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TECHKICAL REPORT

This doc t wzs prepar:d by thke Stanford Rescarch Institute

for the R2geing Vertol Cimpany-3ad 15 submitted to satisfy Contract

¥zzber DA2J01-73-A-0017.

SR1 Laboratory testing has showm thz a2ffect of dist and ice
_particies in generating static electricity on t&i blade surface.

The elcctrical accuzxlations result in radio fregoo:cy niise

interference.

Since the rotor blade paint osat is fabricated of materials which
2re electrically insulating, the first cons.deratioa is to
rende.: the blade surface electriczlly coacuctive. Several types
of conductive paints werc tested and are novi availablie for this
sc. Tecst.punels were fabricated, similar to blade structure,

for evaluation of 13 different paint coating configuraticns. a
noise reduction of 20 db from the ncise level of the insulating

. paint systez would cause interference 2o the LORAN-D guidance ~ -
systen, wherea¥ a reductiocn of 40 db wiulé provide noise-free
operation of LORAN-D, with full range capability. Two of the
paint systems which reduced the noise level by over 40 &b from
reference have been crosen for use on the HILS blade. .
Os the inboard blade shank, magra 3-B-¢ ;s uvsed with no Giercoating
required. 7This ccating 2ino provides erosicn resistance to the
fireiglass shank. On the blade £fairing ares, aft of the nosc
cap, B¥S 10-21 conductive ccating is used. The titanic= nose cap,
bz2ing conductive, cdoes not require a conductive paint coatinga.
The nose cap and fairing areas arc then overlayed with epexy
primer and the acrylic nitrocelulose laquer paint system currently

used on production rotor blades. .

This ccmbination of paints provides the erosion and mwisture
protection required on composite sSructures yet mikes the blade
electrically conductive, while providing in the field touch up
capability.

A surface resistivity veasurexent technigue has been devised
whica will allcw a good in-service test metkod to assess the .
paint coat's ability to drain the surface charges noiszlessly.
Tests have shown a correlation of surface conductivity to noise
reduction capability. ‘

70 prevent the helicopter potent-al, generated thru precipitation
static, from reaching the coronz Jlischarge level, static
dischargers, sinmilar to those in usc on prodaction aircraft,

are regnhired. The discharger corana threstold *:ime at which
discharge occurs) must obviously e lower fhan that of any rotor
blade charp edges. ain area which raquires attention is the tip
of the rotor blade where the pressure raduction can cause the
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outioard edge of tlhic nose cap to reash it's corvona thresholé

a rornded tip cover with discharger installed. The desicn

g

R

o special tools recuired. 7o reduce weight and cost, the
present flat cip cover will be retained with provision for
additior. of a2 *i> discharger if reguired.

. -

T
O

-
.

- prior to the dischargers. The recosmencded coni 1«;":&!:101 is to

= install two discharcgers, on the trailing edge at the tip, and add
proposced for the HLE prototype will use two discharcers xoa:ted
oa the trziling edge at the outbcard end of the blade. Thase
dischargers will be remorable for shipment or replacezment, with
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ABSTRACY

A laborztory icrestigation wis umdertaken to erzlexte the seserity
of precipitation-static polis> to be expected oo fhe Seary Lift Fellccpler
(ZLE) low-fregoency systexs, and to define the requireme=ts of teci=igues
for molise elix.atiom o tie EXE.

This fnvestigation, wsing 2 1/25th sczie model of the ELE acd actmal
preposed rotor-Slade pamel soaples revesied the pesd for EFI protection
oo the ERE., ZecommenditicTs were mafiec 2o imstall P-static dischargers
o= e EIE rotor blades, aad the optimum mmber and locitios of these
éiscEargers was Siscussed.

Yofise redoctionm zfforded by wirfoms rotor-blade-caatisg systexs

»=2¢ also Izvestigated and reprried.
2articelar voating system, Fased of molse-redoctios aad s=rface-resistirity

A recomme=dztion vz aade for 2
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I IXTRODUCTION

When communication zad navigation equipment was first instzlled on

aircrait, the aircraii operators found that radio noise was observed in
tkese systems whenever the z2ircraft was operated in clouds »f dust or
pr:et:‘i‘_r:f»‘l:a_t:i.ou.""“‘r These early irvestigators found that the noise stesmed
from frictional electrification of the aircraft as a whele or of individual

parts as particles in the cloud struck tho afircraft and deposited incre-

b Iy vl tutor =« T Sewrs S,

ments of charge. The prcblem subsequently was studied in considerzble
detail to identify the noise mechanizxs responsible and to devrise schemes
for reducing the noise to tolerable levels.* 2! Many techniques have

been developed znd applied to conventionsl aircrsft.

b | bt

Static electrification occurs on helicopters also when they are
operated in clouds of dust or snow. The most serious problem recognized
in connection with helicopter operation was the electrostatic discharge
to ground during cergo opera'l:ions,“;z where it was found that personnel
were. sowetimes nocked off their feet by shock 2nd suffered miscellaneous
injuries such as split tips and edgé; of fingers and nails. Various ac-
tive schemes were tried to eliminate the static charge on helicopters.‘:’-xs
In a2 joint SRI-Boeing Vertol investigation, it was concluded that the
cherge -on the dust cloud stirred up by the hovering helicopter completely
doiinsied tke electrostatic euvirorment, and that it would rot be pos-
sible to sense helicopter-io-ground potentisl without touching the ground.
:A'ccordingly, a passive aircraft grounding scheme was devised and demon-

strated.!”

ot *
—

* . \
References are listed at tte end of the .reort. -
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In additior = argo-handling problems caused by e)ectrification,
helicopters are als « .2ject tG the noise prodblexms encountered in conven-
tional aircraft. 3In this regard, the helicopter Is no differeant. Elec-
trification will occar. and radio noise will result. In the case of the
ElWH, the problem of radic noise became of particular sigaificance with
the development of modern low-frequ2ncy navigational alds suca as LORAX D,
which operates at -oughiy 100 kHz. These systexs provide capabilitlies
that cannot be achieved in any other way. Since they operate at LF,
however, tkey are particularly vulrerable to precipitation-static inter-

ference.

it was recognized that mozrt precipitation-static {!xes are siaple
and irexpensive to impiement if they are considered as jart of the vehicle
design. As retrofits, these same fixes often become so expensive as to
preclude their comsidersticn. Accordingly, this program was inmstituted
to investigate the severity of precipitation-static noise to be expected
on the HIH and t5> define the requirements for techniqucs for noise elimina-
tion on the NLH helicopter.

In ccnversations with Boeing Vertol persomnel, various spproaches
were discussed for eliminiting radio-frequency noise stesming from fric-
tional electrification of the HIX helicopter. During these discussions
it was concluded that the most promising approach to noise eliminstion was
through proper design and treatment of the helicopter blades.

Electrification of the vehicle as a2 whole leads to high electric
fields and corons discharges st the rotor extremities.®’%s1°® xoise from
this source can be eliminated {y instailing, st the rotor tips, passive
dischargers capable of providing sufficient noisc reduction to bring
the resulting corona-noisc levels down to acceptable values®’:® In

pianning such s discharger installation, it is necessary to specify the

noise reducﬁon required of the dischargers. It 1s also necessacy to




-

e e

define the number of dischargers required and tc specify their locaticns

on the rotor blades.

Chzrging of the plastic blzde surfaces as the result of impact by
snox or dust causes charge to accuxilate on the surfzce of tae blade
until streaner discltarges occur 6»»r the blade surfsce t. sowe metalls
structure to relieve some of the charge. These discharges also generate
RF noise that can dissble radio commmmication and navigation systess.s”
Stremmer rnoisc 13 best eliminated by applying 2 coat of couductive paint
to tke surface of *be blade to remove the charge as rapidly 25 it arrives
on the blads.” It this w2y, the high electiric fields that 3~~1 to strezmer

Ischsrges are elimingted.

In general, conductive paint is produced by zddling conductive powder
(metal or graphite) to a psaint wehicle until the desired conductivity is
achieved. This usrslly reguirer so much powder that the mechanical prop-
erties of the paint are dograded. For this reason, it is planned that,
on the NIE, the comductive paint will be overcoated with 2 thin layer of
nonconductive paint having the desired merhz=ic3l zd sbrasion-resistant
progerties. The argument is Sat this thin outer layer of paint will
puncture at low voltages ind perm‘t tke charge sccumulating oa the outer
surisce to flox to the conductive layer without generating large streamer
discharges on tte outside surface. It was pecessary %0 test tie workability

of various materials that were :3glected fer this fuaction.

It was concluded that “he needs of the HLE could be met by accomplish-
irg th2 :E?lloﬂn‘ three tasks on the present prograa:

(1) Conduct the necessary model coupling weasirements and
enalyses to cdetermine the discaarger-nuise reduction
rxquired to afford the same degree of nol'se protection
for the HIH as is currently available on sirliners such
-as the 707 using LORAN C/D.

[
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(2) Conduct the necessary electrostatic model measurenents }
and analyses to establish the cumber anvd placement of |
passirvre dischargers on the RIH rotor blades.

(3) Coanduct triboelectric charging tests oan zs many as 10
saxples of candidate conductive coating systems to -
deterxine their adequacy for uvse on the HIH rotor blades.

Sizce the noise problem has been studied a% great length on conven-

tional aircraft, extensire use will be zade here of this earlier sork.

P ——

In particular, reference will be made to specific eguations and tech-

nigues developed in previous pablications. Ceaerally, the required

r equation will be zbstracted ard used without rederivation c: extensive )
Justification. Attespting to justify every step here would result in

an insparopriately loog a2nd cosplex report.

]
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II NOISE-COUPLING ANALYSIS

As indiczted ir lhe Introducticm, stxiic elecirificztion of the
helicoptzr 2s » whole raises its potentisl until corona disckarges ccrour
I{rom the regions of highest electzic fieid at the rotor tips. These dis-
chzrges generate radio noise that couples into eceiring systems on the

vehicle. Similarly, charging of the dielectric outer 3urfaces oi the

»
T e "Aﬂ'%ﬁﬁ:&,«-; -?:’

>

blades rxill result in streamer discharges across the surfaces that also
cocple noise into receiving systems. The severity of the resulting

L

interference must be cstimatzid in order to weigh the lwportance of devel-

ok
g
et r o e e

oping fixcs. Thus, it fs necessary to determine the degree of Soupling
Letween poise socrees cn the blades ond regioms on the HLE xhe.e antennas
right bz located.

G Pozitions whkere antenmnas might conceirvably be located on the RiN
. and where coupiing nesscrements were made are shown in Tigure 1. Posi-
tion 1 is on ths jawer pert of the nose, where antennss could clearly
be located r!.tho;t/ 'duﬁculty. ‘The feasibility of antennz locations
such as thore In positicns 2 2ad 3 on the top of tke fuselage depecds on

the degree to which performance of the associated system will be degraded

A N A

by rotor-blade modulation. It was felt that such Installatioms were '

definitely possible, and that measurements of noise coupling to thic
genersl region shaild te made. Andotker clear srea where antennss xight
be installed was the back of the aft pylon. Accordingly, measurecsuts
were made of couplirg to positicn 4. Since the HLH design incorporates

s o o | Ut e

provisions for carrying large container cargoes azlong the flat part of
the yelly, it will not be possible ta install antennax here. For this

rea;on, pO measurements of coupling to this part of the belly were mace.
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FIGURE 1 POSSIBLE LF AND HF ANTENNA LGCATIONS CONSIOERED IN TESTS

P

The measurcmes) technigres used in the preseant progranm were pattersed
after those descried. in Re’. 8. The test setup is shosm 2. rigsre 2.

Hese = miziztiure M7 osciliiotor i shoam in position 32 the end of one of

; tke rotor blades. DC power is fed to the oscillator viz 3 high-resistance "‘)

f lesd ihat Is of sufficiently high value to appear transparent at the EF -
frequencies of interest. The jwower-sapply gromE retur= from the kelicopter

T is made via 2 second high-resistaccs lead. Thus the setvp =imuluytes za

electrically isclated helicopter with 2 small, isolated BF gen(rator at i

the tip of one cof its blades.

Xoise picked up by the test anteana oa the aircrait is fed to ax
attecuator followed b 2 battery-operated receiver tuned to tke osciilator
‘ frequency. The attenuatyr is adjuztvcd to produce a standaxd yexlirg in
the meter connected to the receiver cutnut. The meter is also contsined
in the model ard is read optically. To cbiain absolute valtes of coupling,
the RF scurce is placed against the inner conductor of the standard co-
axial couplirg stracture, »hica is attacheZ to the receivricg system in ‘
place of the test autexmna. The attentator is adjustcd to produce the

B e

‘q"’*rv—v

standard reading on the recelver output meter. In thkls war tke ratic o>f -
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tke measured cotplicg toc tke stasdard cocplicg 15 given by xie ratfio of i

the atteztation settirgz reguired to produce tile standard recziver cotpot.

It is recvpized, of course, that im peorformicy the coupling mex-
sorenents as desenbod; the Charscleristics of thke receivies sntanne
veed on the model orv setomzticaily looorporated fnm recefivar catpol o
measured cccplicg. 7TO uwake tke measurens=is more gemeraliiy usefs: tiere-
fore, the test a=texxx properties Rave been remcred from the results
csing antemma data developed by Bollfakn®  additfonz. discissfon of
this procedure is giren In Fef. 8. TB¢ resvicys of the ELE compling mea~
sturemeats shows in Fige=re 3(a) tiroogh 3(3) z''e presested In terms of
cosnling to an aateama of mmit fsduction zrea. Thxs the oocopling dxtz
ca be ikooght of as expressing the cowpling between 3 Sfscizargpe socreoe
oa 2 blae, 2t 2 location on the Belfoopter where noe might xisk to
locate a2 receiving antemnz. The coopling 20 an actwsel antessma comsidered
for use 222 be deterxined sisply by multipiyving the morweiizad ocplicx
factor of Fipere 2 by the antemaa imductiom 2r2a. In determinmirg the =)
infoction ixesa, a, 9 3 particaizr antezmz it is ocmremient o use the

relatioaship
ca=hC -
[ e

where

€, = 1 3 F/x
= X 19

a = Antemxy Inductioa area
nec = Antensa sensitirity prodact.

Thus, for a2 tyxpical semsT antenna having a seasitivity product hec = 4 pFz,

the Induoction area I1s 2 =4 X 10_12(36: b 4 109) = 0.45 .‘.2,

It i3 evident from Figure 3 that the measurements were confined o .
frequencies belox 2.5 ME:. This restrictioa was ixposed Zecause the j
&
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L prinary condtem in this program x2s systess operztinyg in the LF portiono
of tie spectrum. To gererate oozfidexce In tke dxta, Rorevrer, the mez-
surements vere extended > the lox part 6f the EF rexine alere afrcraft

resnaae=ass shoald begin to masifest thexselwrss in the coepling magsitedes.

YW

For exxzple, i Figere 35 of Bef 35, Tanmer stows azpiytically thyc the
first mrximar In mofis~ cosplics from the Ioog end of 2= asymmetrical

&dipole occurs whem the Iexqgtlh of the Iooyg ERalf £« 0.375%. Cocsiderixyg
the cocplicg betzeen the positioc-l amtemxz 3 5 dlscharge ca the ood

of the 2t rotor, the first maxiwam shiald occer xhen the distrmoe Eetween

f the pose of the Belicopler and the 2{t rotor-blade tip, a distance of

roaghly 133 ft (for & = 18C*%), Is 0.375.. This corresponds 10 2 freGUency

of 2.8 MEz. Frow Figere 3635, we see thst the mzastred comnzinmg from the

% 2ft rotor 1o 2xtemza poritica I is iucrersing with Sncrersing Treqoency
op to th kighest fregeincy meascred ix the liburitory tests.

It siocid 2z Mo chwerved that ozl sme ooplisg corve s presosted
! for eack rotor. Nesszmemezts wezre actmalliy made for five blrds jositioms,
4 Wt 12 was fowd that the oooplicg ¢a%a chumped very ifttle after the
‘ blae was 90° or more removed from the fuselage. (Rs wili be sess In
the mext sectiom, this Is the Dlade Iccztiom Im wkick coroez Eischarges
¥ill occwr.) Accordimgly, to simplily 2he presestatiom and the caicsla-
tioms, = sisgle composite cerxve of comoling 1s presested for eachk rotor
in Figsre 3.

Iz geserzl, the coupling <&ata of Figrre 3 Bare the same Delavior
2s the 707 low-frequency couplizg data of Eef. §. The couplizg is rela-
tively f22t at Jow freguescies, and exaiblis varices resooinces and
! aztiresotnces at the Righer fruguescies. X0 effort has been made In
acoomnt for the detalls of the yvariatioms measured. The ZELN sticiure

t is sufficiently compiex that attespts In this directioa are =ot )ikely
h. . 20 be freitfal.
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The cocpling 2z~ of Figzre 3 were wsed togethar wxith the corocr-
polse spectral datz of Bef. 3 20 geoerte the curres of corcca-solise
eguivalest field sirmz for the viriouws sxterwma poritioss fm Figere £
throgh 7. (Streamer moise £iso stown fn these figores xill De discossed
later Iz this section.) Iz carrying ost tiese cxicslatiocs, It was assomed
th2t the belioopier ckargpiog czrre=t wis €00 ok, a= thkat it split 2qoalily
betseen the i rotors. Ibe noises gemernated froao the two retcrs were
adled om a= ras lusis to deterxime 2he total molise cerrect fzduced In
the acleama. FOollosing the pricederes of Ref. 8, the nolise currezt ¥
thes expressed Im terms of the egxivalest =molise Jield reqguired a3t the
a=tezza Iocztiom to prodece the smme short-circelit aztemma csmrest.

IEssex=iizliy, the d2ta of Figzres 4 throwgh 7 show the molse fields
that »ocid exist 22 the aztemms locstiocs oz the ELE 5 1t were opersted
»1thozt Clsckirgers v the rotor Liades iz z reglom of severe chrging.

Tsing the cosplimg dztz of Figare 2 agaim, bt this time f3 com-
Sunction witk streamer-molse dats ol Bef. 7, cilcxliatises were mads tO
deterxine the lIevel of molse that wosld exist at the axtesma locrtioms
1f ke Tctor tloies were omtrested asd 606G Rk of cGsrging to the Blade
suxisces retsrmed 00 the metszllic stractzre of the Blales viz steeaws \ 1
éischarges over the serface. The reswlts of these czlcalatious zre |
pressated for the variows amtesme-positioss Ix Tigpzrex £ through 7.

Also shows iz Figares 4 tirough 7 are levels of atmospheric oolse
field oblained from Ref. X9 and adjusted fou a I-k¥r Deadwidis, Tie
coroes and stresmer molisie Lields are seex 20 be 40 20 60 &5 grealer hax
the atmospheric nolse throoghout the extire fregoescy rmange coasidered Iz
the case of anteamz positions 1 23d £. The moise is sosewint less sevrire
iz the case of axtenma positicas 2 3ad 3. The Zmplicatioms of oolire oo
2he cperztiom of LORAX-D systesc are zs follows: The LORAY-D systex
designer can achiyre improved systam performasce until he Axs reduted

11
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his system input noise figure io the atmospheric noise level. From this
observation we can infer that such systems are now, or ultimately will
be, operating at the atmospheric noise level limit. From Figures 4
through 7, we sec that coronz or streaner noise from the blades will
severely degrade the performance of such a2 system. In particular, the
analysis indicates that from 20 to 40 dB of noise reduction is required
to reduce the electrostatically generated noise levels to the daytime
atmospheric level.

Shosn in Figure 8 fcr comparison are coroma-noise fields at the 707
tzilcap antennz location for two conditions. In the first, corona dis-
charges are permitted to occur from the rudder, resulting in high coupling
to the antenns and high equivalent noise fields. Elimirnating the dis-
charges from the rudder has the effect of reducing the noise levels to
the values given by the lower curve. The data of Figure 8 were verified
in the series of flight tests described in Refs. 8 and 9.

It should be roted at this time that in order to achieve satisfactory
operation of communication and navigation equipment, aircraft such as the
707 are equipped with dischargers capable of providing 45 to 60 dB noise
reduction, and the dischargers are numerous enough and in sufficiently
effectire locations to permit all of the charging current to leave tke
sircraft. To reduce electrostatically generzted noise to similar levels
on the HIN, it will be necessary to provide comperablc degrees of noise

reduction to both stresmer and corona-interference sources.

16
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III E:XECTROSTATIC MOCELING

x

Laboratory electrostatic measurements were xade to determine corona

FANE B B

thresholds of the HLH blades, ard to estimate discharge curzents from

passive dischargers located on the blades. The mezsurements were carried

-

out in two steps. First, the sctup illustrated in Figure 9 wzs used <o

T

deternine the relationship between the helicopter potentizi and a reference

- omae [ R N Ty Sy W .Y mﬁmw“J

on a Lelicopter blade as a function of angle € with respect to the fuse-
lage. (The reference point chosen wa; 12 inches inboard of the tip and
12 inches forward of the trziling edge on the full-scale vehicle.)

ale

In carrying out the measurements iilustrated inm Figur: 9, the 1/48-

. g .’ i

scaie model was sprayed witn conducting silver-loeded ;2in’ to ronder it
conEwting. The model was suspended in the laborstory srd conrected to 2

high-voltage power supply. A smell metal probe mounted on a2 thin, elec-

i3]

- trically insalating handle was touched to the blsde at the reference

Q

point. The ckarge acquired by the probe was transferred to 2 Faraday
"ice pail™ attached to the input of aa infinite-impedance electrometer. | 4

The relationship between probe charge and surface fieid was deter- bt

mined by repeating the charge-transfer measuresent in the kmown surface

field between 2 pair of meial plates where tke field is given by

TR

PO SO

E = V/Qd

»kere
¥ = Applied voltage -
d = Spacing between plates.

Preceding page blank 19 gl
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in the second step of tkhe electrosiztic studies, a full-scale sec-

tioa of HLH Lelicopter rotor blade was suspended in the laboratory as

11lustrated in Figure 19. The poxer-stpply voltage wxas increased until

COYONnZ OZset occursed (a corona current of 0 ;A was used £0 indicate

onset). The reference-point field at threshold wzs then mezsured Iz the

setup of Figure 10. Since the earlier experisents usicg t:e setup of

Figure 9 developed a relatiorship between reference-poict field and
Eelicopter potentizl it is cow possible ¢z state the potential at which

corona threshold will occur as a function of blade position.

mmw

SECTION
AN
<4
o191V | / romT
PONR x
ZxLY J
L /

/

SA-2008-13

I GROUND
PLANE
FIGURE 10 SETUP TO DETEFMINE REFERENCE-POINT FIELD CORRESPONODING

TO COAONS. THRESHOLD

Figure 11 shoss the result of the corona-threshold measurements

U

made in the laboratory- It is evident that the threshold Is sensitive

to tlade position. In perticulsr, minimum threshold occurs whex € = 180°,

and the ikreshold imcreascs markedly when the blade is shielded by the

fuseiage {for 6 < £5°). The shielding effect on the forward rotor blaces

.
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is more prosococoed than oo the aft rotor beoczuse the forxard rotor blzdes
pass closer to the fuselage (see Figure 9).

The trafiling edge of the 2£t blade kas the lowest minmixcx corooa
tEkreskold (rooghly 150 k¥). Tie ninimam thresbol:l of the forwzmd rotor
ic somenhizt higher, but still sebstaztizlly below the threshcld of the

. e, YW .

L

leading cormer of either blade (250 to 275 k¥). As is erident from
Figvre 11, some experimestation was dome to Ceterxine the effect of

e PR g

fnstrlling a rouxded cap ou the tip of the blade. The cap Ezs tie effect
of greaztiy ocressing the coroma tkreshold of tke leading correr of the g'
rotor (£25 to 485 kEV). The isplications cf 2hese sexsureme=ts xill be
dealt wiilk later.

s

The fact that coroma tkreshold increases so rapidiy for & < 45°

meIns thkat most dischergimg will occxr for € > 45%. ]

Yee Isplicatiows of Figere 11 showld be comsidered furtler. roOr
2 = 180°, with mo dischargers imsizlled, acd with no zirflow to gemerate 1
1ocalized pressure reductions, the model studies indicate tiat coroma
2kresiold I the blade-tip treiling-edge structure will occxr shen the
vehicle potential resches 150 X¥. Assmming that the blades are eguipped
with trall.g-type pessive dischargers of the sort used oa Ccurmeercial ﬁ
tramsport aircra{i, corcea threshold of the discharyers will occur at
roughly 1/10 the ikrestold of t{he trzilinmg edge itself. Thuzs, loag before
trailing-edge threshold is approsched, the dischasgers faucticm and gem— o
erate columas of space charge thit kave the effect of shielding the Llade i
trailiag edge proper, theredy izcreasimg ity coroas threskolid by a5 much )
as 3 factor 2f 2 o a poteatisl <i, say, 250 %o J00 XV (see Figure 43
of Ref. 8). Thus tle model merstrements indicate that, with trziling 1
dischargers installed, coroms thieshold of the blsde trailirxg edge and
tlsde 1eadinmg corser will occur st 250 to 300 kV, assumiag tkat there
are ot vortices preseat to produce localized pressure rerducticas (shich

23
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redtea corona threskold im proportion to presszre rediction). TRis mearns
tkst xe cazmol voder any circmastance ailox the Belicopter woltage to
goproach 230 to 300 kY because If L does, moise-prodecinmg corome dis-
ckarges »ill cecur from (Be blade structore.

et ©s pos zssome that ve fizd 2 facior-of-2.5-t0-3 mxrginm of sxfety
iz vekicle voltaige zcceptable (this meazs thit we feel comfidemt that
the omzimetionm of waceztainties In localized pressure redaoctiom amd
errors :in owr Ilaboratory stmdies is less tia= 2.5 to 3). [et us estimate
the currest tkst womld be discharged by a3 mictwasl Imstalliztion of twxo
trailing Sischkirgers pexr blade shen the kelicopter potextizal is 100 kY.
(The dischargers zre assamed to be 6 to 7 Iimches Ioag In the memmer of o
ortho-decospled disckarger as describel im Befs. §, 9, aad 11.) First,
nsing the Tesvits of the relfeYerte-point~Iisld meastremenis, we Selermine
the referensce-poizt field as 2 fuaction of Llade position for am aircraft
potaztizl of 100 k¥. The results of such a determimatiom z2re showz im
Figzre 12.

In Eg. (31) of Ref. §, aa expression iIs given for the space-—chirge-
1z ted cerrext discharged from the end of 2 rod capped xith = zero-
th-eshold ica sowsce axd placed ix 2 windstremm {sec Figure 13). (The
valial*> of this expression was verified ix flight for the case of ¢ritho-
decoupled disckargers, whkick have a corcaz Zkreshold roogkly 1/10 that
of the sherp trailimg edge om which they zre mounted.) The egratiom is:

1=%E 2% 1)
2 (-

shere

1 = Dischkarre curresnt
¥ = ¥indspeed, x/s
a = Radivs of dischargsr cylinder

24
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FIGURE 12 RE-ERENCE-PCNT F.ELDS FOR HLH POTENTIAL OF 300 kV
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Ez = Field Intensity at szrfzoe of rod, Vin )
<, = 1/36% x 10° farad/m. .

MEASURED NOEMAE TO SSAFACE

OF CYUNCER AT END CF CrUNOER {
™AD
" ’
i - /’” !
BECION OFF 10K !
R " CummENT FLOw i
f 1 o i
~Se—— !
CHARGE PER UNT J
CERGTH ALORNG k
CYLRCER = ¢ ASDRSE NNK WNFRKTE SOURCE
OF 3028 AT ERD OF CYURDER
SA-2008-28

FIGURE 13 SPACE-CHARGE-LWATED DISCHARGE FROM END OF C/LUNDER

!‘i.'stz:mtetht!hy(!)isnm:ﬂ:ht’. Thzs 12 Is permissible to |
msamaﬁiEMezau&mmmmcﬂnhni ]
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from the zverage :a' ¥e will start by fisding ax aversge referemce-polint
ﬂeldl:lndmrux&lsmumta. mumtzm .
queériats B, C, an* D ix Figpzre 12 wsisg 1linesr Incerpclaticm between

end poixts of the qusdraxts. his aversgisg yields 4

Argcaexts aloag the limes of those om p. 91 of Mef. 8 Indicate that for
the NLE blade, E‘.Egszs.s. Thas, for 100 kY om the ELE, )

i;sx.z:xxo‘ = - ‘

Let ws assume kit ithe tip of the rotor has a2 velocity of 250 /s (2kis

corresponds 20 2 speed of X = 0.75, vhich is conserratively below the
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{-.g Xich = 1 Bixit for Belicopter Blades). t us 2lso choose 22 = 2/ Imch
=635 % 10-3 x. Schstitmtime 2E1 these maloes fnto Eg, (1) 7iclds £

i - 250(6.35 x 10-3)(1.27 x iﬂs) 2=

-

2(2k= x IO’) g
;
= 56 122 - i
!
Sizee Lotk dischkargers ox the blade should LiscRirge ronghly the same

cerrext, a=d sizmce omliy dischargers In qguadraats B, C, - D 2re active,
the total cecrezt discharged By this cowplimexzt 2t a2 hellfcopter potextial
of 100 kY 1g i{

e LR R T

l’?g. sl = 12056)

=6Zph -

This Iy slightly Iix excess of the G00--% peot chrrging cxrrent postxlzted
% for the ELX belicopter.

Let ws mow comsider tho desig: of discharrr Installstions scitadble
for NMRE. Tie asbove caltxlated value of Lotal discharge cxryenl mesxs i
ths? two treilisg disckargers pex blaéde cax ressomsbly be expected %o
hanéle 2he meximmm smticipated ~hargisg csrreat IO the EIX while Molding
the vekicle potentizls belox i00 kY. The resslits oblained above slso o

- irdicate that Ix the absemce of Iocxlizad pressere redactioms, mooe of '

the Blsde stractzre should resch corves tiresicld wxtil the Tehicle »
potential is In the ramge 250 to M0 k¥V. Fiight-test experiensce oa jet
2ircraft, howerer, Iadicates that smbstaztial presscre redectioms &o 1

(&

oocur 3t the emds of zirfolls, péxittiag corora discharges at polestizls

substaxtially Delow those predicted o the basis of U111 alr meascre-

memts.®>? For exsmple, 2t wis Zownd that BOise omsel oocurred nhem the
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sirerzfe potential was 1.3 tines the trailfcredpe thresiold (e p. BT
of BeZ, $). This ressit vrs obtaized witk rumxdied tizs oz the alvinils.
Satisfictory cperation of purssive diztlhrryper systems oo couTextionel afir-
et 9xs Mot scdfersd wmxtil zirfoll-tip Llisclargers were dereloped o
geserate  colmmm ©f sparce ciarye z2loeg tbr tin of the zirfoll to powride
skielidizg and a correspondizg cooua-*kreskold fzcresse i the regiocs
where lcczlired pressyire redoctioms cam oceer? I= Ioght oOf tkis fe2
afrereft experience, It appears prudest to axticipate . Ixtlzr cooditiccs

on the EiE Lizdes amd tr Cake sSteps Iz the ixitfsl Llade Sesfips fo cfir-
cmmrezt thex.

The preferzed dischrrper fxstallztiom Is sDowa Im Figere I50=}.
Sere, two trailisg Zischarpers are prorided to kwdle the ixlik of tia
2istdarre CIoTwtl. & rocuded Xp cap i Iastriled ox the ead of the ixde
2o Incresse coromsm tiresholds 2t the tip of the Liasde. In particeler,
roemling Idxcrerses the tkreshold of the Iesdiag cotzer Oy z faclor of 2,
sad elinintys Ihe sCxrp edges 2long the top and Hottox of the Blads tip,
theredy imcressing the overzll corosa thresholés Iz the extire tIp regpicn
of e Jlsde. A LIH-type dischsrpes ustallied ox the roumded cap ressits
In tie geterstion of & clownd cf spaoe ciarpe zlomg the rotor Blsde tip
20 riise corone tiresholds eTem furiher. Thas the Imstziiztios of Figzre
24(2) is desigwid %0 “amr Izto accoms 311 of the Ooroma sowrces that
experience om jed trxxsports Imdicates are likely 2o ocomr, asd fncor-
porates prorisiowms for redecizg the LIXriikood of their occsrremce.

If the tip modificatices regrire! to sccomplist the Imgtailationm of
Figeze 14(2) Zmpose wmeccoepladble welekt, drag, or cost pesalties, it is
possible 20 simglify the izs3iizziom semeskat 2o 2he cme f1lmstrated
Iz Figze 14(D), itk some zitenlazt ICss ©f poerlormsnce. Nere thc mormel
squared-off Llade tip is retained, and xtree achargers are Instalied
25 1lustrated. Bemoriag “be rocaded tin C3p redeces the thresholés of
the froct blade cormer 20 rowghiy 250 kT Iz 4241% afr. Also elimimsting

»




x4

o

:

§

g N

Rt ] .

A
.

ROTATION

L I

ROUNDED BLADE
TIP CAP

TiP-TYPE

HLH ROTOR SL4DH ‘
1
L

DISCHARGER

T

207 TO 25~ ) PREFERRED

TRAILING-TYPE
DISCHARGER

ROTATION

l—- MINIMUM

POSSIBLE
DiSTANCE

17 —|

HLH AOTOR BLADE
- .

ROTATION

HLH ROTOR BLADE

e MIAYMAL
| runinouma
POSSIBLE
DISTANCE
SA-2008-15

FIGURE 14 RECOMMENOED DISCHARGER INSTALLATIONS ON HiH BLADES

k
|
}
’s
¢
i
1
{
|
o
|
I~
{
£
-~
~A

1 o~ e r———— - e I B R e 2 o=t cin._
- (O o e §
PR Wil _ . o o b B
o _. - e e e R ) S _




-

the rounded tip exyoses the sharp edges aiong the top amd bottom of the
biade tip If it is possikie for vortexes with their associated localized
pressure reductions o occur at any of these sharp corners, the threshold
may be reduced sufficiently that corona will occur at potentials belorxr
100 kV. Before the desizn of Figure 14(b) can be considered seriously,

it should be ascertained that vortices are not likely to occux in any of
the regions of high electric field at the blade tip. 1I1f, for example,

a two-to-one pressure reduction is conceivable as the result of vortex

generation, the design of Figure 14(b) wiil be highly marginal.

The minimum possible discharger installation is shown in Figure
14(c). Here two trziiing dischargers zre installed on each blade with
no provision for tip-type dischargers to inhibit coroma from the sharp
corners on the tip itse1f. This design has the merit of requiring no
rework of the blade tips, and incorporates only trailing-type dischargers.
‘The results of the nodel studies conducted on the present program coupled
with experience gained on conventional jet aircraft fiight tests indicates
that the design of Figure 14(c) is not likely to be satisfactory. The
sharp coraners on the blade tips will be highly prone to ==ona at voltages
comparable to those requirec to disst:=:ge ine expected currents froc the
HIH. Attempting to increase the current-handling capability of the de-
sign of Figure 14(c) by adding more trailing dischargers will be only
marginally productive because additional dischargers after the first cne
or two add smaller increments of discharging capability (see Figure 42
of Ref. 8). 1t should be observed at this time that the reason for
using tip-type dischargers is not that they add greatly to the current
discharged. Rather, they sre ased to generate a column of space charge
Sehind them to increase the corona threshold of the region in which they
are instalied, thereby preventing unwanted, noise-producing corona from

gccurring on the aircrsft structure in these regions.
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IV BLADE-COATI: 7ESTS

i
Evaluation of the adequacy of the candidzte rotor-blade coating
syst'us was ccrried oul using tne SRI tribcelectric charging facility

shown in Figure 1I5. In thic facility, 2 flox of particulate material

(lycopodium powder}) is directed onto the surface of the sample under

SA-2048-16

FIGURE 15 TEST SETUP USED IN BLADE-COATING TESTS

test. Frictional charging resulting from the impact of the particles

on the test surface charges the surface in the ssme way 2s dust or ice

crystals would charge the rotor-blade surface.

is seazsured by monitoring the current arriving on- the conducting ring

surrounding the target. Ir the tests, the currents ranged from 2 to

6 pA/Itz. At 6 ;Wftz, only 100 ftz of blade area would be required to

- .
Charging current densi ‘
X
1!
generate the maximum current of 600 pA postulated for the HLH. Thus !

it is felt that the tests were adequately severe.

By darkening the
room, it was possible to observe the occurrence of streamer discharges

on the surface nf the test sample.

§
The occurrence of streamer discharges
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was also detected by the existence of radio noise pulses. These were -
detected usirg a2 radio receiver connected to the metal rim around the

periphery of the test sample. The attenuator shosn in the receiver

system permitted 2 rough estimate to be made of the degree of noise

reduction achieved through the application of a particulzr conductive

coating system.

The strength cof the triboelectric charging test is that it simulates
all aspects of the plastic charging and discharging processes at the
ssme time. In addition, there are no wires leading to power supplies
and no electrodes attached to the test sample to cas.t doutt on the
validity of the tests.

Daring the test program, 26 samples (some were duplicates) cf promis-
ing coating systems and bare plastic samples were tested in the tribo-
electric charging facility. The saaples were prepere? by Boeing Vertol
using materials and techniques acceptable for ultimate use in production.

)

The details of preparation of the test samples are shown in Figure
16. Tke smmples were prepared by msking each successive layer of the
coating system smzller than the preceding layer to provide definite
sccess to each of the elements of the test penel. In particular, the
test-panel design allowed for the use of a simple scheme for installing
a current-collecting 2lectrode around tke panel. This was accomplished
by plscing 2 sirip of copper tape around the rim so that the tape pro-
truded 1/2-inch onto the anti-abrasion layer. In this way the copper
tape collected current flowing to ground via the conducting layer as
well as current discharged via stresmers over the top surfcce. The
upper grounded mets. rim in Figure 16 was an zluminux frame installed
over the cutside of tne entire structure to provide 2 definite form to
the electromagnetic coupling fields. This is important to assure rea-

sonable repeatability of the streamer nois~ pulse measurements. The
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FIGURE 16 TEST-SAMPLE DETAILS

The zlumirum fraze was sufficiently far back from the inner edge of the
copper tape that the rim did not collect any of the dc charging current.

The dust-blowing faclility was sec up in n room equipped xith 2 de-
humidifier and heater. The samples were stored in this room for two
days prior to the start of the tests to permit them to dry out thoroughly
0 eliminate leakage through surface-moisture Iilms. Testing in this
envirorment simulstes operation under the low -humidity conditions exist-
ing in the desert a~d in the arctic. Drrizg the actual electrification
tests, the humidity remained in the range 2% to 28% and the tempecature
was in the range 84°F to 88°F.

None of the nonconductive coating = stems were satisfactory. Urder
frictional ckarging, tiey 211 produces wvisible streamer dischsrges and
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high levels of radio noise. The requirements for a satisfactory coatine

~o

AW o news gt -

system are discussed in the Appendix. Uson completion of a dust-blowing

- —~

test, the lycopodium powder used as the charging material was often

0
Er .

attracted to the surface of the nonconductive panel, and formed patterns

showing the paths taken by streamer discharges origizating on the grounded

< e

conducting ris around the test panel ard propagating cat to the center
of the panel as shown in Figure 17.

Xo such dust patterns were observed on any of the satisfactory

UL TR rapamponnmey JeSy

conductivzly coated panels. It should 21350 be noted that there was

never a2ny ncise produced by electrification of any of the best comduc-

tivel y coated panels. The noise-monitoring and recording instruamentation
. was tirned oc at the start of each test so that nolse occurring at the

B i

first electrif{ication could certainly have been detected.

— vy o

)\ description of the blade-cnating samples tusled is given in

- Table 1. (The film resistivity tisted in Table 1 ras deiermined by

! spplying two strips of copper tape om opposite edges of the conducting
layer of Figure 16 and measuring the resistunce between the two strips B
using an cismeter.) The ovorall results of thic tests are summarized in

Tabtle 2. The data are presented in Tnble 2 30 as to persit cosparison 4
of the effectiveness of various bese meterials and their effectiveness

in combination with overcoetings of different abrasion-resistant materials.
e The oisiest =smples tested were Numbers 19, 20, 25, and 26 (neitker of
which incorporated conductive matcrial in its formulatiom). Accordingly,
the woise levels generated Uy these sampies were taken as the 0-dB ref-
erence typical of noise generated on 22 untreated blade, and the noise
level observed on 2ll the other sasples is expressed as dB below this {

reference lcvel. Several of the multilayer conductive coating systeas
were found to be very satisfactory in completel; eliminating discharges
on the surfaces of the blades. Particularly good were:
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B¥S :0-21 + poligymrethane + BX-2 (Sxmples 1 and 2).

BXS 10-2% + Epoxy Prinmer + Acryific Sitrocelliuicse Laogser
(Samples 9 2=4 10).

Magra S-E-5 + Epoxy Priner + Acrylic Nitrocellmlose Lacgoer
(Sr.pres 17 and 18).

Migza 8-B-6 + Epoxy Primer + Polyuretkime (Samples 13 a=d 14).

it fis icteresting to pote tkzt Samples 7 and § are Dot a2s relfably gouiet
zs Samples 9 and 10, zithoogh the mzim differezce Detween the two sets
of samples is that 7 aad 8 kave RI-2 added to the licguer top coaZ. On
the other kaxd, Samples 1 and 2, Imcorporatimg Ri-2, are guieter thzn
Saaples 3 and £, wkich Bave the same formmlztionm withoet Ei-2.

In a2pplying the resuits showm iz Table 1, It shozid always be borme
in xind tkit outstanding coatimg systews prudeced mo detectable molise In

the mezsuricg system Gsed, and skowed mo indicatiom of ckarge accmmaiztios

or strexmerimg. it is possible, therefore, thzt the moise redactioms
ackieved were sabsiaztlily I= excess of 40 &3. The effort to skhielc
axd otherwise improve the messcriEg system 2o increzse Iits dymamic rasyge
wzs beyoud the scope Of the preseat comtract. Uktil more crrefmliy com-
trolled mezsuremests cax be made, however, It Is safer mot 25 try splir-
ting hairs comcerzimg the dazte of Yible 2 by argaing tkat ome system is
oaly 2 few dB better tkam zmother. Imstead, it should be comcloded thit
four of the systems {(listed above) prodcced mo deteciable streamer molise
wnder fzictionzl ckarging, whiie the rest produced nolise of greater or
lesser degree.

The results of the streamer-soise calcalatioms, skown in Figaures 4
tiough 7, indicated that streamer polse oo the blades must be redooed
by over 40 dB to brimg 1t down to the daytime-atmosphere lervel. Tixs
there is Do merit in comsidering paint systess that camzot proride this
degree of moise redoctioe.
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in 2= effort to determine iy some of the coatirg systems were more
sztisfactory thaxn others, it was argved tEat ook possible meckazisn leas—

iz to th>» observel nmolse-redoction Sifferezces ocomld be molectlar fzter-
actions between the coodoctire sebstrate and the imsulaticg, abrasion- i
resistaz=tl top oozt that z2ffecteld the Izsrlating »zd voltage-brexidovm ‘

-

ckaracteristics. It was feit tkat evidezoe of tkese fmteractions axd
thelir effects ooxid be gaived by messuring the electrical ccodoctivrity
of the variozs surfaces. Accordingly, am experiment to mezstre the com-
doectivity of the Blade-pasel ooating-xystem samples wis desigoed.

TR S s o

—

The experinest csed a coexizl resistamce measzrizg prode fllcstrated
s Figzre 18. A ooaxizl desigm was chosesm BDecamse, witk tkis siroetere,
211 currest flow is conflinmed bDetween the irmer and ouwter coadestors.
Thas, sccorite meastrement of resistance is possidie eves mezr the eipes

-

of paels. The &imezcioms of the coxxia]l probe were chcsex so that the
comdactivity (In olms/I}) of azy sarface coeld be detrraimed by acitiply- 1
izg the meas<red resistazce by 4. Iz order to ottzim wxiform sarface
coztact orer ke extire probe, soft, comudactizg vizyl peds were applied
to the trass coatzcl peds of the prode. These pads had side-to-side
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resistances of less than 1 olx. 4

Initiz]l messcremests revealed 2kat severzl cf the pasel smples
showed a ssrprisisgly kRigh comdactirvrity at lor (1.5 volt) rvoltages.
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o
(LA SV P
[
dteta

o
W b e

Toriler testisg, pericrmed t=oer the sape femperrimre 2o Momddity oo~ -

diticas as described earlivr, shows tkat all of the pazel sawples xith 4
the BNS i0-21 bese material gave high comdactivity at low voltages. 1

P OVORN

Since the sbrasiom-resistazt top coxticgs oa these padels are ges-
} : erally mcacondocting, the materizix were suspect and a xicroscopic exami- : ‘
matiom of the panels was made. Figzire 19 soxs 2 photogriph of the
surfisce of paael Sasple Xo. 7 nsgziflied 10 ttimes. it <32 be seen from
the photogripa that the surfszce is irregular. A microprode attached 2o
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AGURE 18 COAXIAL CONDUCTIVITY PAOSE USED TO DETERMENE THE ELLCTRICAL
CONDUCTIVITY OF VARIOUS HLH BLADE PANELS
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3 AGUEE 18 PFUITOCRARH OF TYFOAL SUADE SAWPLE Wik SWS T0-Z1 BASE
MATERZAL {60

{

had

an ckmreter revezled that the " smooth” wallers shosm iz the photorragd

_,,_,__',..

were mooccodiactive akile the “momztaivocs lomps oa the scrizoe were
coodfactive, eren wbea tomched xith the slighitest pressTre. Thewe lonps
are evide=tliy the ENS 10-21 Bese ooat, asbhich haxd erunlted throxmgh the top

-
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coat, leadizyg to the Righ valoes of coodactivity (lox resistaoce) ooz

+

[

sar>d by the corxial prode. Figorme 20 shows a photogrash of ooe of the
“mocztaics” observed oo Sample 2 =t XX magmiffcation. This mosmtafs,”

axile Lefnp someztat larper 22am most, wac Dol atypical of those odserved.

w

"

Table 3 shors the results of the surizce-resisiivity moassreneats

—

m3de ca the pamels xith the EXS 10-21 kuse coat. Eaxckh resistivilty waloe

shonm in the fircre is the arerage of fire measuremeals oa exch pasel.

"‘q

- It c3n Bbe seen 232 there Is 3 Righ dcgmee of correlation Letzven the
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measered serface ocumdinetivity aod e oofse nefinctiopn z2ifocdierd 57 cach
coating systess.

Tatle 3

CPITESDY OF NOISE TIUTTIN D0 SEIrE
ESSISTIVEYT OF PASELS ¥ITK BWS I06-21 EISE QOAT

Se=riaoe
Tolse Dedocticn | Besistiviey

Sarole Ember €&8) 10)
3, 2 50 )
3, 4 3%, >0 200
s, 6 28, 20 1200
7, 8 37, >0 20
9, 10 >0 20

1, 12 29, 19 = o 1200
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The measured resistivity data also are consistent with a general
description of the surface. To the observer it appears that the panels
with a high conductivity (and good noise reduction) were the roughest
{and consequently had the greatest exposure of conductive base material).
Another qualitative observation made while the panels were being examined
was that the top-coat materials over the BMS 10-2]1 base coat were easily

scratched, and seemed softer than the other top-coat materials tested.

The remaining panels~~those with the Magna 8-B-6 base material, aand
the panels with no coaductive base coat--were similarly examined under
a microscope and subjected to a low- and high-voltage conductivity mea-
surements. These panels exhibited no measurable conductivity at low
voltages, so high-voltage measurements were made. The results of these
nessuremsents are shown in Figure 21 together with noise-reduction data
from Table 2. It can be scen fros this figure that the data foris three
distinct conductivity groups. It is slso evident fre=m the figure that

there is a hign degree of correlation between conductivity end noise
reduction.

Figuie 22 shows a2 photograph of the surface of Sample 18, magnified
10 times. This panel has an epoxy top coat and the Magna 8-B-6 base.
Tais surface was typical of 2ll panels with the Magas base cost. It can
be seen that the surface is very smooth, with no irregularities. Theo
surface was moderately hard, resisting easy scratching.

It was calculated from these tests that the Magna 8-B-6 base coat
covered with either the Mil-P-23377 plus Mil-L-19538, or the Mil-P-23377
plus Mil-C-83286 abrasion-resistant coatings were superior to thec other
coating systems from the standpoint of noise reduction and mechanical

properties of the surface.
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FIGURE 21 H!GH-VOLTAGE CONOUCTIVITY OF HLH BLADE PANELS WITH MAGNA
8-8-6 BASE MATERIAL
It was further concluded from these tests that the lox- or high-

voltage conductivity measurements could be z viable technique for check-

ing noise suppression on the HLH blades ir 2 field enviromment.

Some of the other considerations imporicat in designing a streamer-

free surface zre discussed in the Appendix,
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FIGURE 22 PHOTOGRAFH OF TYPICAL HLH BLADE PANEL SURFACE WITH MAGNA
8-8-6 CONGUCTIVE BASE COAT




¥ CONCLUSIOXS AND RECOMMENDATIONS

An a2nzlysis was made to determine the noise to be expected at
typical LF and HF antenna locations on an ummodified HIH helicopter.
This analysis, based on previous work substantiated by flight testing on
coaventional aircraft, indicates that noise¢ stesming from coroma dis-
charges from the blade tips or froe streamer discharges across the plastic
blade surfzces will produce interference levels 40 dB or more abcrve day-
time ataospheric anise. The LORAX-D System designer can achieve improved
systea performance until he has reduced his systes inpat noisc figure to
the atmosplieric noise level. From this observetion it can be inferred
that such systeas are now, or ultimately will b2, operating at the
atnospteric-noise-level limit. This means that the predicted Toroma or
streaser noise from the blades will severely degrade the performance of
such 3 system. In psrticular, the analysis indicates that 40 dB ox
noise reduction is required to reduce the electrostatically generated
noise levels to the daytime atmospheric lervel.

Electrostatic-model studies of the HLH helicopter indicate that it
is possible to devise 2 passive-iischarger instasllation for the helicopter
blades thst will hardle zhe maximum anticijeted discharge current of
600 pA predicted for the HNLIN helicopter xhile providing 45 to 60 dB of
corons-noise reduction. Various discharger arrangements on the blades
were considered in light of prcbable aerodsnaxic conditiors at the blade
tips. 'The one recommended for use on the ELH is based on presently be:;t
available information regarding maximum expected pressure reductions in

the vortices generated at the corners of tiae blade tips.

The results of charging tests conducted on candidate conductive-

coating systems for the blades indicated thzt four of the coating systess

Preceding page blask 7
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! tested were highly successful in eliminating corona discharges on the
blade surface. The dynanic range of the setup used xas such that noise

reductions greater than 40 dB could not be specified quantitatively.

¥hen the four successful coating systems were tested, however, ro noise
whatsoever was observed in the test setup. It is recommended tkat one
of the four successful coating candidates be selected and applied to the
blades of the HIR helicopter. The application of this treatrnent will
previde the required 40-dB strecmer-noise reduction needed to approach
the atmospheric noise lixzit.

! In connection with the conductive-coating~system tests, it was

found that two systems that were essentially identical, except for :ihe
addition of am additirve in one of the layers, produced markedly different
x noise reduction. It was speculalted that the differences might stem froa

s differernces in the ease with which the too lajer of the coating system

1 punctures electrically. In order to pursue this question, and to identify
the “better of the good panels, a2 measurement was made of the surface
conductivity of each candidate panel using a special, coaxial, surface-

* condictivrity probe.

These mezsurements revesled a definite correlation between the con-
ductivity and noise suppression sfforded by the different coating systexs.
The panels with high conductivity showed good noise suppression, wrile

f v tke panels wita low conductivity dewmonstrated poorer noise-suppressing
capabilit] rs.

A microscopic exsmination of the parel surfaces shoxed that the
parels with the BMS 10-21 bese coat had irregular surfaces wxith what
) appezred to be eruptions of the base-coat material through the top-coat
) layer. Jince the panels sub-coated with Magnz 8-B-6 did not have these
eruptions, but sowe of them exhibited gooi noise reduction, it is sup-
r gested that the Magna 8-B-6 base coat is superior to the BNS 10-21
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because tae ilagna 8-B-6 appears to resuit in a tougher coat. No measure-
ments of abrasioa resistance were actually made during tke present program,

hoxever.

These measurements also showed that 2 conductivity measurement could

easily be adapted for an "on-site” quality—control technique to determine

o P R Y TR .. T '—"“‘_"—'"’.”J

the noise-suppressing capabilities of an ELH blade while it x2s swoxinted

on the helicopter.
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Appendix

REQUIREMENTS FOR ELECTRICALLY CONDCCTIVE BLADE COOATINGS

1. General

The surfaces of helicopter blades are made of in:ulating plestier
mzterials. In operation, these surfaces azquirc eiectroustaiic charge,
which ultinately results in electrical brexkdowns to metal:iic structures
of the blade. These breakdotns gernerate radio roise tkat can disable
communication and nmavigation systexs on the helicopter. Tue brezkdosns
can be avoided by drawing away the ckarge as rapidly as it arrives.

This can be accomplished by making the plastic sufficiently concuctive
or by apolying 2 conductive filw ove~ the plastic blace surface. Often
it is necessary to use a double-layer coating system because the cor-
Gucting materirl is too fragile to sithstand the abrasioa of normal

helicopter operation.

2. Single-layer Conductive Coating

It is of interest to calculate the miximam value of the surface
resistance that can be used before the elcctric field at the surface of
the plastic becomes high enouth to result in air breakdown. Let us
consider a surface on shich ckarging is occurrirg as shosn in Figure A-1.
Chsrging current density Jc =50 x 10-6 A/ttz = 500 x 10'6 A/-z2 is arriv-
ing on the surfsce in question. This causes current to flox along the
surface to the grounded ccaductircg rix. At a distance r from the center,
we x'11 have a total current crossirg the boundary of

2
Ir) =J «©«r {A-1)
foai> 50, 57 and 52 ook
53
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FIGUHE A-1 CURRENT FLOW IN SURFACE CONDUCTING FILM

The current per unit distance £ around the circumference of this boondary
is

2
) _ Jc -
£ = 2=x
c

The voltage drop this current generates in the infinitesimsl distance
dr is

da¥ ==IT(r-lEdr (A-3)

where R is the surface resistirity in olms per square. By definition,
the electric-fieid intensity caused by this current flow is, from Eg.
1-3),

I(r)

E(r) = = T R . (A-4)
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i Sobstituting Eg. (5-2) into Eg. (Ai-4) we cobdtain :
: t
- i
E(r) =3 r B2 - (1-5) )
€ i
Solving Eg. (&4-5) for R {
@ L
, {
H - i
= ZEL (1-6) |
| Jr A
. |
If we specify the maxiwmor field intensity we can tolerate before 2ir E
% breskdown occurs over the surface of the blade 2nd define the charging- .
{
% ccrreat deesity, Eg. (4-6) defizes thke maximom perzissible va2i=>» of szr- !
% face resistivity.
£
! 6 .
: Air breaikdowa occurs at sea-level pressure x3em E =3 X 10 . Let j
g us assume that r = 0.5 = (a rather large surfzce). Recalling that wo
- % said Jc = 500 ¥ 10—6 Alnz, and substituting these vzlues into Eg. (i-6), 1
7] 5_} we obtain
ri
1]
i 3 x 10°(2)
R = =
500 x 10 (0.5) 4
|
- -2ax1’ 00 .
i
fgz —
- é To sllow for some sa2fcty margin, let us say that we require R = 1000
megohms per square. ) 4

It 1s of interest io see shat this suriace resistirvity implies re-
garding the bulk resistivity of the material compromising the condacting 1

surface filx. The surface resistivity is related to the ulk resistivily
by

(-7)
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where t is tke filn thickress. Asscripg 2 filr thiciness of t = 0.001
-3 10
Sfoch = 2.5Y¥ 10 on, 2nd B = 10 olms per sguare, we ficd from Eg. (A-7)

that tke Balk resistirity required in the surface material is

10
i0 (2.5« 10—3)

D
1

2.5% 10 otm m .

3. Double-Layer Conductive Coating

In cocsidering the possible optioms for belicopter-blade treatment
it is evident tE2t oc> kas the cholce of making »n abrasiom-resistant
cooductive coating, or of appiyicg a3 more fragiie cozting ad covering
it xith 2 thkin Iayer of transparent abrasicu-resistant material tkat
either cocducts or breaks dowm, 2t 1ow voltage levrels, o the coxlocting
layer undernestk. Let us poxw comsider the two-layer system inm wkick 2
relatively fragile comducting film it 2pplied orver the blade surfiace
acd this is tkes coveed with 2 more abtrasioe-resistazt larer. The outer
layer must be carefully chosem. If it is not, the systes wiil mot fome-

tion p-operly.

Ide2ily, 1f the outer anti-abrasios coating material is a good izsula-
tor, it shoald be safficiently imperfect that reazsczably closely spaced
holes exist between the ouatside of the coating and the condiucticg layer
underneath. A thizm filx that is 1ikely to Rave volds appears to be a
good first choice. Less energy ic reguired to puzcture a thin film, and 2
thin filu when punctured probably would suffer less damsge and generate
less radio ooise than would a thick layer of material.

Instead of assuming that the ocuter anti-abrasioa layer is a perfect
insulator, it is of interest also to cocsicder tke case of an aati-abrasioa
layer with some bulk electrical cooductivity. Surfzce charge ¥il1 still

56
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2ccumalaty oa the octside surfzoe, and 2 high electric field xill exist
izside the outer layer, bat pox we will kave some currenmt Ilox 'hroogh
t2e top layer &0 (ke oonduocticgy film, Eet vz concider » recion of anti-
2trasfion maleria: BavIsg o sTrfzce zrez A and 2 thickoess £. The current

I arriring ou this zarea is

I=JdA (3-8)

sbere J is the surfzce-ctargieg-corrent dez=sily. The reslistasce B from
the top surfzce o the ooaducting filx is givez by

B =— (x-9)

skere £ is the bal¥ rezfistivity of ke axti-abrrsioc-Iazer materizl.
The w:lt:n;e €rop ¥V across the cocdocting a=ti-abrrsios layer fis giveo
by om's lax,

Yy=1I s (x-10)

¥e want to make certafm that thig vitsge appearing across the a=ti- .

abrasion layer does Dot exceed the dielectric stresgth E of the

zaterial defined by

¥

=2
£

E =
RIX

- *-11)

Substituting Eys. (A-8) and (A-9) imto Eg. (A-10), aod then substitating
Eq. (A-10) In%0 ZTg. (A-11) w»e find

E=JA . (A-12)

‘.’l-lp.
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Solving Eq. (X-12) for tke iulk resistivity wxe odtain

E
o= == {3-13)
na3x L4

vhich tells ws the Brzlk resistivrity peeded to perxit the a=ticipated
ckarging-corrent density J to flox throogh the anti-abrasion ccating
withort exceeding the dfsrlectric stremgth of the coeting. (FThe foregoinog
argamects presume that tite anti-zbrasiom layer is very tEin so tkat zll
of the fields prodoced by tke static ckargizg are morxal to the plane of
the conducting filn maderzeatk).

It »1i1 be imterestinmg to w=se Eg. (1-13) o czlcclate z typical
rzive of xlk resistivity resuired to meet ogr criterfoc cf 2llcowing
the cxrrext to flow tkroogh tle axti-ebrasion sbeet without punctorimg
1t. In the flight tests descrived im Refs. 6 throogh S, it x2s fomod
tkat surisce ckarging carrercts a.\mcbnlmzshigbusowztz,
so that J = 5.4 X m" Alcnz. Let vs zssome that the z=ti-abrasiom
1zyer is mrde of some mzlerisl havimg 3 dielectric stresgih sixilar to
t33t of 2 plece of glass 1 am thick for vhich Em =25x 105 to

3.5 x ’.05 "Ian. Scbstitaticg these mmbers Imto Eq. (A-13) we Jind

am = 4.6 X lﬂlz to 1013 ol cx. These resistirities are sereral orders
cf{ xaguitade lcwer tkan tHose publisked for mazy of the modern plastic
materials used in foramlating painmts, accordisgly it will be necessasy
to either choose the paiz¢ material carefully or %o locd the paict with

coaductire materizi.
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