and an auxiliary
ring of the same diameter, Again the performance of the system is evidently
not very sensitive to ring diameter, The spacing between the rings
does affect system performance, since the spacing determines the maximum
power-supply voltage that can be used without flashover. In the case
of a 2-inch spacing, this is 40 kV. (40 kV was also used as the
maximum voltage in the experiments with 4-inch spacing. It could have
been higher, but the test matrix was set up for 40 kV). With 6-inch
spacing it was possible to use 90 to 97 kV without flashover, These
results indicate that spacings as low ‘as 2 inches are impractical in
that they do not permit significant power-supply current before {lash=-
over, Even a spacing of 6 inches is inadequate to avoid flashover at
110 kV, Finally, it is apparent that at the 125-ft/s exhaust velocity,
substantial recirculation to the ground ring occurs, so that the net

discharge current achieved is lower than with a single ring in Column 1,

The results of a series of experiments with rings of unequal size
are summarized in Column 3, Although there is some variation in details
between these data and those of Column 2, there appears to be no reason

to choose uvile over the other.

Column 4 illustrates the reduction in net discharge current that
occurs as the discharging assembly is moved closer to the engine, This
is in agreement with the results obtained with a single discharge point

in Column 1 of Figure 7.

The last experiment with ring-discharger configurations is illus-
trated in Column 5. It consisted of a pin-filled, 8-inch-diameter ring

concentrically mounted inside a 15-inch-diameter auxiliary electrode.
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For the wind speeds available, the recirculation with this arrangement

is very high and the net discharge current is low,

In Figure 10 results are presented of a typical set of measurements
cxploring in detail the way in which discharger currents are related
to power-supply voltage and discharger spacing aft of the engine exit
plane. For each spacing, the net current increases nearly linearly with
increasing power-supply voltage, with curves of higher slope corresponding
to larger spacing. The net-power-supply-current curves, on the other
hand, are definitely concave upward, indicating that the current varies
as more than the first power of voltage. Also, the higher power-supply-
current curves correspond to the lower discharger spacings, The
behavior of the net-discharge-current curves is so regular that they

can be extrapolated to voltages of 150 kV and beyond with considerable

confidence,

For a single-point discharger, the interrelationships between
currents, spacings, and "exhaust’ speed are shown in Figure 1ll. It is
evident that some net current is discharged even at zero exhaust speed,
but that as speed is increased, the net current increases. At low
values of wind speed, the curve is concave upward, but as speed is
increased, the curve becomes very nearly linear, These net-current
data, also, are sufficiently well behaved so that they can be extrapolated
to considerably higher speed. Looking at the power-supply-current data,
we observe that the power-supply current increases with increasing
speed, and also tends to approach the net discharge current as exhaust
speed is increased. Thus, not only does increasing speed increase the
current leaving the point, but it gets the ions far away from the vehicle

before they emerge from the flow field. In this way recirculation is

progressively cut down.

Some of these physical relationships are more clearly illustrated

in Figure 12, which presents data obtained using a single point at a
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single spacing and varying power-supply voltage. Here the point was
located 80 inches back of the exit plane, making the dischargin:; process
more efficient, so that some of the interrelationships are more clearly
evident, With a high-voltage point this far from the nearest ground
electrode, the current leaving the system is not being limited by ion
space charge near the point--i.,e., more ions generated by increased
power-supply voltage are effective in increasing net discharge current,
The behavior of the recirculated current, Ibody' is also interesting.

At low power-supply voltages, the electric field generated by the supply
voltage on the discharging element and the coulomb force generated by
the self charge on the ion beam itself are both low, resulting in low
recirculating current. As power-supply voltage 1s increased, it increases
the magnitude of both the field generated by the discharging element,
and the coulomb forces generated by the increased charge density in the
ion beam, The net result is that the recirculation current increases
with increasing power-supply voltage. The increasing recirculation
current manifests itself as a divergence between the net discharge
current and the power-supply current, For the discharger geometry

of Figure 12, the system is quite efficient even with a power-supply
voltage of 110 kV (86% of the power-supply current is discharged), and
the power-supply voltage could probably be doubled without requiring

unacceptably high power supply currents,

Figure 13 illustrates the way in which various currents nare
affected by changes in exhaust velocity, Obviously, as velocity is in-
creased, the net discharge current increases, first as a lower-than-first-
power of velocity and then approaching a linear depende.ce. The re-
circulation current Ibody is maximum at zero velocity when the applied
field and coulomb field have unlimited time to act on the discharged

ions to cause them to be recirculated. As the exhaust velocity is

increased, the ions are carried away faster and the recirculation
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current is diminished. The reduced recirculation current at high wind
speeds causes the power-supply current to approach the net discharge

current,

Subsequent to performing these tests, a report by Andrews and

1%
Forrest was received that confirmed the findings discussed above,

»
References are l1isted at the end of the report.
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111 HELICOPTER GROUND TESTS OF DISCHARGER DESIGNS

When the discharging elements to be used in the CH-47 tests at
Boeing Vertol in Philadelphia were chosen, all the laboratory data
discussed above were borne in mind. It was felt that, throughout this
program, as much as possible of the "blue sky' experimentation should be
conducted in the laboratory, where it can be accomplished at minimum
cost. Before the ground tests began, it was felt that they should be
designed to verify laboratory results, to expose interesting discharging-
element designs to a more nearly true in-flight environment (involving
acoustic noise, high temperature, soot, etc.), and to look for unexpected
developments. It was felt, furthermore, that the ground tests should
be of clearly circumscribed scope, since they are considerably more
expensive than the laboratory tests, but are not representative of the
in-flight situation in all respects. Accordingly, it was decided that
the discharging elements to be investigated would be confined to a
gsingle-point stainless-steel discharger and a 12-inch-diameter stainless-
steel ring discharger, each of which would be used alone or in connection
with a 12-inch-diameter auxiliary discharge ele:trode for a toial ol
four different configurations. The single-point discharging element
was chosen because of its extreme simplicity and good performance
(compare Column 1, Figure 7 with Column 1, Figure 9)., The ring-shaped
divcharging electrode was chosen because it too is a simple and rugged
design, because physically it is markedly different from a single point,
and because the ring discharging element produced the highest net
discharge current (by a small factor) in the laboratory tests (see
Column 1, Figure 9). A 12-inch ring diameter was chosen because,

although the results of Column 1, Figure 9, indicate that net current is
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not sensitive to ring size, it was realized that the voltage for

flashover to the skin does depend on diameter (proximity to skin),
Accordingly, a value of 12 inches (roughly the mean between 8 and 15

inches) was chosen for the ring diameter.

Although the discharger designs involving an auxiliary electrode
appeared to be less satisfactory than single elements in the laboratory
tests, it was felt that it was extremely important to test these
configurations in the ground tests to determine the degree to which
ground-test and laboratory data agree on both promising and unpromising
designs, Thus, experiments with auxiliary electrodes were included in
the Cli-47 ground tests at Vertol, 1In considering the auxiliary-electrode
separation for the ground tests, it was observed that the experiments
summarized in Column 2, Figure 9, indicated that flashover voltage and
net discharge current both increased with increasing distance between
the electrodes up to the maximum spacing (6 inches) investigated in the
laboratory, and that this spacing did not permit the application of
120 kV without flashover, It was decidec, therefore, that for the ground
tests the spacing would be set at 9 inches to permit the application of
the full available 120-kV power-supply potential, and to maximize the

net discharge current,

The set-up used for the ground tests is shown in Figure 14, A
sheet of mylar (taped over a plywood sheet to preclude the possibility
of rocks of other objects puncturing the mylar sheet) was placed under
each of the four helicopter tires to insulate it from ground, to pemmit
the net discharge current to be measured by means of a meter connected
between the helicopter frame and a nearby ground stake. (The resistance
between adjacent ground stakes 84 feet apart was measured to be 60
ohms, and the resistance between the helicopter and ground was measured
to be greater than 60 megohms.) The 120-kV, 12-mA power supply used in
these experiments was powered from the ship's Auxiliary Power Unit (APU)
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so that there were no external power sources or other wiring coniected

to the helicopter during the tests., The discharging element was supported
in the jet-engine exhaust by means of Teflon insulating blocks attached

to an aero stand that could be moved about on the ground to adjust the
position of the discharging element, Also included in the ingtrumentation
system was a set of five strategically located metal patches insulated
from the skin, and positioned in the vicinity of the discharger to

permit the measurement of current recirculcted to the skin at the

location of the patch, A photograph showing the general arrangement of

the ground tests is shown in Figure 15,
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Since the ground tests provided an opportunity to check the
validity of the laboratory simulation facility, certain of the data
obtained in the two tests are plotted for comparison in Figures 16 and
17. The results obtained with a single-point discharger are shown in Figure
16. The general trends are in good agreement, but the net discharge
currents measured in the ground tests are appreciably lower than those
measured in the laboratory, in spite of the fact that the exhaust
velocity in the ground tests was iwice as high. The low net current
during the ground tests undoubtedly stems from the high temperature of
the jet-engine exhaust gases, which reached 350 to 400°C, as compared
to 20°C in the laboratory tests. At the elevated temperatures of the
exhaust in the ground-tests the ion mobility is roughly twice that in the
laboratory set-up, so that, for a given wind speed, recirculation in the

ground tests will be much higher than in the laboratory.

The results obtained with a dual-ring discharger are shown in
Figurel7, Again the trends of the laboratory and ground-test data
are in good agreement, In this case too, the net discharge current
obtained during the ground tests is appreciably lower than that measured

in the laboratory mock-up.

Results of the recirculation-current studies and discharge
"efficiency" studies are showa in Figure 18. It is evident that, regard-
less of the discharging-element configuration, the current recirculating
to the skin is maximum in the vicinity of the discharger. Thus the
current to Patch #1 decreases monotonically as the discharger is moved
aft, because this places the discharger successively farther downstream
of '.e patch. In the case of Patch #2, however, moving the discharger
aft to a location two exhaust diameters downstream of the engine exit
plane places the discharger in the immediate vicinity of Patch #2,

Thus as the discharger is moved successively back, Patch #2 current

first increases and then monotonically decreases.
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