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ABSTRACT

The mechanism of zgas movement in the electric wind is
considered and an approximate thecry presented wirich relates
relavant electrical and mechanical guentities. Among others,
the foliowing reletionships are shown to hold: Veloclty is
8 lineear function of voltage and is proportional to the square
root of curreat; 1f the density of the gas is not too low the
efficiency of electrokinetice conversion is proportioral to the
de2nsity and the velocity is independent of the density; aear
gnarkovee efficiency is independent of voltage; velocity in-
creases 3lowly as blowvers are stacked ian series; the rate of
czone geueration ir the corona discharge in air is an incressing
functlon of electric-wind velcclty. The forms ol the eguations
releting these variables are fcund to hold in a variety of
czpes even though sesumed boundary conditions are noi observed
experimeatsglly. The practicel utility of an electrostatic
biower 1s limited by san efficlency of operation in the neighborhood
of one percent. A survey of the literature snd an extensive
biblicgraphy are included.
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INTRODUCTION

The phenomenon variously known as the electric wind, corona
wind and electric avra refers to the movement of gas induced by
the repulslon o ions from the neighborhood of a high-voltage
dlscharge electirode. The effect is most commonly observed with
astmospherie air, but other gases and insnleting liquids may
aloo 2 employed &3 the ioa source and cerricr medlum,.

In the follovirz study we shell be concerned ehiefly with
air and gphal) eiemine the practicability of using the electric
wvigG a8 on sir-pmoving mechanism. An electrostaticd blower
oparating on thie principle directly converts electrical energy
inteo the kinetic eusrgy of o moving ges stream. Thus, lacking
poving rertg, 14t ean have advantages oveyr conventional fans In
aress of applicasion vhere high-voltege lovecurrent power is
available, gimple sturdy conctruetion is required and noise,
gyrogeople effects =2ad other consequences of rvobational motion
cannot be tolerated. On the other haad, for gaoes tut nob
necessarily for liguids, the electiostatic blower is sgeriously
handicapped by an efflclency of electrokinetic conversion of
gbout one percent ac compared to 60 ar 7O percent commonly
found in convenitlonsl fans.

The older Bexitbooks on eldectricity end magnetism almost
Invariably contained a discusgion of the vlectrie wind. Today,
thin phenomenon, vwhich wap decemed worthy of attention by Newiom,
Faroday, MaxXvuell, and a host of ovhers, ls generally ignored.
The curveansv llierattre on the sudbject is seanty and an up-toe-
cate bibllography opparently does not exist., The onliy compre-
renasive zurveys ot the litersture seem to be that of Tomlianson
(99), ir English, ecvering the period 1760-186%, and that of
Lehnan, in German, for the perled 1760-1898 (61, 62). 1% s
c¢f pracivlesl importnace ard hisitoricel lnterest to extend these
cates i both directions. The appended review snd bibliography
wlll, thercfore, be longexr than ig customary in & wveport of
this type.

— st Ld

“in conmiormity witn [Freguent utage clecirostatics iz taken to
inelude Yow-currani, ulgh-voltage processts, An clectrostatie
tlover may draw huacr2de of wicrcanperes of current and is,
iherefore not gtrietly & static device.
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THEORY

Zlectriesl fundementals. If a1 erectric fleld is impressed
upon a3 ionizaed gas the iong will treverse the field and, by
" repeated collision with the uwnehargad molecules present, Ilnduce
an ova~5ll motion in the curroundiaz velunce of gas. The corona
discharge in alr ofTers the simplést meaus fov egtabllishing
thare sonditionse For a poticeable electric-~wind effect, it
ig not neeessary thet the gag he heavily ioniseds Indeed; heavy
rontuablen i mot possibie ia the ¢drcouns discharge. For
atmosvhesric alr, untar e experimeanial cenrdltions tg be
degeribed, & moxiamwme concentration oF vne loa per 1039 molecules
is chargeberigtic.

Au alec acbaLjL blOVar consizts ﬂ&mﬂu'lally of an

the aau uﬁ;uq movad. acb infiniteaimal volume of gas hetween

the elepetrodes conwaineg an elecirice chorvge of densitv ﬁ)coul/m3*
and 1o sctod wpon vy en electrdc izl of intemsity ¥ aewton/coul
{wv/m)™e Uhe prod.ct pB therefore gives the electrical force
exerted on & upit volume of charged gas. [Jorce per unit volume

ie the force per uwait sres par unit dlstance perpendicular to

the arza Ila guestlon und may be repwesented as o pressure gredient

¥p ':,JQE, (1)

2
vhere p I8 “he pees.ure in nevton/m>. Iield intensity and spece=
charge 6ensaty are 1¢lated by Poiscon'e eguation

s

<7 . —]_‘ ”/Q/& (2)

vhere £ 1¢ Ihe absolube di2lsctric eomstons of the gas In fered/m.
Tgumntion (2) nebles us to eliminate © from Equation (l)

Yy w2l (T F). (3)
Ghe faprcssed voltar: V (v) 48 equul to ile difrercnce ia potential

[}
scross Yhe wuo elesteodes. The potenties 4 {v) anywhoere 'n the
eyaven is siven by

Fas

e ~Gde (%)

The passag? ol current petveen the dlactrodes is the rcsult
€ *“wo rluultaneous o7Tfecta: (1) moveuent of chorge relative
to zh2 rein body of .us ead {2) trenspori of charge by, rather
thaa Lhrougn, the 2.3 streaw. Assugial tha% the gpasce charsze
conalott wually oi 1lwns of ome kind, @& coaditlon that '8 elosely

* The re.kew. sysie.. of unlts is wsed ta-csghout,
% A Bar crer o cy3vo) desimAtes & vectup. A newton 1is
apprexinntiely Qe *3 1b idree.
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eatisfied outside the active region of corona glow, the first
component of valogcity isg bE, where b is the ionic mobility in
(nfeecy/{vim). If ¥ is the gas velocity (n/seco) relative to
the elcectrode systeom, 1.e. the veloclty of the elegiric wind,
the totgl iaalc velscliy V¢ 4s

¥, = v + bi. (5)

fhc current density J (amp/mQ) iIn the reglon betveen the electrodses
is tuen given by

3 = p¥y = p(VedbE). (&)

Ellminating @ betucen Equatious {2) and {6) we have

J = (T + E)(T+BE). : {(7)

Prox Equations (3) and (i) we can express the generated
pressure a5 a fauction of the applied voltage. Equations (7)
and (4) give itie current in terms of the voltage. Ve r2quire
cnly & relationship Llnking pressure and veloeidy end tae
perlorasace of the vlectrosiatic blower will be conplet2ly descrived.

It is interesting to note that 1f Vbl wo Mave J = bpR, 1.2
force per unit volune PE is proportioual to current density.

Elcetrokinetic considerations. Alr w1l move through a
Elowver et the wveloclty at whichn tie serodynamic back preasure is
equal o the forwari elecirical pressure. The {otad bazik pressure
is the =zum of the individual pressurc drops across cack of the
clenents of the blover system. fThe follcecwing pressure loasses
ere enccuntered (77, 36);

1. Bnutry loss Klﬁhvele. P, 18 the gay dencity (kg/m3).
Ky werieg from %0,0% [or & properly curved entrance tc % 0.9
for a plain open end {re-wvatrant) pipe.

2. lLoss along sireight duet = fLFhVQ/ED. L ie the plpe
Jcagth &nd D the dicreter. The Reynolds aupber R is egual to
Lvo./u where u 1s t.e viscosity of the ges (dekapoise). TFor
R,>2,000, 1.¢. “turpulent flow, the coadition existing 11 the
experigental blovers, the_ frictlon factor i ior smooth vipe i3
given closeiy by 0.:156/Rgd/ k.

3¢ Losses at 2xpannsions and coatract.ons = uepav?le. The loua
coelficient Ko is a factlion ol geomeiry.

h, 1uss at eacnge in disecbion = Ksﬁgvgle. K3 ds 8 functionm
of geoaetry, >

%o Diocharge logs = xapkvelﬁ, K, = ..0 for re-entrant pipe.

5. Sereen lc:a:_; = xr.-ﬁ,v?/?. Teiis ds appliceble when the
coliegtldag €lecocua. 0 & desceu (+3)s Ii d 1 the diancter of
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gereen vire and s (e wire separation, the porosity i1s given

by 3¢ (1es/d)%e AL wormal incidence agnd g:90.5, Kg 18 essentially
jndependent gf v except 8t very low velocisles. Empirically

Kg ° 0.47 Q52-0.57). The foregoing relativons veary somsvhat vieth
type of turvaualeace.,

Except fer the straight duct und scereon locses, eack ol
the above pressure dropsg is proporticnal to the square of the
veloeldy., I tLa scr2en ig saitably chosea, toe ecreaa )oss
v1ll be s0 preportional also. For o bleowsr the leugth of whieh
§3 not vuch larger than 1%s diametai the soralght duct loss ie
regligitles, In a louzer blower the leoss c¢raffliclent may, to a
firgt apyprosximation, o8 coansldered constanzi. (Qver the raage
of velocity of 0.8 to 8 m/sec £ varies from Lok = 20-2 %o
£.h x 10°2 for 2 T-tn diaretcr blover duet in room air.) We
ray thun wriie

Bauwations (1) «nd (€) yield anotber unseiul relationship

Gp = (J = pF)/V. (9}

The quantity OV 1s ihe exvent to which the cnrrent demoity is
inereysed by the cavrier ¥iuild moving under the influence
cf migreting lons. In liguide PV mey be comparadle to J; 1la
gages it ip, Tor our purpousec, megligibla, We have, ther,

o ® J/v. {10)

We ehell ecafing our ettentlon to plane parallel, cone
cendrle ppherieal and coaltial cylindrical glectrode coafigurctions.
{ plane clcedrode guprortiung a cocvons diseharge is, of course,
ot realizable Iln pyactice. A plane parallel system ls,
revariheless, en sdeguate approximeition to cexialun practies)
gcometrien, Coacetairlic sphericul electrodes, in their sinpiest
c¥parvimental form conarlise & point discharg? and a ssgment of &
cphericel surface, rhz laster ocorving es the collecting electrode,
toaxlsl cylinders u»3 gonveniently represented by a discharging
wire andc a segacat of a coaxlal cyl:undrica’ surface.

It is nscuned haf, the electrical and acrodynsmic boundary
gondiltices are jdentizal. Hence tha direc:lons of the veetors
¥, J ond ¥V arc tak2:. Lo be the same &t sny given point in the
Jater-elcctrod2 reg . 01. In order to contom to this restriction,
cnly tiic plene para.lol blower car ve Huils In a duet of unifornm
€ross eccetion. Tae snxherical eleotrecdes rust be hnoussd i e
cusuical dJuel and i sylindrlesl elcctrode:s in a vedge-thaped
¢uct, It will we s oun, aowever, ihat marked Quparturoe froas
tuese ccrditivas nt-d act iavalidate the fuactional forms of the
sslatiorshijrs oetwz: a the variebles.
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In eachofithe taree coordinate systems meéntioned ithe preassure
gradieat is given cy

- .
,VP, = dp/dr (11’
whare v 1s the distance from the diacharge elgcetrode. Thus.

for gases, the pressure differential malpteiping the eleectric
wind i3

T

o
9 -{ 4 ar {12)
"'1'3

where ry and r, ere, respectively, the goorvdinaies of the
discharge and collecting electrodas.

Azsuming constend mobllity, lguations (8) and (12) combdbine
Lo Livs

e .g[f?
o [
vy :/_%5. jdz (13)
J’a J

-

waere J s § (r, »v.. £q)s Im an expandlag flue tne loss coefiicient
K is a3 Ineressing functicn of re. The gquantity vy desigaates the
velocity of the gan ng it panses throuzh tie collectimg electrode.
the ecurrent denalty is dopeadeut on the gecmetry of the sysien

end i3, in addivion, proportional to taue cirrent. {Jeaseguenily,

‘ v1/
ve = 8y (1/pghx)HE (1)

whore oy 1o on eppocariace functiom of the geometry (m"*la) and
I s tac c¢urrent (aun). 7The gos veloelity Is thus proporilonal
to Lhe cquare root ol che ¢urreat.

3ieee 1a goeses, the clectsle-wim@ v locity ie wery nuch ieos
T own tae logde welcoiby ®elative %o tue Jas, idquation (7)) eimplifies
t_ R

J - bﬁﬁ' E- (15)

Feon 310 solution e i3 eqgvavion e o rronit nay ue expreesced

as t. fagetion oY the voliige. oy esounizyg v n approprisie form

for the glectrlice«fic~ld sorengtin ol itaz diszscpacge electreod?2, thig
cavirentevOoltbas® rele fanashiv e wesrr shour, For certain geometriesn
(93; 21, 56;) Lo be
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iow gEbY(VeY,) ° (16)

vhere go {u=d) is a function of the gecmet.y, € 1s the dielecirie
conatant of the gae {faradfm), end V5 ie tie appareat corona-
gtarting voltage. Dguatlion (16) finés experinental coafirmetion
cver ¢ mwuch wider runge o7 geonetries than Por which azalytvical
colutione of Equatics (1l5) are available, anc may be assumed
ceaerslly true for cpasccoecharge limited discharges of the kind
considered {6T).

? stituting Eqgquation (14) ia Fguetion (14) and satiisg
gla? & g {n-%+) inere vesuits

Vc = f‘is(E/ng)lIQ[v(v“vg)] 1/2‘ (1?)

e are melaly isnterceied ia the region V:avs. Expandiag the
birae ketcd tery, we cobLiain

v, = 83(34pkx)1/9 (V-VB/Q * .os) ' {18)

er approxigate liucer relntionship betwecen velocity and voltage.

Yhe kiaetie ecurzy of & mass of aiz ¥ (hz) omergiang from a
biover ip a tire invervel & (cec) is Mv©/2. The kimetie powver
cutout P (w) 43 thoa givea wy

@1 o2y LteM 2 1 .3
PO a-&—"qb- a‘!‘lc )B > 4t Ve = efgﬁ'ic (19)

visese A (me) is the crogus-sectiornal aree of the duct at rar..
iltesneilvely, we uny write, usiag Bouations [17) and {19)
) . 2 in
3 : / [ 3 -5
2 =l /p, k%) [v(v-y, )} (20)

vieve g

= 4;'3"."‘ (Ir!.’ Y

“he fractinsanl 2ificioney of electivkiaetic conversion %
is defined as

?“Pg/?i {21)
vie ~e P: s ¥1 i3 tiae olegurieal powsz in-vt (w)., Setting
z, = :1sgnlfaal9 fdimeasioilens) (e2)

f-
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. 1i/m 1/o
M (o /o) el [evv ]

Tke clectrical power input may be &ivided into two parts,
Vel, the pover necessary Ior ionm generaiion in the corona dis-
cherge, and {v-Vg)i, the pover consumed in maintaining an teoaic
currgnt acrose the electreode gap {(9CG). In order that the
geleulaied =fficiency may »e compared with that of a blower
provided vith en loa scurce gther tharn a ccrona dilscharge, it
is coyvenient %o take the guantity (V-V ) i as the powver input.
Accordlngry,

. 1/e : /e
Moo P‘,,’(V-vg)i =(W'b)(ﬁ/,og!t3) [V/(v—t's)} . (2%)

it order 10 acileve maxiava oculpub, 1% iz noeecssary to
operete s blower eloie w0 =2parkover. Tho effislency norually
astalned ip practlice iy, therefore,

Y = (g, /0)(€ /logK-”)l"e- (25)

v o

The quantities L,r, uad o, are known. The losas coefficient
K nay we estimnated (17,86) oncé +he geometcy is selected, but

for greasest accuracy is best dstermined experimeantally. The
fanctrons g way bhe culculeted subject 4o corsain simplifyfng, ead
perbaps tavalicetlnz, assumptions. They chould, in all cases,

b2 checkad axpurineancally.

Calenlation of #'s, The g's are fou,d 83 follows. Let the
saboerripis 2, ¥, aad n Jesignate plane paraliel, cylindricel and
8oherical clecisode systems respectivery. WwWe have then

Iy = i/a {26}
3y = ifr al (27)
Je = 1/rc?11 (28)
waere © 13 the gplave cagle subtended by the segment of the ey-
didrica) surface for-ilug the cylird-izal collecting electrode,ll

i3 the l2agth of ke rlinder, aad £« iv oae solid angle asudb-
t2ndgd b, the segnent of the ephericel surface comprisiang tas
asherical collecting elactrodes Imtroducing these expxessionc
Siato Nquatisn (13), irtegratiang, emd couparing vith Bquation
{ih), v2 3ee tiat

3y,  (rreg/m)t/? (29
&

| QT
813 ai? ;n(rofrazjeg]ll? (30)

r . _ . 12
318 :{gglnél“/ve - l/?c)} /2 * ('ﬂ“fa) " (31)
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Tae calculation of gs is more complicased. Ounly the final
results vill be given ner:s {(21):

8op @ 248/v - - (32)

A particularly sisple selntion toc Equation (15} is obtzined oy
ascumiag that the clectric-field inteansity close to the discharge
electrode i3 effeewnively zero (Y0). Ia thals case

B, = on/8v 3", (33)

which 15 oF %the sam2 urder of weynitude ss the guantity ia
¥quation (32).

The valus of & for ervlinders hes heen derived ia & pumber
of different wayu., ~‘The uwore rigorous approaches yield {66, 93)

L)

Bp, = 484/ Tin{ry/eg). (3%)

The assunption of a2erco elcctrzc fleld near the digscharge clectrode
resules in (90)

t":’;?y 302/1‘02 P ‘35)

roughly the sane as Zquation (34).

Ageln agsuming sexo clectric rield at the discharge slectrode,
we obiain for & spucrical system (90}

gag = 30/Or . {36)

(Piﬁnlly, calcalating g, (Zquation {e2)) from Eguations {(29)
end (32

Bup = 23 (37)
fron Bovations (29) ad (33)
349 - 3!23 (38)

from Fauations (30) 218 {34)

By * 2V? 1a(ry/ry)s (39)

tvon RLovations (30) ard {35)

This aclutLQn Y *».za!ly of the Sorm i = g ed(V- V )? as conparad
to our 3 = g?eﬂ"'v-?n,, bui r% high voliugze V«V,)* & V(Veig).
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a—— . _fig e

T . - "7 - LI TY % - 5
(:\i!‘y = f-c In (lcjtﬁ}] 3 (‘10)
and froem Eguations {33} aud {3o)

iy ™ (Srcsjhrﬂjjljg. (L)

Preasurg el'feetss J i la shown uy experiment sod theory
. AU~ eV e v izl ., .
thet tie aob;&igy Us 1 g2 over g widt range is

b "f%obo/f% (L2}

vhiere the subseripi o des':znstes st.ndusd conditions (66). Re-
writing %quation (~1) we heve

1/2 /=
To = (8u/fgoPo) (€ /53) / PR (43)

Tae d.el2otric constent £ i conoibly ecisiant over a wile range
of gan d2asitica (2. The efficlencyr, ciacrefore, ilnercases wlth
denelcye We shall fird Phat the efficicacy is very low in
atnospheric a.ir and, for zhis reason; i+t vill b2 ol special
istereat to investigate blover operation et othexr than atmospieric
condisioasg.

‘The deansity meay be expreéssed ia tarus o7 the prosiuce snd
tomporative {Geg )

,‘% = &O(PTQ/PQT) {4k}
whenca

1/: i
N8 (/29 ) e ol aopot D e ()

gzoue geacraticn. The glow sucrousding the cnitting clecirode
of a corona dlscharge in alr and eestaian other gases nay constilute
8 reglon of aiznifjcant cacmical activit; (36). 3In air, ozcne
and, to a leager ex .:nt, oxides of anitrolun erce formcd. These
gases are toxic to lvmans. 0.1l ppm of ozoue 3in air is eommoaly
accepted as ©th? aaxinmn allowable coacentration for pivloaged
perioi; of exposuve {9G).

Fae rate ot which oZone ie genaratel ip the electrie dischrrme
is & fanction of the current esd the ele-:urode geometry. Assume
that for a given gecmetry this rate @ (kz/sec) is given by

G = Ri® (45)
vhere R (kgaa&c&°l/aaala) is & eonstent of proportionality. The

resulting mass concvnbtration of o0zone, Tm (Muss o? s2cne ney | ace
o1 air), is



.

Paga

Tiehpicesnl Papos

tg w wiSfven . (47)

Tac eorpesnondlng volwre conentrotion, o {voluue >0 ozonec per

- n k'S
volume of a3ir), i

C. 2R/t m (13}

vaera g o ia thr deaelty of ozoue.
e concentratlan rovuvles aboe ars valid Jor geries and
peseliel combiastlenn of ddentl el Lleress. In woth cascs 1
ins th?y Sotel carvrent drgvwi by ae mulltibloucer syatem and A is
ta? foUel crosce-gecticnal aree whiceh, la a sevies wrrangemext,
is vacaaged.  Jliudnzaeiug ,h" vu*rcuc w2 ven Eguations (11}

y

erl {(18), ard setilug l/ﬁsL e €y LYy hbain
. - “">b{)“v e 5 (43
\'v < 3&“‘/‘6 i I/ ' ® ., /

For e:0.3 1t 15 clegy that oy ab.cwup? % 0 late hye ozome
by in:creazins Lhe &is-Tlev xote wile 22 iniile,

e Uificusiy exiating vhion e50.3 3, 13 vouc extunt,
raeddcble, o see Cron Fouatton (¢9) Sael 10 13 taea weussible
W0 reling ti:e dnoprl Conelasresion @t 2onstend voiluratele flow
cale 3, woeking gove rot Individes: olowvcys 11 pacalilel, each

uu reg-veed cayenltr. Jpee’fiepily, a re.unired volupetvice flov

(m'-an*) eat bhe 3 ovid>d by 8 nlugla aiever of capacity va
u~ by » identicel porallel blevers azi soviar wlr at the
valeelby v/u.  Dae pasolics ussenbl. 1ds 4 cumulavive ¢rofpe
H.oonizhal avread ale. Tace it ozoae 203centigiion is the soae
T.¢ P32 aysten o 0lowsrs w3 Lo anv 133ividual in 1t ve have,
tad syatan,

? 2 s 4 -
T EsR{GeR) M (v/n) " ljcéo (50)

miﬁhozuﬂe copacntration hir nov beey Ilmintehed dy & Pavtar or
ne &

<

for

Tie efficliency In tesns of the ni1bas. ¢ parallel upite .y

Lo oboinzd Srom Pegnavlons (37) aud (22),

gy 7 . \+/2t 2 ‘!1/2
T ) P} . \1/25 (51)

L+ 1L+

\ 86“‘9" ) ;
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ThETe g v s,?ﬁa oud ¥ = 4, e toicli volunatric flovw rate.
2t 15 2¢en tHut rsdacing the szone concentration ia the manner
‘e faeribod will aleo oring cboct s <everense 3ju eificiency.

blovre g 0 68 .00, IT tuc paictsvae d2veloped by - singie
lowez Lo 8aall, O0v Lhe back pressure ¢f ae cxveranl lcad
car3e, i% ib of pastiealer interest w luyvesitigete the widvantage
of stsalk.ng blovwers in seriece. et esch  bBluser In the series
etsey.ly reperate  preseare p. YPie vhole assoubly tien
geperavet precoure rp. Tids sorwaod pressire stst overcame
wke drtoernel back wronsur: of each blower pu.

¥y ® ‘-‘sﬂ;"ee/ 2 {52)

viepe £ i3 the intcreal loss coefilcient 30 4 fimgle Siower.
*'Le fomverd pressuse must alilc acevmncdacte an external load
¢i Dogk pressure

e

vy, ® thévc’/' {s3)

viere X, ia the lots coefficient ox tle axteraal load. Ve
y w3 vhoew

ap = npg o My @ nxarzv~2/? < KL;;vce/s {54}
B T
[ 4
P ife .
v, -+ {Padegleg + 2 fd]PT (55)

e icvna soek eot:Molent Ko o Kp/u here sorcczpoads €0 tae
teefrieieas v fn o Laidor (35- Conneiucantly, we oy vrite,
ty nnerigo, with Lo ustion {14},

- 15 40
’ oL ! [ 28 L. . R -
RTINS R 36)
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BXPEAIMSNTAL RIGULTS AJDL_BISSUSSION

Alcwey desion. Moept of tae exjserinental deta o be reported

wcyre gbtajaed aslnb an elietoostasic blovwer nct conforming In
des gt to any ol tae geoactric counfigurations glrecely deseribved.
1ue discharse eiectrode in tais bloser (Pigure 1) cousists of
8 noedle point, the Hip of whick ls cosezaterlc witi 5 wire screea

eyring ae Sthe collecting 3iectrode. The electrodes ara housed
in an :insulating cyl.inder, Ualegs so sianted to the coatrary, all
zecasurcrents herseaftar given were ohtained with & acgative dise
charge with this blswer in sumespherie air. The blower is nod
sf vhe councentrlic spaericai tyne described ubove since the same
toundary corditions nre not imposed asrodynumically ag well as
glectrically. It is, however, simsicer to consiruce and does
give ca idea ol the 2iveat to which the =mauhemetical assumpiions
alreawy made can bo vlielat2d without seriosusly iwrpsiring the
vat.dity of the forus of taz2 derived eguai:one. OQOther experimental
des.gns will be deccribed later. Tine beaavior of minlaturized
tlowers meesing assancd boandary coaditicons hacs h32un counsidered
Ly stumtzer {99, 91, 92

Eyfect of fluid Zlow nan cirrent. In uhe foregoimg eguations
dependert on bBuuativd (7) L& i3 evevncd t36t ve<bB., This is
equ.valent to suyiur tagt the carreat

i ajf{}:&&. B!.,O(V-ﬂ- YE)dA (57)

is owsartielly indepndcat of the gaos velocelty. The truth of
this cgsvmption ic exegnined in Figuce 2. Current is given &s

8 functicn of aversnre ply velcelty. Aloidz the prelén curve alr
roviovn is producad SJLQ¢¥ by tuoe amechanisn of Lthe eleetric wvind.
2a exteranl fan provides tae vressuse re:uasced to  cach other
veiocitien, The ca reat .o comstnnd over a vieloeity range
extendirg well beyoand the maxiaum e dtsined by the electriec wiad.

Teets with erzcosodes of several di.recent gecmevcics snld
g .zes 3ive cesults sinilar to those of Fizure 2.

in 1lagiag llguids, secauvae ke 'on xobillisy 1s ebout
10~2 ar grest ne 1t is for gases Y3), - .8 20 longer negligiore
teiative to b¥F gad v assuanstion v eon:strat curvant Lz ot
teaable,

in ingz
bad 4

Toe flul'd velsr..y v shica mav 'nfluismne ti1e current is
pnt necessacily ba2 3,irai? vicid-fa v veloaity, particularly
whea 81 gbrapt o8 . ' €& 3t3 n thﬂ ;lu } pa:-h,s, %hig fact
ig or3f Qud .7 24 LeSignle L faiar L agadliseasceresr blowver
i urumied ver-.nl - mB 1L n ?.&t?“ 2 ani nsed to pump
trsaeln rer Oui. Jhe Lalkod lacveiuse 1n cuL»2nt accomnsnyving
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o .

e meeipg 211 {6 %o muck %¢ &tcount Jar in terms of ihe

averaze ¢i1 wvgiocity. T6 ia read.ly obacrved, hovever, that
¢irculitory il currents are set up {a taz space Hetraen the
dischargd oiecvrode ad th2 Irce susfzze of the 1lgusd. These

2il currsate proeviis a hisuer llov velociiy Jumi shove the geedlce
tasn 92 the wolle of the Tube. Tae sirauvdatesy velocity can be
much Bigher than the avereg? veloeity oy virtve of which the oll
gve.s~fliws its coavaizer. If, at k2 seme tipe, tae cursrest
denr.ity is grester aiong the exis ¢f tae tu.we than near its

wei.S;, the curréent wase ircerease with the Insveasing circulation
acconpanying 2 rise 12 average velclity. 1hac tae current depnsity
&ousa vary In th.s neirer wajd, yeare agy, 2uperimentally confirmed
oy Chettock (16) for a point discassziag orito a plane and mcre
receatly by Haiscr and [lurze {h4, 45) for & pcint discharging ontc
tac coacave surrace vl a spaerec.

Clirculatosry gas enrreats can bz proilaced in a blover by
parti- ily or coupleitcly olatructing the flcy of gas upssrean
of thoe discharge elextmode, Luc this his ac proaounced effect
on iz eleeiric ecurrans sl electric-wiad velocities. It
ahouiéd be pointed ous, huvever, that jadiziously designed con-
struetions im the flovw patiagl, vathe: tara Lueycnd, the diccharge
elocirode uny gesve Ui eliminste, and not irduce, wastelul edd:es
ia vhe roving fiuid (€0, $2).

Qurrens as a fuaetior. of voleaie. Thu ccrona starting
vo.sana Vg of Bauadeion (LG) haa no deeeis? physlcel simmiflcoucs,
tut 1s an indisypens: sle perameter Lo coasutetionsl purpondse.

Ios velee 1o readlly sdiaiaed Dy noeting tint; eince i/v 18 & Lluncar
funetion of the volby,e, Vg is the ¥V iptercopt. The siepe of the
gtraigiat line ig goin. fQhe gecuetric funsiion fs can, therofore,
te iwneciately dectiralued. PFigura « siows that the measursd
curenit is greator, b higazr volscjes, taen the eurrgui-voliage
egquaticr Ilndleates. This it & coasecuence of tha assunpdpilicn of
constent Mouility 2ad Jdoes a%t lead to evrsor serisus ernough ©o
invallidete our solse ment results.

Yelcelty. ZSupation (1k) svedicts the’ the velocity of
tae electris uind JiL1 be 2supcstionerl 4u 4he gquare root of
the ecursent. Taic caneetatlon is gagpostad by the expe-imental
caon (Figure 5). T2 Telueitizp revorted in sll coses ure
€rerape values gosalazd By traverling the dlaweser of tie
tlover cuet lva a 211t ubc cr Lote-wde gacaoneter. ualisy
JTownreelante a L1l 3or soreaa aflecis these devices differeatly
1ol Liue pesult tnn, “demulcul sveorige valuciticss nay preduce
gLy 1y variaah vrleci Ly resdiags "n the twe instrunzntg.  In
~drv bo reduce sue ilserep.ncies as wu o) &8 pousible the Pilot
tuor arne anaemeuctar rece ecallivbrat2dagaisst an orifice figmetap
#3i2ll er used ag 1 3teadard.

Toom 2

TRt terssg gbﬁgjé L3 nata aed "goz vi.e op2 of the line of
Filgice ;. This, s . 12nst.oan wits the valv + of g aad
V3 r.avicusly rtacieone?, aw o emaaler & e “clcalate any of
toe quaryltics carreas, voltage, veloelty, jever and effieiency
fn teérs of the o*uers. o princivle g3/n+/2, g, and ¥, can



lechnicel Faper TPIG-2 Page 15.

ce feterrined Por a 2iven LlovaEr asinply ¥y mecssuripg the current
snd velccity cocresponding to 3 single ardiirery voltage,
VpVyy Bt W00 clas: o spaslkovaer.

Air veloclty as a funetioa of voltage is shewe im Pigure O.
ﬂnn S?Iid line rapresenta BEquetioa {17} nt.ng the velue
1 /X already imiwa Trou esperiment. It e seen that the
cu*we if elnoss linear, e.o82ly follevice Lgustion (18).

For congletelr fo-mad stzdle lons ip un cleetrie rield

the intemalty of wiiearl 1s act oo high, the 1oa mobllity ie
& comstent inderendeat of tue Pleld and of <ke coordipate .
%e have ssrumed this t2 be the ease ia Eyuatioa {13). Properly,
it is aot field siseugih ulors, but the field strength/anbicat
cr*asu'e ratio that a:nib}es the reculred exlterion. The

ioieal velue of thls queatity for alr ev room tepperature
43 about 1.6 x 100 (= /m)/utm {66 ).

Biiielency. In awet Jraetical applicaicicne the efficiency
¢f eclecirokinewic ccavars.on i3 of prizevy coucerm. For g
ret geonetry Fquaky: a(ab{ ﬂe!ezls that the effficlency is
Lvoposticnol to E*l‘-“ in a negevive discharge in
s inoapacrle giv (hic q:uaultv is cauel tc 0.0.k, but for
Jigntds 1% 1s much lairsges. "hxs, :or kevosspe, b & 3xro~T
(1n/seej/{v/u) {90), & = 750 kg %o ian this case, i3 E7
llquid «unblty) aind  g= 1.8x10" arud/r, whence g 7 2/y 2m0. 5.
in gencrald, th2 efiicleney of 3 llg&;d vy %1lll exceed uﬁ&t of
the correspopéing a3 pump by >ne or twe orders of magaituda.
1 view ¢t thls, 10w %2o blower efficieuclon ghould e
sniticipated. Valuer of the orler of one percoeni heve peea
teportec fos g nuuser £ elecirede arrargencais (27, 41, 92).

Wwilelenciee valcenlated ca a purely theoreticel basis are
Iointercst icr conparsative pusposes, The Zollowiang teole
i3 obtaipned from Haaatloas {05), (37), cnd (30) for parallel-
rlate blowers ia o6 g2ir. Th2 loss coelf.eient will vary
21t duct ceplzgy, Yav iR ne case wili be laogs thgn K=ifgel.
tocltive and n2zadsive ion movilities are 1. hxl0~" and . 0x10-4
{(n/sec}/{v/m) r~eru 2ivelyr.
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Blovwers of this Lyps, it seens, are jghorently linited
to afficiancles of the ordsr ol oge percent, Cylindricgal
geometry doegs not moterially affect this disappointiagly low
velus. Although g caleulated from Equatioms (39) or (40)
can d¢ gn gorder of wagnituda grester than g, . (takiag
rofvg @ 102 or 103), the greater loss coeffigient of the wedge-
shaped duet compemsatea for Ghis in terms of efficieancy.
Sinliler considerations spuly for & spherical systen.

Figure (7) gives the experimental deate and theoretical
curve (Equatious (21) and (23)) matching output and iaput powers
in the needle@e-scrscn bHlower undey congiderstion. The changing
elope ipdicated by Equaticn (23) is not evideut ia the curve.
Althouzgh efficiency is semnsitive o voltage changes at low
volteg?, low voltege ylelds very low pover, with the result
that the expeected 3ip in the curve ocours Loo close Lo the
origin to ba noticed. Plotting efficicncy a8 a function of
voltege 1la Pigure § the sounght-afiter effect becomes apparent.
The curve is that of Equation (23). Thce sharp deviatioan from
theory im the neighborhood of 20 kv ig easily explsined. Since
efficizpey is proportional te¢ v3 relstively small imsbrumental
errors in measuring veloeity are grossly magaified in efficileney
celiculations, Note Lhe experimentsl veloeity readings betweon
15 and 25 kv in Figures 5 2nd 5.

Presgure and deasity effeets. It wes shovn above that
since the product fgb is independent of ihe pressure, the gas
veloecity as glvea by

v, = gl(idﬂka}lfa (14)

rust also be independent of the pressure. JIn order to confirnm
thie ovehavior the wvelocity output of & needle.screen blover

vas measured 4in air at room tempersture over & range of ambient
yressures from e fraciion of en atmosphere to & atm. The curreat
wvas held constant atl severgl presgsure levels by adjusting the
volteg=s as the pressurce veried. he results are reproduced in
Eigur7 5. TJor air/ﬁgb is 2.,4x10°" coulegsec/mI. Figure 5 gives
e /X2 = 2.79 m~1/27 Using thesc velues Equation (14) yields
Ve = 13011/2, a relaiicn closeiy rollowed by the dats.

As the presgure iz relaed the ion meovility decreases
caugsing the current at @ given voltage to fall. In order to
zaintain & constant curpapli the applied voltage must de
raised uvith tbe prescure., Although the sjparkover voltage
incrcascs wigh the voeggure it does not rise fest egough to
permit a comstant current o be maingtgined withouis exceediag
sparkover. Cousequcatly, the lines of constant velocity are
tounded &t high pressures ae showvn. With decreasing pressure
the eparkover voltage drops mwore repidly than doeg the sapplied
vol:age requircd to susteln ths constaat curremt. Liacs of
conatant velocivy arz, therafore, bounded by sparkover on the
low pressure gids 3.3, The deserided effect 18 illustrated
ia Pigure 10.
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Equation (%3) reveals tkat eSficiency imcfeesds wilh
gas demsitye It i6 importent bo rote, in $his compeciion,
tnat mers pressurizetica, without cogard to tegperaturs, my
a0% be sufficiegt to raise itne efficliemevye It is aoct the
pressure per se but the density whkieh is the goveranimg factor.
W2 observe from Equation (45) that operating at atmospheric
pressure and reduced temperatur2 iancreascs efiicieancy.

The product 0gb has eu approximately constans value for
& given zas, i.e. it 1s independenpt of density, amdient préssure
and tenperature. It follove &t opnce from Squationm (14) that
the wve2loclty of the electric wiad is likewisd independernt of
thege shree guantities. Changes ip efficiencey brought ebout

by maaipulating prescure or temperature rfesult from altering
the denslty and with it the mass of gas moved per uyit time.

As the temperature varies the accuracy of Equation {&h)
must not, in alil cescs, be insisted upon. Thus, ithe mobilitly
rises iinesarly with tempersture gt coanstant prescure but at
best is only eypproximately constant as taie vemperature changes
at constant preesure (66).

Equation {42) hes seen roughly verified for most geses at
room temperature at pregsures extending from about 75 to about
0.2 atn. Absve this range the mobility of pegative icas
decreases ard velov it increases rapidly. 1t appears that at
high prgssures many ilons consist of several molecules bound
togetier, the ccmbination having & corvespoadingly aigher mass
and, therefore, lover mobillity. At low pressures the negative
igg§ wost Likely exist largely 28 highly moblle free electroms
( .

According to Equation (14) the velou:ity is inveraely
proporctional to (ﬁ%b)l/g. Figure 11 illustrates the exteat to
which thie quentity varies among & number of gases. Ammohia
and very pure argon are separated by three orders of magnltude,
The reduction In mobility caused by impurities is probably to
b2 exsleined by tne mpurities becoming attached to lons and
forming large slower moving molecular clusters. Inert gases
like nelium and argen, if extrexrzly pure, pass a current of
high-velocity electrome. Oxygea and other electronegative
gases, even vher pure, shovr a strong eidfinity for electron
attaciimeat and, as a result, npave much lower mobilities than
w1 pare lnert gases {19).

in order o ach-.eve naximwl vuitpad sower anp electrostatic
blover muss be operatvedc at marxiaunm ipput pcvwer, i.e. at
roliages jus?t velow sperkover. Operatioa during sparkover
results ~n lowered gus veloceity. This is likely due to ihe
foct that speriking uvot only produces mobiis free electrons,
but alse cenflnes the carremdt .9 & vesrs 57321l rezioa of the
total volume onciween tiye electreodes.
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Increasing the density of & g vill, excepi 8i aurfficiently
low densilies, raise the spgrkover volumze. Operating cloese
to sparkover w2 have Vo.5> V4, waere the subdacripi sp decignates
tac maximam pre-sparkover voliegé. Equations (17) and (20)
then vield the convenient gpproximaticns ?cspuvep and

P.-)prvﬁp *

Bxparimentel velociiy, pow?r and voliage dats just bdelow
syarkover uare sbtown &g fugcticns of gas densgity im Figure 12.
Tac smooth curves of velcelity and power cepresent Egquations (17)

aad (23) respectively. Efgiciency at sparkeover is, by EKqguetion
(2%}, proportioral to A% Thle relatioaship is borre out
by Figure 13,

The guantities g3 tiarough 34 are, by definivion, funpetions
of geonetry only. Accordipngly, they mustit rempain fixed for s
givwen cvlectrods arirangegent regardless of clectrical conditions
o- the nature o)1 the gas. 1In coneideripz the affects of
pressure we have mede certain assumption:s coaceralng the
vaziatioa of mobility with denslty. AL low encugh densities,
however, for rcaesons slready giver, thesc ussumptions feil.
Ve €hall now determine at what point and to what extent this
oLcura.

The functlicns g are all cefired in terms of g;, g5, and
A. I% wili, therefore, suffice tc exaniae g3 and go afone.
W2 do this by 2lacing no linmits cr the validliiy of Egqustion
12) and then Observing the eppareat chasges in g; and gp
g3 the deasity variles The experimeatsl]l results caleulsted
from Equacions (1lb) enca (186) rfor & ueedl°a3c79en blover in
iy appesar in Figure 1Lk, The quetient gl/K 2 rather then
831 al9ne is glven since the former is nore recsdilily measured.
g1/K1/2 and g, are boih constent &t ggnsities down to ahout
atnosyheric. B8elow this level g /Kl falls to zero and go
iacreases rapidly. These varigticne resulé{ from the
sonumpsioa that b remeins proportional to 1/@R, 86 low 0.
al‘“V, v risce fmgte:r 1n this reglonm thaa ddes lﬁo » énd
this dusproporiioneue jucrease is, by fqiation (lk), ref'lected
a3 6 decr2use in gl,;J/ similarly, by Lquation (16), g,
nuct rise.

3ome bloweir veriablesg are nore sensiiive to epperent
ve:riacions in the g'a “han sre atkers. T'ius, the expecied dips
tnx tha coustant-current curves 21 Figure 9 are ciearly in
ervidepce. On the oiher hend, tae experineantal powers,
viltazes ané v2locities of Figure 12 seen tc follow the
Hieoratical values uell even at low gar decasisiea.

The incorsiancyr o the g'e below o certain lensiiy does
ast aflect the vseryulness of the genersl Lheocy 2elow thsat
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L3

denalty. At low densities Equation (42) end the relations
containing 1t should be disregarded and eppropriate velues of
mebility be iptroducced into the theory directiy wad pot es
functions of density.

Ozone geperastion. Eguationa {(47), [(48), and {49) sssume
that the rate of ozon® geaeration for e givaen gecmetLry 1s
proportvionel to & pover of the ecurreat. Experimental asupport
for this hypothesjieg is offered im Figure 15. 0Qzone cone
centration vas determined by the potassium-iodide method of
Britt (12).

Blactrostatie precipitators designed to fllter eir for
human consumpiion commcaly employ & positive discharge since
rceson exiats for Belizsvipg thet such poliarity will yield a
lover ozome output (36, 106). Similar considerations evidently
dc not apply to the needle-screen blower. Contrary to
expecigtion, we observe from the curves that positive corona
generatas ozone at geversl times the rate of negative coroaa.
The negative curve for & single blower is fitted by the followlng
form of Equation (&46):

G =0.1 12, (49)

Day-to-day varlations in the deta are, perhaps, attridbutable
4o fluctuations in atmospheric comditions (97).

A blower opcrating with negative corona near sparkover
generatas about 0.8 ppm by volume of ozone im air, & quantity
in excess of the ueuzl aceeptavie limit. This ozone cope
centration may be reduceé at constant voiumetric flow rate
by adopting the arrangement of parallel hlowers described
s0ove. Experimentsl and enlculated data for such a case are
siown in Figure 16. Ozone concentration measurements were
sctually made with & siagle blower over a range of currentsj
for this reason experimental points corresponding to fractionsal
blovers azpear. Ipn Figure 16 the assuned parallel system isg
Laken to have a consltaat volumctrie flow rate of 1.54 x 10-2
m3/can, the maximum delivered by a single blower. The arop
i1 ozomne coaeentraticn as blowers are added in perallel i3
st.olking. Two blowers produce L3 perecent of the ¢conecentration
o? a aingle blower aprd five blowers only 0.8 perceat of that
a;icunt. The efficiency losus eceompanyinz a large dacreese in
ozone conceantration ies small.

Polarity. We cetn generslly expect nerformance to be
d:peudent og tine chciev of polarity of the discherge wheam the
ionie novility appears In the governing 2quetioms. Ia
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atmospuneric air thc wokility oL siable nagative ione ie

2.2 x 10~} {m/eee)/{v/m) and that of stadle poeitiva lous

1.5 x 10°%, Iuperving these values into Egnatione {13) gnd

{22) wa flod that v ®* 3 1.3 ve™ at cowstant current and that

Rt & i.éQ'. The fcrce oo an lon in an ¢lactric field depends,
of vourse, ouly om 1%3 cherge and on the intensity of he field.
4 siowly moving ion oxerts ivs drag foree on the gas chrough
which ii1 43 mig=atin:s Qver a longer period of time thank &n ion
of higu =obllity. ueace, at e given curreni, tid momentua
(det) trgnsforred wo the gas by slov lons will be relatively
greater. Xn consejucace vo*uve™ and *>'7T eas above. Dzone con-
centration Cy, n% eoustant velocity isg by Equation (L9),
proportional teo Rbd. 1In the needle-screen blower & reversal

of polarity well canze R gnd b Lo change in opposite directicns.
Vaeriation, il any, «f the exponeant & 1ln Figure 15 is not cleaxs.
Jeverthelesgs, if minimum Cy is desized ot & given output, positive
corona remains preferable.

According o Euuation (17) velocity io independent of
polarity for a gilven voeltege iP the swall effect of the corona
startlng voltage is aeglected. Thic is shovan experimentally
in Figure (17). Sparkaver during negetive operation occurs
at about 1.8 times the positive sperkover voltage. Since the
kinetic power delivered at sparkover is ppproximately proportiohal
to the cube of the gparkover voltaze (Bquaition (54)) e single
regative blover caa »roduce the power ocutput of six posiitive
uwaite.

The strsamer theory of sparking has been proposed in order
to expleip the aigner negative sparkover voltuge (66). According
to this, sperkover is iniltieted at the positive eleetrode. If
this electrode is also & reglon of higk electric iuntensity, i.e.
if 1t 1e o discharge electrode, sparkover L= then doubly
facliliteted. 8perkover in a negative dlscharge is retarded
tecause the spark streamer must originate at the positive lowa-
field elecirode.

Blowers ia sorizs. Nguation (56) predicts the velocity

to be expected fron a series arreagerent o blowers working
egainat 8 loud. Fur silpnplicity, we shall coptliaue to sosume
that the loss voefiicients are lndecpendeat of veloclty. Sereern
coatiieients arc, hovaver, kancwa to iumcrease at lov enouvgh
velacitier {48). Ax nornal operatiug vilteges such low
velocities resalt J»o~ lzi'ge external) lcads. In that cese

hL/u in ikely to ». o much larger thar Ky thet departures
f'rom the "conctsnt® salue of the latter dc not materielly
effect ihe velocity calculated from boustion (586).

Fifure 15 shovr the velocity ourpui o2 five blovers im
rerivs ac & functiog of %the erierue: locd per blower. Simee
the tlcver gss2abl e desigped with & low-1os3 inlet agd a
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re-entrant outliet the mininmun possible value of Ky is uaity.

The charegteristie g, of tach of the five needle-sgreen blowers

emsloyed in theé serias teat is, for an undetermined reason,
elznificaptly lower thes in %he preceding cascs. Because of
this, the ouiput of the asseubly doss nct exceed that previously
btaimed for an imdividwali unilt.

Tne incre=mse in velogelty per edditiopel series blower
1s small. gettigg Kpul we note from Figure 18 thet a five-
tlover csaembly delivers 3.5 m/sec of aiv as against 3.0 m/sec
for & zlngle tlower.

Velcelty profiles, TIn neasuring ges velocitliee 1t :must
.ot be assumed thet because of {the turbuvlence created by the
corcng wind ac approximately f£lat veloelty profile exists across
the diameter cf the blower. Serlous errors are introduced if
ceater-line velcclties meesured cleose tc the discharge poind
sre coasidered repregentative of the turbulent croes section.

Velocity profiles for the necdle-screen blower are shown
in Figure 19. A relatlvely high-speed gas movemnent 1s generated
elong the axisz of the dlschearge electrode. Hence, the
resulting velccity proflle ip egpoeially steep close to the
point. Furtaer away the profile aseumes the Tlat shape typical
¢l turbulent flow. As the voltage is reduced all profiles,
regardlesg of distonce frowr the dischurge, tend to sssuue the
came relatively £lot form.

The veloclty profile i1s noitlceably dependent on the
elactirode geometry, 1l.2. the electrodes exhibit a focussing
yroperty. Thus, if a ring aione 18 usec &s the collecting
€lectrode in Figure 1, transier of momertum in the axial
¢irection la reduced and the profile flsttens.

Ye'sere {44} reports that <the profile for & necdle-plane

\

acreen system has the foin of o nosmal cistributilon.

QtLer eleectrev: geomeirisn., The erverimental results
¢escribed above aave elmost oLy beexn cbteained uaging the
needle~curved screen blower shown in Figure 1. Many of the
exnerincrts heve, Lwoyevers, boen repeated for electreode con-~
flzueraticons <1 other cjic¢es and desigae, viz: wires and oslane
escreens, wire:s aad fods, poul:is and plare screens, polints and
riazs.  Fxvtezt for s6 aavicineted varictioas in tlhe conztant:
¢ 3nd £ the results are simlluar to thoec¢ already givea.
Loveenent »F the tih:ory ruth the experinental data of otaer
jnvestigetors eanloriny varioaa electroce arvangemente is, in
generai, guoi, For eausale, Hawnsy (01 in en exporiment
einilac Lo tnat of Figuce 2, U138 corops current e gomewhet
rrere acnsitire Yanciéiva of air veloeity, but vt:ll uno
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seufificiently 3o to bs oOf ,conseguence ot 2lectric wiad valocities.
Linear velocity~currantl/2 curves (Figure 5) are also reported
clsevhers. Ladendbusg and Tietze (57), ig exenining the role
cf the electric wirzd in Lthe eclectrical precipitstion process,
rote such & waloeity current depeasdence for peini-plane and
concentric cyliadrical electrodes. The form of Equation (17}
iz supported by the regults of Heiser (44) for a point dis-
charging into tae interior ol & sphcre but, oddly, not for a
point dischargiag against & plene. Several ¢f the forezoing
relationshipns are corroborated by the cxperimeants of Staetzer
wvith 21iquiés im a plane parailel system (9CG, 92). Addditional
supvorting data is Zound in zeferemnces 1, 16, 45, 65, aad T6.
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CONCZUSIONS ANDB RECOMMENDATIONS

An approximate thecry has bLeen developed reiating the
clectricegl and mechanlcal paremeters of ap electrice-vind
tlower. Although derived for specific boupdary conditions,
tha forms of the eguations axre found to he videly appligabase
end sahould be useful in predicting the perforasnce of
electrooctatie dlowz»s OX & nuanber of diversa geonmeirles,
provided only tnst itvo geomesric constants are determined
experinentally.

Complete lack of woviag parts gives the glectrosiatic
tlower edventages sver comventional fans: vibrationless,
elmogt silent opersion; absence of gyrcscoplc end other
rotational effecte; ao lubricatioca reguirements; mimimal
replacement due to wear (discharge electrodes). The chief
disaedveutages of the blower are the very low efficlexncy of
encrgy couversion and, ia certaln cases, the generation of
extraneous gases in the eorona discherge, e€.g., ozone ia air.
Th2 thecyy, as develioped, affers no hope for & raedical oreak-
tiharcugh in overcoming either cbstacle, Neverthelese, limited
guceess can be sxpected by earelul geometrlic design, e.3.,
improvieg cfficleacy by eontrolling the g'e ard K*s or
reducing ozone by parsllel operatioa.

Several areas ol interest suggest themselves for Tature
investligations; coutamination of $he gus with dust or nigh-
rolecular-weight (i.2. love-mobility) lomns, pulse or s-c
enzrgizetion, further sZudy of the g'es as functions of eometiry,
combinetion of the bilowver with an electricel precipitetor.
riel locks have been tukken at each of the foregoing; adequate
data s not avalladle to varrant concliusliosns et this tiane,
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NOMEIICLATURE

= ¢¥os5-90cticyal area; m2

- ios mobility, {m/sec}/(v/u}

s rme veloeity o moieeculen, nfaee

= f1856 concensratvion of ozoune, dixensjionless
- volume concestration of cozone, kg/n3

a Glaneter of sercoen wire, n

+ elretric field sbtrength, 2/m

* 3 frlction fector of duci, 7im=ualomlesg
5= fuaction of mecnctlry, mfl

8.+ fuaction of geoumetry, a°=
g« fuaction of georetry, m-i

g, = fuactiom of geonetry, dimenslonless
ges furction of geowetry, e

g% fuaction of geomeiry, m?
g~ function of geometry,‘m'l
i’ s cucrrent, amp

j = current density, anp/m?
5 = fuiaction of gas, coul/nm

K 2 total eerodynanic lese coefficient, dimensionless

Kys...45 = aerodypowrlce loes coefficient, dimernsionless

Kos interneld 1loss ccefficisnt of a single blover, dinencionless
17 = length of cylindrical electiodes, 2

M 4« mensc, kg

n » number o plowers im series o> parallel, dipencionluss

p = precsure, pevton/m o

p,= imieraal back precsure of a simgle blower, nevton/n"

p,= standard rafereace pressurc, newtci/s

I @lectrical pover input, w

P,= kinctlc pover cutput, W

Pocp® wisximum pre-sparkover kinetic povser output, w

r = dictaace from origin of coordiactau, n

r.= coordinate of ccliceting electrode. =

g coordinate of dilscherge clectrode, n

= rate of ozome goncration, kg/feond

Seynolds namter, dimengicnless

seraratlion of sciven Wires, m

tlice, see

teaperstuce, de; i«

s standerd redeprerce tempersturc, deg « 7

< totel voluagetric flow rate of paralisl sssemdly, mjfncc

s wlad veloeity, n/pee

mldOan o
< B

@ T IT
&
o

i

8

Py
]

v vid veloeily at colieeting electrade, wfaee

Vo= 20iinum seeso nohover wigd veloeity 31 roiiecting clectoode,
ve? 101 veloeity, 1/ 3ec

g o wvoltane, ¥

Y. emperent eoruns stasiiag voitoge, v

mjsec
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Vsn= maximum Pre-sparkover voltiage, v

absolute dielectric corstant, fared/m

fractionsl efficliency of electrokinztie couversion, dimensionless

asynptotic fraciiosal effieclency of electrokinetic conversion,

dimensionless {(Bq. (#5))

plane angle subtonded by aegment of cylinder forming collecting

electrode;, radiazns

A= charge denelty, ¢2ul/m3

g~ @as density, kg fi:d ‘

o= gas density at c%a@d&rd conditiocns. kg/m3

ﬂ;= ozone density, Ri/m-

4" = electric potentizl, v

- golid angle subteandzd by segmeat of gpuericel surface forming
collecting electrode, radiops

L]

n i

] m

o
L[]
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LI6 GnY QF WHE ELECTRIC WINE

Enrliest observations. Although b2 existence of sn
cicetrootatlic torce ol attraction hed seen known to classical
aawiguity it remainvde ior Hicole Cabeo, an Italien Jesuld and
¢l tenporacy of Cali ec, to observe gad reeord in 1529 the
pasnomcaca of <leet-oatsztie ropulsion CL3). Cabeo aoted that
vicn light filisgs o saudust were atiracted to an electrified
boiy, ~Shey wounid toueh (it end then be repelled. He expleined
wa1is dehavior aa the sunposition that u csharged body pioduces
21 electrical =zffluvium wihich drives o7f the surrounding air
a1t forms a eirculaiory wind walch, ca its return, dDlovs
eatrained particlep %o the body with such force tust the
nactiecles, in zom® cawscs,; revound. An electric wind was thus
corecelved 1a £lcbion befoxc 14 was discovered ia physical reality.
A vew decadeg later, Cubeg's hypothesis wags conclueively disproved
By the Irieh matarsl picillcsopher Rober: Doyle who demonstrated
vt electrostaiic ailraction was pressnt ir a vacuvum &s well
w3 air (19).

Tie dipeovery ¢i whe eleetric wind could pot have antedatod
tae dewvelopmeat of Lic high-voliage generating machine. A
frictional mashline coucisting of a sullur sphere mounted on a
cranksinaft vas described in luT2 by O%to vou Guericie better
Zaswn for his inventilou of thke vacuum J>ump end the Magduburg
nilspierza (33). ~he sulfur spihere vag cherged by rubhing the
band epainot it wbhil? 2t wves rotated 11 & wooden frame. Using
thais epparatus, von guericke nudes thae lmportert dissovery of
th: efiectiveaess o pointed conducter: in attraucting charged
poiiles, He moted Juriier thet the rubLed globe giowed in the
dark and that when . was brought to tie ear, "roarings and
crashingu” were hea=d ju 1tv. This ls the eowrliest reco:i*ded
obrervaiion of the cvwoemus dleeharge; w2 [lnd no meption, however,
of an asavciated clondrie vilnw.

AL

Vou Juertcerels Jrlctionszl machine and cubsequent inprovemente
it acezleraied % ~dvrnce of eleetrical science. In 1709,
~ncl s Heukebou, carator o€ actrudenis tos the Royal Society
Lopden, reposici wiint Le had expesrianced a weak blowlng
Bation Yy woluidy ° ehoprrced tabe cl>se to his faze (43).
=kghre's anicuucecut ol his di:rovacy throvws intesesting
2% sm b dvabe of clectricar kmowledze and experimental
anione at the Liue.  TUAviaug pooculcd B TULE cee OF oo
SEE eee, " B@ vrpote. "L zubu'a It ypretiy vigerously ... uptil
hed acquircd SO Sogres ol Keat <o Ta2a the Fube becanme
steab oy the aciouzrat 2uitritlion, itha iorce o the ‘gleetrlaad
sffiuvie wes reades’ 1 URRITEGN Wy ... Ithe} sense ... of
2edadie They eee " roe Dlafnly to ue 1€l 6 pon the Face ... 1f
the ruedb'a Tubr ger: ela jear 1t. Anl thae, reecmed to wake very
vearly such 80t 01 ostroaea apon *we S:ip as a aunver ol fiae

Dt T

@ iy D

- W Ol o= e

+ 6 ¢

2]
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limber d4eles pushing against it ... This vigorous Actiom of the
Effluvie pye me upor ean atiempy, to fird iy waati penner such a
moticn weas propogatced; and iu whav ... gori of teraghk 1t vent
a.cpg- For whreh eud ] aeld the ruBoe'c Tube pomr the Flauwe of
a (amdle, Swoke, Stean, DPust and the surraces of Liguids; but
without any mapveyr ¢! :zucceds.

“"The reapon for wolch, I atirivyte =S¢ the impediments the
Elfluvia met with from thece godies the Tude was plac'd near.
Fo: the suall parte of Dusis and Povde.s, the steams of Liguids,
t.aC glesgincup fumes of Flaae, and the ike gsort of parte in
bueke 1t seLr immedistily eadner’d Lo e susface of the Tube,
ed g0 kept in the iffluyvic: +which thoerefore requis-'d the
elslstance of a frech Attritiomw %o cpen their pesssge erd glve
tienm veat azain."

In the course of auls janvestigation of the elecuric wind,
Haovkgdee had stumbdiec upon electrosint ¢ preeipitation, much
tic 3ane ag Buccarl:s, vho is gemnerally credited with the
dincovery, 4as to 4o som® eixty yeara ..aves.

Shortly after frukshee, I(saac llew’01 repeated the cxperiment
{75, "The electric Vapour, ne vrote “"... exclted by the
fr-ction of he ...;Sphere] against the Jand will ... be put
i2%o such an asit&tion as wo emit Ligh'. .., and in pushing
oa:s of th2 e ISpherél vlil sometimes pauh agaliust the Fipger
8> a8 2o he feli.” it may heve been Haulsbee's work ¢het
¢2’1zd Newtom's attemtiorn to the elect.*ic wimd. Th2 account
qactsd aspears in vhe :ecoud edition o 2ig “"Opticka® but is
la:king in ¢h2 firs?, ~ad -n the interral {Hauksbec's reccarches
ha been puolisked.

In 1Tho, the d:si’nguished Freach prilcsopher, Jean Antoine
dorlet revealed hls “indiaps toat elceuriied points dicsplaved
"orushes of 1light" (7h), ’he followin year, BenJjemin ['renklin
r3:prted in & letier %o his friend, Peier Coliinson of the
S0.ral Soelety, "Uhe vonber?ul effect o poicted bodies, both
ia dreving off and iurowiag off the elrctrical 7Tire (88).”
Jorlet'c and Freankiiine observations werz turg2ly a rediscovery
af a paeaomenon eartiar nouleed by voua Guericke and long since
feogotoen. Ta view of both these lavestigators' suvsegquent
work with poitted candopic®g, it is sucprigcing that the:r
woltings cre sillent oo tue electric wiad (29, 99). AL _east
Frepklin, aowevay, vig fapilier witas 13, Khenezer «ilanersiey,
srsiens.or of Hprlie o the College cf pPonncylvanie and a clarce
ass0eiate of Franhiin nad corevrved ia 1752 that "you mar feel
O S S PulsLl digrACCEe8 blow on your dand ag & ool
it (0l, LP).7

Twe ears 20, o ligirts og’s cAROuULICnRdNL, J€eajamis Wilson,
se:rel -sr "0 b Mo ai Sotietr, desarioed "Lne bleEel recemuiing
+111 fshieh] grcms > aric: Dcom Ihe partielee ~f air betnpg put
in:o o vloien- *an:ii ¥w-riticy i c -5l of lLihe elegbyicad
Ra.ter ... at poani-. ~dpe., o= anpgular -*ralpations.” Through
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fnilure 0 oblain e clegtric wind im an exhausted vessel,
Wi.leon yroved that the wind is indecod vhat its pame gupposes
1o 9 bz, wot & movorEni 4que tg "glectricel matter" per se
(168).

Adequate <ommuiricztion hetwesn tht ceieadists of the
p:rind does aov seexn tc have existed degpite the pos in-
considersaele pegrsopcl correspondénce and pubdblication of journals
and mouographs thet ic knowvn to heve ocgurrsd. 1t ig emusing
t3 read, time apd &;r3z, of the presumnroly independent
"liscovaries”" a7 the elacirie wind repo'tid 1 the "Tramgactions
o? tae l0yal Society", the "Annalen de Thysik” and sundry other
piblicetions, scmetines within only & 'ev years of 2ach other.

The clectric $iy. The poesibilitr .t employiang the electric
wind as the aviviag uechaanm of an elveeiroatatic meotor occurred
to 8 auuber of iavesitlzators over the eara. In 2750 ¥Wilgen
glcceaded in producing rapid rotary mosilion of a pinvheel by
dirgctigg agalosh if tae electrlie wind from & poimt dlecnarge
{iG8). Not long ayicryards, Hemiiton, Profegsor of Philosophy
at the? Uaiverclty ¢ Dublin, reasoning taat ii & fitei point
eonld neve air g8 tirvely sucpepded poins chould itselr move in
{rel3tively) at21l war, modified Wilson': spparatus to & single-
stege device (108), This, in ite simp.est form, consisted of
a1 s-shaped wire suspendad horizoantellr 2% its center peint on
a vertiecal conducting chaft. The ends of the "s" vere rharpened
%> polnts from whicl tre discharge tooli place waen hlgh voltsge
i applied te the saaft. The "s" wou.d tacn apin about its
LS. The "elqetris- £iy," as 1t was called ia England (Freuch:

"seurniquet @l2etricie,” German: "ele:trischer Flugrad') quickly
b:rane a favorite ciporimentel devic2 :mong students of
eloctricity. ODiver-e explanations of :he Tly's behavior were
fr-theoming on &1l cides.

demilton onsicarcd tigt "the eleatric particles, by their
elngtic foree, Issue dircctly forwvards from the peiats, and
eqlesvor to eqpund heasgselves, bdut meeslng with some resistance
from tiie adr, Joree ithe wire to move buciwvards in & contrary
dlectlion - much ir Llic sane manner thut a Catherine vheel is
muiie to tuvn ro>und u o direction combrary to that tia which the
Biall rockets zbiechca to vhe pesipherr iischarge themselves,”
Nzeoton'e Thied Lav Lad been published ovi- eighty years carlier,
a2 it wee s$l1li goosigered necepsary 0 311 back on mir
r2:lstunee ia orde: vo explaim the actioxr of & rocket.

Usims 3 acgati.e -ather then Hawmil itun'es positive d.scharge,
Ritnerclcy repoated e exper:iment ig 1731 {52)., He expected
t.> fly tc turp ig “ac opposite Gairect:os ad it sho1’d have op
alldten's h;’gathesj;: “hy- wel extrem:diyv dlgappoaipnted, for it
t-11 vent th2 samc va, ae Berore.” X.pumceroley attenmpted to
cerovnt for tais i al fellovw ing Curioue mgnaer:  'Uhen the
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stand Lsunvo;t*ng} the fly was electri’ied positively, I
suppose that the naitural cuantity of eleectricity im the sir
being increased on «ne side by what fzsued from the pointis,

th2 needle was attracied by the lesser quantity om the other
si-te. When electriiied mezatively, 1 suppose that the natural
quantity of electricity ir the sir wag dlminished near she
po:nts; in consequence whereof the squilisrium being destroyed,
the peedlie was attracced ty the greater guantity or the other
slde.”

Joseph Priestl;, the earliest aistorian of electrical
gecicacs and celebruted dilscoverer of oxyzen, ig commenting on
these =2xperiments in 1767, remarked that the fly turning the
sane way, regardicess of polarity, might be taken as a proof
"that the electric fluld issues out at tha points in both
casec alike, and vy she reaction of th2 eir is together with
the poluts driven be.ckwarés - contrary to what ought to have
Deen the case if the electric fiuid bald really issued out of
tho points in the oav case and entered in the other (80)."

Ia 1771, the Itulian clectrliclan-astronomer, Glambatista
Becceria, observed, 'lae ¢eledbreted guestion of why poiats
drrive the air forwu‘k, vhatever the directlon of the fluid, is
reduced to the genernl fact that the electricity forces in
cpposite directions the resistance througih vhica it passes.”
Zacearia assocliated o certain expansive force with eleciricity;
the point was therelourc Arivean back by the eleeirieity <hought
to be expanding imic the cir (5).

de owve the cor:rocht explanation ¢ the ei¢eirle wind to the
An;lo-Ttelian natursl philosopher, Tiklrius Cavallo who vrote
in 1777 that the motioa of the fly depended "upon the repulsion
ex.ctiag between boiies possessed of tae same electricity; for
yarther the fly 18 cle¢trified positivaly or negatively. the
alr opvosite %o the poimte of the wires {on account of <he
Do . nts ceslly traasi:itilag electricity) acquireth a strong
airetricity analogouis to taat of the points; and therefores the
ni» and the pointe 1:::ub »epell each cther." This reasoning, he
sdils, 'is confirmed o obearviung that the above fiy not omly
dous not move Iin vacuo, bri cven if placed under & close recelver

1, will turn for @ -lvole vhlle anéd then etop; “or the quantiiy
a? glr coatalacd in Lhe eceiver may b2cone readily and eqgually
2ceteifiad (15),°

Tiis view was - oz, povaver, universaclly, acceptable.
Jo:aph Weoer reasse: icd Besearie's argumant in 1791: "... The
2lzectrical matter ~_awoiigg out of the pointe of the crose

1;0., the fiy : Lapirzes sgainst thoe a2 as & registive
WAY ... wne Afrtves -k the easlily novanie wireg of the crosu.
{a the segetive ces . “he electrimqi nmatier pasees tnto the

20.8ts frog tar aii, souetaing that ¢80 uarpea Wwilthout pregauroe
3% ng everted apad: . lic noints {10%)."
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John Cuthbertson, English "philosophizal Instrumen: make=»"
offerel the valid cuplanation ip 1B07, thst -the motion
of the fly "is occasioined by the agtioa or the electric fluid
azainst the electriried air near the point {29)."

Jz2an Baptiste Jiot, proiessor oi natural philosophry at
thz College de Frence, keld, with Poisson, thet electricity is
retainz2d on e bedy's surfece by atmospiheric pressure. 0On this
basig, Biot maintained in 1816 that the motion of the fily ecould
no: be produced ip o vacuwe begause the electricity of <he fly
woald bo instantly <issipeted. In the aixr, on the othe:r hand,
moation could be readilr produced if the voints were sharp
gasugk to cneble tie eiectricliy ©o sccumulate there and over-
coile the pressure oF itane atmosphere. Blot thought motion then
resultz2d in muck the same manner as in & commen variety of
rotatiag lawn spriaxlec {§).

The retrogression in assigning e cause to the elecuric
viad continued. The wvriter of the article "Electricity” ia
tae Encyclopoedia Hetropolitena, published about 1824, stated,
"Bich of these pointsc 711l give off @ current of electricity,
which from the reaction of the resisting medium (the ai:), will
cadase the system o7 poinis to reveolve backwards with cousideragble
rapidity (¢9)."

Tae Engllsh physician Peter Marck Roget, secretary to the
Royal 3oclety, is today less remenbered for his scientific
vesearches than Tor nls femous dictionsry of synonyms (35). 1In
a itreatise on elecitricity publighed in 1832, Roget discussed the
fly: "Currents of usir slvways accompeny the discharge of
eloctriclty; vhether popltlive or negative, from pointed bodles;
for eech particle of alr, as soczt as 1t has received 1t
electrieclty from the point, is immediately repelled by ithe body.
Th:se currents tend powerfully to increuse the dissipation of
electriclity, by brlagiag la contact with the point & continued
suzeession of warticles of air that ere not yet electrified and
ara, therefore, reaily to receive @ ckarge." After this clear
evatenent or the pacncacnoy it is surprising that Rogel proceeds
with “"Fach of the »oinis {of the fly] will give off a siream of
electricity: +hils rill remove & part of the pressure wiich the
fieid vould have exurtaed oa Lhat =zide 17 no efflux had veken
pluace; but as the »sressure of the flcid on the opposite side of
the wire in the opyposive direction s1ill operates in full force,
th2 wire will be imielled In vhe direction of that force, that
i3, 4w w divectiom owm»opite to that c¢f the stream.” Roget goes
o to denscriobe en 'lle:ivieal orrery,” "an apparatus coasisting
0¥ wircs teruwiastiayg 13 polinis, aud taving balls annexed to
titei Lo represent tiac apets ... constructed 30 as to revolve
wvhri electrified; and shus to imitate the plilanetary motlons,"

SAoolr iy vzt oawellop den €27eccd n 1034 2y Antoine Cesar

ie2zquerel, proifeseds ol phrafes & iLhe Yuzée G'Iisctoire Maturelle
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and grmmdfather of “atsine Hepri Besguarei, discoverer of
raidiogetivity: "Tac eqgperilment &F the osleclris fly shows that
tha mobtienm of baodilves im eleairicel nhenomena 1s really due to

tar difference ip Hieesure Fhick (as alr exeris on all the peints
of sShese bodles ... P22 glechricisy escepiag by the poinits, the
greusuce exertaed by the adr on the sxtremlties yeing greatly
dlua’niszhed, tne nesdic turans in a contgary direction (6})."

Tae mechanism o the clectrie fly was also considered by

Despretz (1837) (28, ieréuer (1841) {58,39), Harrie (1851) (L2).

o ig Yive (1353) ‘ov), Pouillet (123£6) {7%; and Wiedeman (1885)
(107), ell of vhom advocated bke recoil explanation. Contrary
to the opinilon of tac others who held thao ithe mechanical reaction
resulta2d from the e~ lax of eliecvricel matter at the points,
Wicdeman believed thn dlsciarge of metallie vaper to be responsible,
Ri=ns [1853} (B8L), tonot (1857) (35), Eisenlohr (1860) (31) and
Toilinson {(1864) (99) ueiniained the tmeory of mutual repulsion
basuveer vhe electri?ied points znd the &is, Tomlinson experimented
in bot: alr and dilceiccltric liguids and alonc among aume:rous
iavestigeators clained to ¢heserve rotation in either direction!

Ia 1897, Svanic Auguss Arzhenius, tae Swedish Nobel laureate
vhose neme usually orings o nind the theory of electrolytic
dilosoclation, measid the intensity of the electric wind of &
point discherge o seversl gases over & renge of ambient pressures
(1) Arzhenius noied the swing of an electric fly so constructed
i1t could deflsct under torsien but 2ot roteate freely. In permenent
gases the derlection cf the iy, & weasure of the pregsure of the
electric wird, was ound to be proporticaal to the smbient pressure
of the gas and, For ditfereat geses, to vary as the square root
of the nolecvlar wu . ght. 'the regoon for this became clear within
tnr next few years with the demonstration by Chattock (i7) that
tae prassure oF the clectxrie vwiend variad laversely with the
roailiiy, the latter gqueatity in ture Jdepending om the ambilent
prerusvre and wolecninsr welizht in such 3 way as %o gilve she
ohuervad resulis.

Fiorodey and Musvell. Michacl Faraday's obszrvationt on the
clectric wind were ontoiioshed in 1832 as w.re of & more icneral
ttuady oif the electrical discharge in gases ued ligquids. Feradey
rointed cut that “the pars [uf the uir} wbich is chargel nay

}

te 2us & sreil portica of that whieh is ultimately set inm motion®;
ey

im3licitly wacognial wnat che eleciric aind 13 a momeatum
{r1267 -0 proecess 2y Ifriction or eolliisicn betwesn chargad end

T 2Ee 00 RS JarLiviens. Faraduy cuuenuvsd is experimeists to
clelecvsin iioulds aand reporved, "dhen tiz phenomeuna of currecats
gr2 cbserved ia dease inculacing dieiectrics, they pres2nt us vith
¢xtreosdinary degrzas ol n2ehanteal jorce. Thus, if a pint of
;ell mectifiaead and TlLtered oll of turpertane de put in a giase
veszze., ¢nd twe Jlons ge drownded fnve it in differeat vlaccs,
¢n: lending o Likv e m2irl2as maciine 3re the cfhel Lo tne dig-
caa gLy Tredln, on T ozicgg the nathone the 23uid will b2 fhro'n
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inza vielvnt nmotion sarougaout ite chole =Aass, whilst at the
goae Lime $i will rige twe, three, or four jNches up tbhe pachine
vire, and dart off i1 jets from it into tbe atr (33).°

Jemeg Clersck Matwall atiecaed great izportance to tne gtudy
cf gaseous dischary® phencaéna. Je wrote, propbetically, thet
tih2a such proeccases ‘ere Lotter understood vhey vill probably
throw rreat light ou the n3ture of eleciricity as well s oun the
ravure of gases ..." Sipce in Maxweli's tiuse the gaseous dis-
sharge was ot emeacsle to even radimestary waihemnatical
treatment, he conrfiaed his digcuesion of the subject 1o hls
claseiesl "wreatise on Electiriclty end Kegaetisa” to a few pages.
Juierestingly, hali this space was devoted to an account of the
eloectric-wind.,. Maxr2ll'e gualitative analysis of the wind
recnanisy wes the mostl conplete thien wriitten, and even today
1etains guch of ids velidity. TFor this ressonr it is worth
caotiag at length {53): :

*.ee HBen 8 coniuctor haviang & sharp point is electriflieqd,
112 theory, based oa the hypotiaesis that 1t retaeins its charge,
Jeads wo the copelusion that as we apprcach the polint the
tusrerficial densicvy of the electricity iacceases without limit,
to that &t the poins itpelf the surface-density, end therefore
th2 resulteat dlect=omotive latensity, would ve infinite. If
tn2 air, or other sucrouanding dielecizi:, hod an inviaciovle
jasunlating nower, tale resul: would actually occur; but the
iazt is, that as soon v the resultant intensity in the
reighhorkood of tiue Joint has reached a certain limit, the
Jn3nlaticg powar of the air yives way, €o thet the air close
i¢ the noint beeones & conductor. AV 8 certain distance fron
1a2 point the resulting intenslty ie kot gurficient to brealk
ia2rough (he insulavion of the air, so tkat the electric curregt
iz checked, end the elecitricity accumvlates in thealr arcund
iz polat.

"The polint is =hus curroumded by pariicles of air charged
vile electriclty of the sawme kliad us ittt own. The effect of
inls chaerged alsr rouad the poine is ¢ relieve the air at the
rolrt itcel? from puvt of the endormous ¢lcctromotive inteselity
vtrich (bt would have 2upearienced 1f the conductor alone had veen
cl2cte.fied. 1o Tace¢, the surface of tlhe electrified boay 1s
ro longer pointed, H~2cause the poimi 1s enveloped by & rounded
5235 0 chavged a.r-, Lie sarfasce of wkich, rether than the
swlic ~orducior, n - b2 regarcded as the ovter electrified
[ I A B IN

¢ cortiug a8 caarged air could e kept ptill, the

body waald re%s3ia 1t chargc. 17 rot on itesif at
s shocd, but the camroud aarsicles of air
Srce Lo aeve muelr U3 getiom @) ele¢irical ioree, tend

vero2wal IUeH .2 eleosrifled body focausi it is charged
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with Lhe sape Lind cof elcetriecley. The chasrged particlee of ailr
therafars tend to gcve off in the directiocn of the limes of

lorce and o epproces those Aurrcundiung bodiss vhich are oppositcly
2lectrified. Wher thoy are gone, other uncharpged particces fake
cheisr 2loce rcund ke poirt, and since Lhems cesunod shicld those
aeXt the poini 1tsclf frow: the exceasslve electric temsilon, & new
1lischarge takes place, after whizh the neviy charged parcicles

weve oIf, and 80 on &0 lozg &8 the body remaing elecirified.

"In thuis vey the folioulmz thenoncis are produced: At énd
:lose %o the point tuerc s & sivady glov, arising from the
cenatent discharges which are teizing place batween the point sad
the a ' r 7ery pear 4.

“Tha charged particles of alr wend to move off in the same
yeperrl dlrectlon, ond thus prcduce e carrent of air from the
scint, conslsting «f the charged partleles, sad probadbly of
>thers carried along by thewr. By artillcelally aiding thils curreat
F¢ may lacrease the giew, azd by checkiag the formation of the
current wve may prevent the continuancee 2 the glow.

"Tha electrice wind in the peighooriood of the point is
sometlmes very rapid, but it soom losas its velocity, and the
air with 1ts churged pearticles s carrizd about with the geperal

Liome of tac atnenphere, end constituies au invisible eleciric
cloud. +When the ciarged part-clvs co:ae near to asny counducting
surfo e, sucna &8 @ vgll, uhey induce on that surface a cherge

spposite to their oun, apd are then astrocted vowards the wall,
but since the eleciromective force is :3mall they may renaln for
a lew: time gear vhe wall withouil selig drawn up to the surface
and d.scharged. ‘Jooy thus form apn elactrified atmosphere
cLinglng tu conduziors, the presence Df which nay sogetimes Le
dutected oy the electromeier. The elz2ctrical forces, however,
oo, notveorn oo wesces 03 charpged 1ir and othar bodies are
axcee? 1n01v feeole coupared with the ordinary forees vhich
produce finds, end vhich depend opn ineqgaalities of density due
to diffeweaces of -cmperezazc, go tuav iv i3 vary imorovable

thaet sny obe2wvan.. wn"t of the motiol -7 crdinary tiaunder eloudls
arip2s Jrom 2hTev s 3l causcs e

‘The eleciricsl glow le therefer? ,roduced by tie constans
puses e 0 eluctiritily tnrouvgh a suwall docsilon of air .o which
“un tonolow In veroo rigan, 530 A8 v chiairge tiae surrouad zarticles
ol el unick are o tinue'l. svent ofl o7 the electric viaa,
Tiies Tooan 2559n . lad pers ¢ oRe D819 2unon. T

stens o renicciag tie elecuric riad visidle, 3eecerie, in
1771, followed oz ~Curse o1 Lite cieciris vind oy obge:viag the
Ziov Lines of tac Loacue of uurniug phoggaorur ni. the diggharge

- T [ PO
aovint (5.
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Another method for rendering the zlectric wind visible wvas
givea im 1786 by Cuthbertson (2&). He placed a2 piece of heated
cauphor on a8 dlscharge polnt and formed, by the Jjolnt acticn of
alr curreats and condgnsing vepor; moss-~like camphor dendrites.,

Pozplaration of the electrlic wind by noting the deflection
of & pmell flame in the pa=h of the air streanm has been
ccuaslionally emploved. Cboervations are complicated by the
izzized structure of the flame. A cenile flazme, for example,
is pceltively chargsd ard will conscquently be stitracted and
repelled at tae same time by & pegrilve discharging point.

Thac cendla technlque i old; it was usad by Cavallo (14} and
Cathbertson (25, 20) in 1777 and by Remer in 1801 (83).

In 1368, Téplexr extendeé the earlier smoke-tracer nethod
for rendering vislble the f£flov patiern of the electric wind by
igtroduciaog & schlicren techrnique (100). He wrote, "an
uavarnished bouawood rod wiih rounded ends was attached o the
elactrical machine end 1ts frce end brouvght aear 1o &
ground2d wire cphere ,.. Wher the arraasgsment in front of the
naln lens system of the opsical appuratus was examined at
constant light intensity, o cimmering air movement, flane-like
iu spp=erance, ves chserved between the rod esnd the sphere,”
Tooley demonstrated thut the electric wind was not guite the
"eool 7ind"” of Kinncrsley, for if the air hed not been warmed
oy the glow, differcne2s in refractive index required for the
gchilieven effect world not heve existed.

It was saown vy Warburg in 1902 that uader certain
circumstgaces the eleciric wind could be made luminous {102,
103, 1ok). warburg demonsurated that gassst intc motion by o
negative discharge in ozxygen-free nitrogen underwent chemical
ciunge at the dischnrge electrode. The phosphorescence
geeompanying the retury of tke gas to 1ts original state rendecred
1t visible and so cxhihited the pattern of the flovw.

More recently 71930} Ledeaburg and Tietze employed schlieren
phutography 1a comicrtiorn with a Jet of carbon dicxide gas
iatrodaced ianto tvhe eir in the region >f the discharge (57).

The direction and tvrbulent charscter of Tthe eleetrie wiad vas
earily displayed.

Tae dust comiruvers., Until about the les® quarter of
L orinescenth eencrry it hac been comzorly taken for granted
tant air particles wuere capolic of ele:trification 9r, as we
Wwotld day, ges molecules are capable of ionization. Cowlamb
(27) vao in 1785 iaves:lgaved the loes ol clectricity froa a

-

canrged body suspenced by insuleting sirimic thought that sfter

aliov’ng for leakepc ator@ the gupporti, some lost charge still
somedned €0 b2 aecounted for by o eonvietlive diachevge through
L givce Comvoetive drccharge or e.eesrical ~ouveetlon were whe

txoe opplicd to the p.seege of elsctriciey Tron one place to
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eanther try the motion of charge-bearicg particles of ordinarily
vnzherged matter, o.3.-, gas molecules, dust, etc. Coulombd
gappoascd thet air parsicles in contect with e charged body
zeguired an electrical charge of the came sign as the hody and
that the particles were ther repelled by the body. Accordingly,
rolecnlees of aixy could bpe charged with e¢lectricity, much like
bits of metal.

Rere and there an oceaslonel question was relsed regarding
tthe validity of thils charging theory. Feradey, though voicing
scne veservations, weat g@long vwith the prevailing belief.
Vianersley and Frankl’n had objected more strongly. As Priestly
tells us "Mr. Kinnerxsley of Philedeiplrlic, 1n a letter dated
tiarch 1761, informshiu friend end correcpondent Dr. Franklin,
“hen 1n England, thuot he couid pnot elecirify anything by means
of stean from eclectirified boilling waier; from whence he con-
¢luded that, contrary to what had beer supposed by bimself and
his friend, stesm vas s0 far from rising electrified thet it
seft its share of common electriecity behind (52, 80)."

in time, howevar, experiamental dete eccumulated whlch
soemes %0 be sxplicable only oa the hypothesie that molecules
of geses or vepors resisted =2lectrification. Warburg in 1872,
vepported by Nehrwold ip 1887 adduced compelling evidence that
the lces of charge from an jisoleted elecirified body could be
accoucrted for by the presence of dust 4n the embient air (73,
101). These repgearchers izeld that it was the dust and not the
wir stelking the charged oody that was responsible for carrying
off tre electriceity. Iz thls newver viev the dust did not even
have to ve present in the origigal eir. It might, it was
irelieved; be glven off by the charged condluctoreg under in-
vestisation. Thus Lenard snd Wolf demonstrated imn 1889 that
vken vilereviclet light fell on 8 negatively electrified platinum
surface, e steam jet 1ln the nelghborhood of the surface shoved
Ly 1te changce of color that the vapor had been condensed
(63). Lenarc and YolX zattributed the condensation of the
Jet tc dust or metalilic vapor smitied from the illuminated surface,
ke dvst producing condemnsation by formiag nuclei around which
he weieir droplete couleaced. The experinenters vere, of coursge,
observing the photcealssion of electirons from the metalllce
curface by means of 2 primitive cloud chember. Bui being unawaro
of the exiscence of elecirogs or gasecus ions and supposing
ket {uot was indisnensible to dronlet condcpoation, Lenard and
tel® vere led te cerelude that the metal vas disiutegrating
nrder che action c¢f the light, the m2iallic vapor carrying off .
ke nigabvive elecisicity and leaviag lLeiind the poaitive. A
cimil: v experiment, directly bearipg c¢m the clectric wiand, was
nerforamed by R. ven Jelaholz ip 1887 {(46). He had directed aa
cicetrie wind agaiast a jet of steam ¢md observed the conversion
i the sueca te vicldble Tog just €2 1Y dunt pagtieles had heen
Srtirodatccd. The talicd thet alr mclecules zoulé not ot charged
EC Yuoviier support.d Dy tre cxperimer tnl vesults of Blal:ie in



T2c¢anizal Paper TP&Q:? Page 37.

1333 838 Sohkacke in 18388 (9, 89}. These stullies seemed to show
taas mOt onmly is tacre po ovlectrfielty aroduced by the evaporation
of am amelectrified liquid, bui elso tiet the vapor rising from
an electrified liquid does not carry a4 charge, It wase ngtural
enough to arcue thnt 1if melecules of vapor are céapable of
rzceiviag & cherge under gny circumsatasces they should be
e:zvoctzd wo Jo so in tais cas®.

The conviction that the prescuce of dust is & mecenesry
condition for the :ioscoup diacharge in general ané the electirie
wiad io particular died hasd. Aspérin reported im 1888 that
the preseance of dusi hod no effect on the intensity of the
electric wiad egd taerafore could not contribute to its
exnleration (2).

Lord Kelvin ani Magous MocLean further observed ia 1894,
"Mat oir cen be eloctpriflied either positively or negatively
is obvious from the fact taat an isolated spherale of pure
vater, electrified citaer positively or negatively, can be
¥holly evaporated ia the aly ... This demonstrates ao affirmative
enswer to the guestion, caa g molecule cf gas be chargad with
elactiricity? end sanrwe vhat the elperiments referred to as
olntiug to the oponsiitc coneluslon are 4o be explained other-
wise (50).% Desplie btads f. 3rasun could write as lats as 1896
{(11), "The guestlon of whother a ges cen be electrifiel 1
.anBWered nostly in le aegative, at least amonrg German ianvestigators.
£1) phepnomepa indicat. 1g tae possibllity of electrification can
te cxplained by the presense of dust particles that migat have
teen contalned in othae gas from the outsei or else introluced during
tae process of elecirilication.” it was not long, howaver, before
the lant vestige of doubt oan this score wvas eliminated. X-rays
vere discovered in 1895. Almost immedistely J. J. Thomson at
th2 heoed of & brilliant group of young ecientists at the Cevendish
lasoratory of Cambridge undertook to esmsver the question of how
gasces are made conductive by the new raclation. It was guickly
Joand thet gas rendored conductlng this vay lost all its cone
custivity wvhea filésred through glass wcol or traversed by an
cla2ctric Tleld. The conclusion was ipevitable that gasesous
¢o2duetivity wvag du to the presence of electrified particles.
thase »articles wer> called loas by avalogy vith the term coiued
by Percdoy in 1834 uiih reference to the charge carriers of
¢lectrolytic solutions {33, 95).

fnantitative cizory of the slectric wind. D. Ffaempfer, in
1is iboucural disac sLotion &t jarburg ip 1883, seeus to have beean
tha Pirst to attepn: a quantitaitive theory of the electric wind
{49). nrlarging oa th3 eerliar work of Melde {70, 71), Kaempfer
verived cquations inking the pressure gcrergted by an clectrie
¥ly rién the caarge lost in the co-one. 1a 1893, 0. Lebman,
prodecoor of shyelces o the taiversity I Halle, published
caleulovions facladlaf vae vrloclty of ihe elegtric wing as apodier
varicete (62). The corly thaory wac tacel on a number of




qatetitnnble ateuRpiiong; urogress wves to ¢ made oaly by
adnldcning the old ayproacises a2ad siariiag afrech. This wvas
2ose B Ae. P. Chatiock, prolessor of payslics at the Universfity
of Lrlstol who, 3in 199, devoloped s ralationzhip between
cleatyle vind rressue and surrent for piane parallal sleagtrodes
{15}« Chsttock's prussurc-eurrens oguatiov vis extended Lo
dthor geonetries b,y o3 in 1994 (65). Ia 1957 Hargey examined
tae afiecis oa the e« ectrienl persmcters of & corons dischsrge
Jalebh rre brought aboui by the nmotion of the zas etream (L1).
3uch etfects are snnil in ases noving at 2lectric wipd
vaiotivics but need noi rensin so if a dielecctiric liquid is
suhatiscuted for the gasecouvs wedium. Paying gpecial sttention
to puecl @ cess Stueihuer, In 1959 and 1369, Jurther expended %Lie
Work of L3D and Havacy, giving the most complete analysic of
iou-Gr:g phenouena siat has yet been offexed (90, €1, 92).

Liectrical pre.‘pitetion ard the 2lecirie wind. In 1930
Ladenderg esad Pletze invepoigated the action of the =lecirie

aind 13 the electrli-ol precipitation process (57). The
econclusloa of these vwritern -« that the vind plays « significent
ralke ic transportiy;; particles to the colleeting eleetrode ¢f the
vregiplteior - wus chatlappged by the experiaments of Deutsch in
1931 (30). whls, with the results of Mierdel and Sieliger in
1935, vrovided convinelap Jvoof thet tae clesning effectis

abiuadind Lin coumereinl precipitators could be understood witaout
iavokicg the slectzic wind {7Y2). In tae cuse of laberatory vpre-
elnztators, however, Deuteeoh showed in 1925 that the precipitating
foree sf the aiectsric wind may be coasidesable {29).

Brgdle ot el. tu 195% 2onstructed 3 portable electrical
saptiag precisitator provided wicth 2o elecetric-wind air flow
¥ i ?'oic (#). A sialler apparstus was patented by Hahn i
1934 {50).

Lorone loudspe:.ter. :fuck of the recent interest in the
electric wind has dcer rolative to the corona loudspeeker. Taie
derlce consists essantlally of & corona-discharge electrode the
d-c poscotial of walsl Is podulated by an alterasting csigusl.
1 moirleted outpus taereapon &ppears es pressare varietioss in
tng vesuleant elect ‘te-wind. OSince thsre i3 no ponderasie
vicveting dispiarag:s - only gas ‘ont and associgted molecuylss
Ture - Lisper JProquuacles vhon ‘o copventioral loudspeakaers
caa, Ii arincizie, o2 achiaved.

Tousp ia 1955 Talatad a point discharge %y neans of a
Codurol ¢rice #Hls i.ailspeakcr had a saooth freguency response
ta 19 ic/egc Bac arer 20 aec pover froa ~a acoustic sigual
exurce. Hoatlinearir: ras 3 severe limii:iio (93).

A thedulole :.il producing positive isar iz etwmesnierie
A Ve devi.al by eim i1 iG#6. an emiti.ng surface cocated
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vitva a mlxture of platinum, alunmigua phrospdate, graphite sud
ir:diua replaced 8 poiat elcctrods (34, 53, 54, 55, %6).

In 1954 LOD mades a thcoretical study of the relations
ax:.s¢ing bDetveen statlic eizciric-vind pressure and spplied d-¢
vo_ .tage for plane-parallel, spherical and cyliadrical electrode
coafigurations. Kis egquatious held withia linits elsc for
sikarnsting prescures resuliing from a superposltiondt an a-~c
vo.iage on the discharge d-c voltage (65).

Patents. A nunder of patents have been issued in
resent decades on d2viceas for propelling air by the action of
the electric wind. Among these mey be meaticuned the electro.
gtatic blowers of Beanet (7), Slayter (BT7) an: Lindenbled (64).
Falueff proposed to 200l high-voliage trensforusire vy scwuaaing
them with coronma discharge points (78). Uahn devised &
conbination blower-elestrlsal precipitator in wiich the corona
ginultancously chavygzd sus)ended dust and generated the pressure
recded to insure gas flow through the system {49).

Miscelleneous :rorz, At tae turn oi the ceatury, osne of
the first problema conzect2d with the then newviy discavared
nechanisr of gas20us conduction was that of measuring loaie
roility, tne veloci by of an ion in unit elecwric rieid.
Chatesck ucccedad in devryuminlny ionic pobility an 1899 by
establisiing a8 reiaitionshi) beitveen the 1obility mand the pressure
of the clectric wind {16). Chattock's later vork in 1301 and 1910
extended these meaparcuen’ts to otiaer gases than sir (17, 18).
£ varinnt of this tochnique was developed by Rataner im 1916 (82).
Th? electrle-wind meochod for measuring notilitics is relatively
inaccurate and has today been complctely replaecd by umore
eatlsfaclory modera proceduares.

Tue first quasivitative study on the electric wind appears
1.0 have been perforaed dy Holdz. In 13f0 he determined the
vaeloelicy of the eleatric wiad bota by olgerving the rotation
¢l en electric fly ad by acmsariag the precsure produced by
tnr wind gealnat a. aijnecat surface (L9,

Vor Qovermeyer and von Pichler meagircd tae velocity nore
cirectly, in 1365, Hy seans of aa acuemoreter {(75). They
cavestigated tue electric wiod Pron a bundle of alaecbarze points
€3 well es fioa o Biaspgle polat. Ny hooling thete influence
t:azalpep in eerica shey attalansd voltegzes ¢f up to 935 Kv.

Leavan, ia two publicatioas, ia 18¢7 and 13898, gave an
extenetive qualitatirz? account of the elcetric wind., The electric
vi3d wes ased to exislain corizin stratified electrical dis-
chrarges end tu2 shevye and schavior of tie elccetric are., The
viid pattorp ae 3 Jauction of tie =2l-octronie gergetry was con-
vidricd end the pheasinenon of thae *:ggmeiic 7ind’ was introdyced.
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ihe lutter 1s the nane jeinan gave to as elecirie wind deflected
in a pnagsetic fielv, =n effect which .a ¢a6 unuey room conditions,
16 ipsignificent (61, 62).

'ang Qistrivuticn of the electrie wind vgloecity in terms of
2iecgtrode geometry, curreat and volisge s coacidered by Heiser
in 1955 {44, 4S5},

auers god Sharbrugh reported on tihe punping of dielectric
liquids oy & coropas discherge in 1958 {(3). A method for producing
lov-currant high-veltage nover by transjorting electrical charge
in a novine ges strean, instead of g belt as ir & van ée Grsaf
aeperutor, vag described by Gocurdine im 1960 (37, 38).

@ther recent vriters to mention uwhe electric wind include
qarburg ia 1927 (10k), ‘thomson ir 1933 {94) apné Von Engel snd
3teinback in 1934 (32).%

* Worl: of rolated ipterest dealing vith tie movement oi liquids
ir electric fields includes Vonnegui, 8. and Heubauer, R. L.,
‘Production oi Morodigperce Liquid Particles by Electrical
Atoniszation,” J. Colloid fei. 7, 616-22 {1952); Drozin, V. G.,
"The Ilectrical Dispersior of Liquids &s Aerosols,” J. Colloid
3ei. 16, 158-64 (1955); Nawveb, M. A. ond Mason, S. G., "mhﬂ
>1epa1atlon of Upifocrm Emuleione by Ble:trical Dispersion,”

J. Colloid Sei. 13, 179-87 (1958); Tohl, H. A., "Some Effects
nf Non-uniform Fil€lds in Dielectries,” J. Appl. Phys. 29,
1182-6 (1958). -

By: e <25&5~vﬂna

*i. Robinson,
Physicist

HR:nlv

F
Apnroved By: ’:3 C:ZJG

. Coopermnn, A}
Directoi of Research and Developnment




tzchaical Paper IPEN-2 Pag2 bki.

3IBLIGORAPAT

1. Arrraniuve, S., "Versuche uver electrische Splisvirkung,”
ann. Physik 63, 393-i3 (1897).

. Azperén, K., "Ocber Blectricit@tsiuterfuhrung avieciaen
Flezmen und Bpitzen," Buibl. 13, 563-5 (1889).

e Auer, P. L. ani Sharbaugh, A. K., "Investigating tae Di-
electric Puwp,”’ Cen. Bilec. Rev. 61, 37 (195€).

k, Beaéle, D. G., Xitto, P. K. and Bligpsut, P. J., "Portadle
Electrostatic Just 3ampler witih Electronic Air Flow," Arch.
Ind. Hyg. Occupational Hed. 10, 381-9 (195k).

t.  Beccaria, G., "Slevtricismo artificisle” (Turin, 1773),
pv. 328-30, 338.

¢. Beccuerel, A. 0., "Praiié expérimertale de 1l'dlectricité
et ¢a la meguesisme" (Paris, 183k), vol. 2, p. 194,

i Bepnet, W. H., "Apparatus for Comversion of Energy,” U. 8.
Patent 2,327,593, Aug. 2k, 1943,

Diot, Je. 8., "Ywruitd de physique erperimeniale et
mathe€matique (2aris, 1L816), vol. 2, p. 30k,

-~
°

<. Bleke, T. J., ‘Ucher Blectricitatscantuwickelung dei der
Veréenpfung uai uber die eleciriscie Reutralivet dse von
runigen eieetrisivien Flussizkeitsflichen aufsteigonden
gonpfes,” Ann. Paysik 19, 513-534 (1883).

19. Boyle, R., "Erp:riagents and Notes rbovt the Mechanical
Origine or Production of Blectricity” (London, 1673),
PR ?9‘ ,_10.

1. RBrovn, F., "Jcber die Leitung electrisirxter Lufiv,”" Ann.
Piaycik 59, 58%.52 (1826).

32, Arite, J. R., "Dczcae Measurements,” NRL Repori Ce3475,
Havel Res2areh Ludoratory, Washingion, LeCe, Dpe 2k,

13, Cubto, l., "Policosophis magnetica” (Colorn2. 1€29), Chup. iC.

T Covilo, Fo, T Comaite Treatise ¢ £ Ziectricity." (Londoa,
1580}, irls Cu.. 2. PJ0. Cited by ©. ‘Ycnlinson (993)

$5.  Gavello, de, " Complate Treatise ci' rFitctricity,” (London,
L7%1), de%. €c., ap. 35, B3G-k0.



16.

i7.

i8.

L3S
-3

30.

Pochnl sl Peper TPEG-2

Page L2,

Caottoci, A« P., "On the VTeloelity eud lass of Ione im the
Eiectric Yiad :n alr," Pail. Mag. &3, 401-20 {1839).

caettock, A. P., 'Oa the Pressure of the Llcctric Wiada in
Rydrogen Contolaing Tcaces of Oxnygen,"” Phil. Mag. .9,
bhg-60 (1910).

Chaattoes, A. 2., Halker, W. E. and Dixon; %. He, "On the
Specific Velozitles of Jons in the Pischarge from Points,”
Pail. Mesz. 1, 9-93 (1901).

Cobine, J. D., 'Guseocus Condvctors"” (McOrav-Hill, New York,

'1241), Chap. 2.

Cohen, Y. B., '3Jeajonin Frunklin's Experiments" (Harverd
Uaniversity efre:s, Camdridge, Macs., 194l1).

Cooneruan, P., '/ Theory for Spacc-Charge iLimited Currents
with Applicatioz o Flectrieal Precipitation,” AIEE Trans.
Papor 00-2, Ulaier lleetving, Wew York, TFeb., 1960.

Coulonbd . A. 1o, Jenoires de 1'Accdéuie des Sciences,
612 ( 1‘7-§ 5).

Surtis, H. L. ad Defandor?l, F. M., "Interaetional Criticel
Tebles," ed. 3. V. Hashburn (McGrauv-yill, Jev York, 1929),
Vol. 6, n. 772.

Gu‘bi:berts;m, J,, :"ﬁ!bhﬁmdlungeu voa der Electrici‘tﬁt,“ (178(3)
B- 3061 ¢ited by 0. Lehman (Sk)’ Le T3

Cutlkbavtgoir, J., "Practical Slectricity ani Galvenionm”
(London, 1807), Jst. Qdo, Pe Eho

Cutkbertson, J., "Eln2 noecii unbemerkte Verachiecdennett in
der Wirkungen dor veddeun Electricitfiten,” Ann. Physik 24,
113-& [1806). Jhe reference to Hicholocon's Journal (Journa:
of fatural Phiiocuvophy, Cheulstry ard the Arts ediied uy

Wi, Hicholson; 3, (17997) is falsc.

R, D., Unpusliched dats, Physikelischer Institut der
Gulversitat Routoek, Gesuany.

Cosyretz, €. M., "Tralté élementsire do physigue®” (Bruxelle:,
133])’ 5%1. ew:, Ve 971.

Ceutsch, ., "Uolizonsptledvng and eicktrischer Winu, " Ana.

ragilk 30, T20-3. (102%).
;auiaca, 1., "73~ dile Wirkung der ¢ lc. . %risehen Cagrelaigung
art 2lelimiseacd lnd s verceosacs' o jiarn. Physik 9, #2954



techoisni Peper TPSU-E Fage b3.

L 1]
W

Bieenliohr, W., "Lehrbuen der Puysik” {1860), »pe. 5Q0%s Clioed |
b C. Tomlianson {99).

Eagel, A. Von ané Stelabesk, M. S., *niektrioche Gaseotladungen’
{ sprisger, Bevlim, 193%), Vol. 2, pp. 3840,

E‘zraday, . P :lg;,;pg;-imGRt&l Resercaes in Eluctricit;r" (Lor.'asa,
1339)’ Vol. ]., > B 655, ll}l&3, ll},‘h’ 1535, 1592’ 1595.

®. 1. D., "Loudspesker tithout Disphragm,” Wireless World
sB ‘1), 2-3 (1952).

Ganot, A., "Traité ¢lementaire de Physique” (Paris, 1837),
?th- ed-, De 556-

Glocker, G. aad Lind, C. §., "3Zlectrochemistry of Geses and
Other Dieleetrice,” (Wiiey, New York, 1939), Chap. 2.

Gourdine, M. ¢., 'Pover Goneratloa by Keans of the Blect:ie
#iwd," Techalcal Report 32-6, Jet Fropulsion Laboratory,
Californiaz Iaatitute of Techizology, Pasadens, Califoraia,
Avril 1, 1960.

Gourdine, . C., 'Vind Laergy sonverters Provide Hlgh Pover,”
hHiectronies 33, (33), 148150 {(1900).

Gaerizke, 0. voa, "Iiperiments nove fagdebargica” [Anstecdam,
.572), pp. 147-50.

Haba, C., "Hethod for Supplyin3 aad Clceriag Gas by Blectricsl
Action," U. 8. Petent 1980,521, EHov. 23, 193k,

Aoxney, D. S., “farodyasnic Study of the Electrie Jind, "
shesis, Calirozala In3titute of Techaolegy, Pasadeia, Californmia,
1957. ASTIA Docwsent AD-134202.

Harris, W. 5., 'Radinencary leetricity,” {Lon@on, 1851),
21d. ed., p. 1ld1l-

Euukobae, F., "Physico-iechnaieal rxperinenic ow Various

cub’ects,"” (Loudon, 1709), lst. ed., pp. h-7.

LFefcer, Co, "Zua sleltelsceac Wiad (or iCroza in Luft von

Awmeapherdruei, T di38 Z. Univ. Rcstock L. tatk.-Haturv.
.. — g ey 4 4 =Y -

RFeoxpC@ L 27T~33 \-'.97'1-'-5).

jeleer, C. and XKusze, P., "Der elertzische Wigd in
7 aareriute,” Aan. Payeds i3, 2:9.5L (19¢5}).



Techuical Paper TP:10-2 Page 4k,

k6. delmholtz, R. von, "Versuche nit ein=m Bampfstrabkl,™ Aan.
Physik 32, 1-19 (1887).

L7. 8oltz, Gott. Jachr (eHachrichtep von der kéniglichen
Gesellschaft der Wigsensehafton wu Gottimgen?), 551 {(1330).
cited by 0. Lehwan (62) pp. 96, 132.

L8. Jones, P., "The Chaapges Produced in ap 44y Strean by Yire
Gausze," Eng. Digest 18, 1913 (1957). Abstracted from
Czechoslove . Fhys. 7, 202-12 {1957).

L9, ZXaenpfer, D., "Ueber die lessung ele:triaéher Krafte mittelst
des electriscier Flugrades,” Anm. Phyeik 20, 601-14 (1383).

Q. Xelvin, lore aud Maclean, ., "On tha EBleetrificatica of Alp,”
Proce. Roy. Soc. {London) 56, 8L-83 (1894).

5le ¥Xinnersley, L., "A Course of Sipoerimants on the Jewiy
Discovered Fizcurical PFire," Leciure I, 1752. Reprinted
in I.3. Cohen, "Renjamin Franklin's Zlectrical Experimants”
(Hervard University Press, Cacbridge, iang., 1941), pp. 227-8.

52. XKirvpersley, F., "Nev Expesiments in Slectrizity,” Phil.
Prans. Roy. foe. (London) 53, 84.97 (1763).

53. Xlein, S., "(2llule therlonigua de grande puissance &
gimosphere guzeuvge et ioms positifs,” L'onde elect. 26,
367-73 (19ke).

54k, Alein, S., "Cellule thermionigue de grande puissence a
gtmosphere ~ezeuse et lons positifs,” Compt. reand. 222,
1282.% (19h€). -

55. <Kdein, &., "Leg bases physiques du hauteparieur et de
wicrophone loaicues,” T.5.F. pour toas 27, 3402 (1951).

56, {iein, S., "fugrentation du rendement de la cellule thernionigque
a grande puiozarce nar superposiiion d'un champ intense obtenu
s&r uge tewsian elevee ie haute Iragaence,” Compt. rend. 233,
h3~5 (1951).

5T. 1ladenburg, R.. znd Tietze, ¥., "Uusersuchungen uber die
ohysikalischen Vorgaage bexdar soags :ehaten elegtrischen
Coorelnlgung, IX: Dis Wirkuag des clcksrischen Windes," Ann,.
*hysik 6, 581-4-1 (1930).

£8. 4darcner, P., "Mzgual of Elecerieity, iugnetism and Heteorology, "
{tendon, 18L1), voi. 1, p. 330.

9. lLardmer, D., 'Headbook of Hatura® Ph-.ovovhy," "Electricity,
lieghetism ard Acoustics,” (Londorn, 135G), Vel. 4, p. 62.



Teehniesl Poper TRLG-2 v.ae b5,

G La RIvs, A. .. ke, "Troetize ou Ulecirioii; ip Waeal;
Practica,” vLaslated by O. ¥. Welkes {Loncdonm, 13533
?Crl‘ 1' p. :'. ;(".

5le  Lelmca, 0., 'Uearr clecirisched und aagaci.cchen ¥lad,”
sud. Fhyeik s, ~Ch-304 (1397).

68, lehnau, 0., 'Di2 elokiriaches Lichtesgcheinungen vaes
Ln.ltdungrn“ {Balle, Germaay, 613}, 2p. 70-87, 97.-113;
&34'6’ 39 Dn'.

53. T.enard, 2. aad Jolf, M., "Terstauber ler Xurper durch due
Ulvraviolety: Licht,” Ann. Phys. 37, +43<455 (:1845).

83, Lindenblad, 7. 3., "Ionic Wind Generating Juct,"” Y. G.
baten: 2,765,97%, Get. 9, 1956.

€5. uOb, E., "Baitrag dber die Druckvirkumgea voa lomenstrouen
in utnosptn*tvcze Luft bai versociaicdeaen Bntladuagsenordnunged,”
sxen, olek. Jebertrag. 8, 83-20 (1254L).

6. Locvo, L. B.. "Pancaouneatal Prce2sizes of Electricel Discharges
n vesns” (Jller, dew Yors, i1939), rp. 32-5, 50, 1k0-1l, %91-3.

57« Loel, L. B., 'Hamdbueh der ®hysi:," ed. S. Flugge, (Szringer,
Berlin, 1953), 7Jol. 22, p. 513.

8. Mexhold, ¥. i. snd Benedlect, 2. 1., "theory of Gascouc
con&uctors and Zlectronies” (MeGraw-lLill, Now Yoek, 10L1),
Chap. &4, 7.

89 Mexwell, J. C., "Treetise in Blectriclity and Magueviss"
{Oxford, 18713), Vol. 1, pp. 52=-k.

70. PHelie, ¥., 'Uctesr eine Nethode zgur Untersuchung der
torsionselanst:citit,” Z. InstrumentenXk, 1, 76-8L (1881},

fl. Melde, i, "Iine Methode, die cactionsksifte beilm Lucetroren
von Elect:icivat zu mescen,” 3elsl. £, £00-1 (18C2).

T72. Mierdel, G. :nd Seeliger, R., "Untercuchuagoen Uber dle
viysikolicewen Vorgansge bei dor Fle trciilte erens," adrch.
Liextrotech. ¢, 149-.72 (1235).

13. baqrro id, R » "Jeber Luftelectricitivt,” sun. Puysivr 31,
-3 { G379

Ta. MNMellev; de .., “EsSai sur l'elechiricite €es corpan® iy o, 174G},

7%« dertum, 3., vptaese, {(Luzde , T15) 2nu. ad., =, .6,

- &



Tecunical Paper TFOI-2 7 Pege La.

T4, OwBevacrer, A. Vob S234 Plcaleor, R. wou jﬁehcr die Efgvir-kung
dar Envliadung nochsespsante Electricitat Sul’ feste, in Teit
euopepdirte Theflehea,”™ Boibl. 10, §5:1-3 (1458},

Tl Qudorae, W. €. ead Taraer, C. C., "Wiods ¥recticenl Getae to
Funannglnearans“ {(Yoods oI Colchester, "ngland, 395h&),
p- LQF.

TH. Pelvefs, Ko K., "Heans for Coo.irng Electrical Apperetus,”
. 8. Patent 1,980,821, Bov. 13, 193%.

79. Pouwtllet, C. 8. M., "Clencus de rhysiaae” (Paris, 18%6),
Yel. 1, P 508.

80. ?Priestiy, J., "distory and Prasert Stats cof Electricity"”
(Londos, 17c7), lst. ed., pp. P1l5=6, 591-T.

8i. Precht, J., "Abcolute Messungen vber das fussiromen der
Biectricitat aus Spitzen,” Ann. Ihysix 59, 150-83 (1893).

82. Retner, S., "lhe ilohility of thé Vegative lon," Phil. Mag,
32, Uh2-61 (1916).

83, Remer, W., “Beschreibung einer electricencs Versueiie," Aunl.
Payoik 8, 323-41 (1801).

8%. Rless, "Dile Lchre von der Relbungselectrieitos” (Berliu,
1853), Vol. 2, 0 153,

85. iRoget, P. M., “freatise on Blectricity, Galvanisn and
Electromagnetisn” (Landoa, 1832), Part 1, p. 194.

86. Rouse, H., *Eleneatary Mechani:s of Fluids" (Viley, KNew York,
1947), pp. 26-7, 202,

87. Clayter, G., "Apparatus for Elsetrically Generating Pressureg,"”
U. 8. Patent £,305,500, Dec. 135, 1gi2.

33. ©Snith, A. H., "Yriciazs of Benjanin Franklin," (New Yor:,
3905)9 Vol. 9, P 303:

39. Sohneke, L., ‘Loitrize sur Theorie der Luftelcctricit;t,”
Aaa. Physik 3L, 925.943 (1833).

90. Stuetuer, 0. .., 'Ion Drag Pressure Generation," J. appl.
puve. 39, 9ti-3l (Is59).

91. Stuetzer, 0. b+., "Instability of Certain Llectrolydrodynante
3ystems,” Phiec. Jlutds 2 W28 {1959).

92. 3tuetaer, 3. ae. IoM Drcg £3:98." Jo Avpl. Phyee 31, 1305-8
(:960). s 18e 3, 130-86



Tecknical Paper TPSO-2 Page 4«

986.

97-

99,

10Q.

a01.

105-

106,

=Q7.

+08.

Shemson, d. Jo 8ad Thouszen, 8, P., “Conduction of Blecirieliy
Tapough Caees,” 3rd. ed. {Crabrié¢ze, 1933), Pp- 5536,

Thomson, J. J e« xnd Thomesn, G. F., "Jonduction of Fleeiricity
rarouss feeec.” lsBt. ed. {Cawbiicze, 1903}, pp. 4Q3-4.

Thomsoa, J. J. and Rutherford, E., "7 the lassage of
gicetrieivy ~arcugh Gooes Dxpusec to Routges Rave,™ Phils
Mag. 32, 392-%07 (189€).

Thcry, C. E., "Eibliography of Ozoae 7echmology” (Armour
Rceeasrch Fourdation, Ciaicazo, :6%5), Voi. 2, pp. 128-3%.

Thorp, C. E., ard Armotrong, W. J., “infiecace of Jdater
gapgz on Ozc¢nlizer hRfficizuey,” Ird. TMag. Cl:en. jg, 131b-.21
1646),

Toabs, D. M., "Corona Wind Loud-ipm=aker,” Rature 175, 923
(1955 =

Toxlinson, (., "ZExperiuneants on tlre Elerctirical Fly,"” Phil.
Mag. 27, 202-18 [180k).

Popler, 4., 'Cplische 3tudien auch dcr Metnode der
Sclhliesenbecpachtung,” Anu. Physik.ﬁgi, 19217 (1868).

Warourg, D., 'Ueper die Zerstreurag der Blekvricitat in
Casen," Ann. Caysik 145, 578-59¢ (1872).

Wasourg, E., "Ucher leuchteuder elektrischen Wind, " Physik.
4. b, 40 (15072).

Wasburg, E., "Ucber leuchtender elekiricchea Wind," Anr.
Phyeik 10, 13c-C (1903).

Wasrbarg, E., "Hondbuch der Phaysl)k," cd. W. B. Weatjhsl
(seringer, me:lin, 1927), Vol. 1k, ». 158f.

Veuur, Je, "Vallotdndige Lebre von dz Socebzen der Blekiricitat,’
(i‘!Chen, l?s‘-) ®

Wihite, H. J., "Parilicle Charging ia Eleccitrcsiailc tre-
eipitation,” Tramas. am. Knst. Blec. Engra. 70, 1186-91 {193)).

Wicdewann, G., ' die Lehrz voa der Llextricitai,” Zud. ed.
(Bravaoschvei., Gernmany, 1885), Voi. b, pn. £2i3.0,

Vilsom, B., "Treatise on Eleetriclity”’ (Lomdon, 1750}, pp. 140.1.

. Wiiswd, B., ‘kurthey FPxperiucatlr ¥n -~ oeltpicity,” Puil.

Lrens. Rwy. e, {(Londas) S¥, (%0=30 (76e).



L8.

.
PP L n

(@7828 TIi7) 22A07C BIHIDS-BIPBIH " ‘1 ASLCI4

oo

g

- Qlrmrrmmms ..,....\.bw._r..,,,.... - R O - - : .
YA

Y. -.._‘.‘..Ji( — th i , .
CRVED ARNENY v A0 N9 S0 G B Vo ‘Hw‘__\uﬂ YL LT

-_~ . w
| : VAR | SN

[ e T o
! : )

g S S VLI T

\
3

m
!
!
.w
| -
._ \mzéﬂ \
h Jo Juesios jo wmioy )
| MY *mojoeata 9 ‘uswuog) N
N ~7 .~ UBDIDE M Wnow J0f Buyy

Opo330819 JUTORTTo
e

————y g e o i e e ey e "

LTI toded L S ST

“ﬁma T T I =

et

A _w T T (etpea  davue, L con)
: , , i0d100810 eBrvysetg

SR e

D&t Lo - 80IN08 3Te0A W og

we o/

ET RS 73
BN 3

L A




Techmlca . rapcr 15322

——— et e -

%
t
>

005 !_ ] -

S : '
. ‘ o . kv o Qe
O -~ g 30 e e R
: S SR oRYerer o
o QuaLity, ¢ POSSINGE

! . !
osf gl -p

Gunaﬂum ne
>
\g

s l
gf - ’ . h : : - . '.,'-;--'5"
. o 2 - . ‘e - . * - P aee ".i. cerr meean ‘:".—*":*'il -
» g ) ; wa
|

ji?’.)ﬁ)’__ﬁfxf{m_-\’)-c-& o ¢ |

-n_,...f;:’_;x;;-')';.; O -. B :

0 A —rd ’ ' *
3 6 9 12 15 . 18

dverage velosity, n/sec’

FRAVF 3. Lifecth of 4l vetactty un the 2av na cucrent.
CTSAAY'AL v eLr.e Tt Values Pop tht electrie
win' in the 800R&l&csc vap _sver are shovn by the
Thspet coakeie TEgeatfon L),



Fage $°.

THE OR1g

IHAT bocyy,
BIse

FTILCTOEREe

” . ..
. vt

QUALITY
-FROM Copy

ke , .

o - . : ) ... ) " , S

X +aun.. IO S o
. ...U.b,ﬂdc W 54 VR £ |

aauqaﬂq wﬁaewhﬂmaofwc ¥ “E SMBOI4

-~

25-

PR
N

;1 epoaysere
{ oPavstg T

Mf ,.Iﬁ :

cie = 4
:é&oouo FU3S T T 3L L

‘ wvac: T V84S




A = e ———

- aw - - @ -

Currant foodtags, M2 aa/xv

A A
g

] v/

Y

e .

.

o

/1/
£

i : .8
ST TR ORTGINIT Bdtueier mas o igp
G QUALLITY, BiST{POssipLE REPAODUCE
¢ 7 ¥ROM COPY FURNISHED ASI1A, .-
< e
‘ . - ~an 3 N, AQ - - - — - o~ - o ‘ 1‘
pa L
. ' ; ' -
’ : { i
4 - ,
_' . »
,;-' : ‘ . 0.
» ' .
7 f ’
N 4 :
7 '
/
0 /
Ve 20 &0 &0
Valiage, kv
.Y © v
31730+ % ° .8a c.orent 98 & amneiw 6f
¥ 3ts7r. °°» atraiski ‘Yne Folisuz
° 'ﬂ‘&" 0"?3 :’ }‘—' 2




caphaiel sBE L L
[N

w/oet

|

swaregs velocity

t
A_*‘....a- -

4 quaprTy.

IR |

b
PR "f‘" i? .
L] . ¢
4 .
ety s e .- s
!'
1 ]
' .
.
— o
35 .
-] 5 ¥ s, .

gﬁﬁﬂ Q" P

coadliSBe »
pgentins i

&\

rB.T3:30T
1o

&

cwwav i 4

gor

e .

L]

L& velocity-cursent

e Lipe ie thed of

._"MU-P“"

-e?-" -

- awagp &

THE ORTGINAT nocpm:n ro® ss'm POOR - -

"BEST POSSIPLE: REPMDmem
" FR@M COEY FUiN!SHED

SI1AL -

&
L ]
';ng,r' .
e
2”b
e .8
O Rt
b e
4 )
-
.
L
.4:,
1 :ﬁ;d .
- Fos
e.
E

o -
]
*
& s
I
¢ i
'ﬁ [
-]
4
-3
.
o
<




Aversge velority, @/ses

]
-y

!* oo ~
®
L]
1)

3 . - . Vﬁ - . :.y: R . e eatele -

2t -
g orT ' o
, I PTCL*% noopgus
. DICUNIND w
Egmmry. Loar PUSSIBLENSM‘;W’ Paoa_
| FRoM corY puimpdimn ASTTRy -
1 | ‘ *r e - R

VYoletage, &¢

' . e 47w " Cwmd.2a e IR %P & 11T T . nf V208,
We . 344 g ve gnn®  =o te Fawatier (1T), the brokem
-5 E%'ﬁ:a'gﬁ@ ',‘Q}n



Linstic pover cutps, w

0:.10%

0.05

LIV

10

Sloctricel paver laput, w

d R SRR Y ® ;41- - e

8w eman 2. . °q,a

Tipe- ohe % oo

@woe

.
&

o

PREET TS ST Yo

Ly

qqc‘jl%@

Lilonah

BIY N
shie cu-vr




1.0

(e

0.6 » ey

Brtclopey,

: O Tesh ), t0ge
. {J Tes‘ z. nss.
X A T‘Bt 3. Pﬁao
]
. '] - '
; « | -
[y 0 O go o e . -
e
3 o’
b OR1rrrey -
b'.'f?.z': - “.' b A AT .y oy

o ., -
Ve Wty 4 .
C T AuemagilD

< -8

' !

.
#

' {.?.-.«-N

10

Voltage, kv

AT B, RaagmPple ¢ ®he e 740 e
vr ¢ -, The gucw thea

ol

.f ePPialan-y with

runticn £57). ..



P

AHE ORIGINAL DOCUMENT WAS OF Poo® -

,?: esymab, 933 ousSs £3o8c 72

S "3UBIAD JOIAT puu £3BEWuD 439 ;0 a23308R2 B €Y S5300T9.4 aﬂmrosu.. Jatd

a % .

YIAINS 0%} 3% gaa..?. € at; 4..,&3.&» aﬁ. s .

[ .. SR S e G-Iy - GRS s Supa Llli‘t'.go!l"t

u. c__° .3 |

_m

...ﬁu .....s

.8 2 ;5 .og
e . e e -

. - ‘- - e D ® e EBIGAN W0 GUDARD i AW v'.-l..' SR MRy - a.b...ioba N ERE @
. , ) ¢ .a? . e
VQ , ,él ! B ° H e u.m ..,.» L a
S PR ' N L
! P e b Lo -
LI H A AU M
S : o ; 4 ggé@ v
0 (] “ & . :
v - 4
' , L
n:..!o.,e.ualu.:,. - EEE Y -..M. - - @ -~ Ll A Lt RIS
{
1
¢ . o
M o
v ..... (]
* aeaonseds |8 ! - e,

é 4sufre

o
[
2.
8
m o
£ Q.N..o,.n 8 T e, . . [
o IR . e éxw\«&ﬁsuﬁuﬁﬁg . £ .
2y » - b ,
Lﬁ, . ¢ . . . :
oy : as .
7SN S . S SO ;
mw . . & . o o : : LI
I : e N : :
27 o S I i ' R
BN . . . M E e ,‘ : »
.Wn : 3 O L] o, ¢ ] ,
a8 W 30° ; (= e e .D &
ot : Q “O o 0. ., o]} . o b Wo - Oy
m.w %, T e Ui e .aoﬂ.w w , J.mr s -
Qm. - u ® % " »* e ,_.e. ,..o -
' e e . S R . Rt
@ o

| o

2700768 8Feany

s nao[a 8

°
&

a




=7,

$HE ORIGINAL DOCUENT WA OF POOR

QUALITY.

1
°

o o
&
r

, : o . - , | .
a - . « " -
- g o= o”n M Sh
‘@3B SND EVVFITA 07 ue e v:».mouuun .
25800 *:£378ESE TV WO aGTCa JO SLTIPULCOL T wp:amu

>

:akrmuqam om0l DL

Fauk D ASTILAs

g
3
w. o ¥ ’
&
[ <
1
ot
*
LN
[
’
.
“

-
&

TR0y €0FY Jw

‘adergey -

=2



2 i LY o .. hd
. . ) .
. P - PR - o . . . ® . °
e 0" ' . . - .= ) 8
. , : . . e . . . e O
: . . ;] B ) : .
: o.oﬂ. -« * .. . . . ' - .o ' . . .

L L : ‘amesInD vnupmunu 'Y mﬁaﬁw 3%
&.nwaﬂhs%tna—-ﬁmﬂw \ho 3 zﬁrdnmﬂu%mcmm nneﬁfmh JU SBIGFD0TEA FULGASIFIGLOTE VT lUdls

. a « ,, | Awwuh;\own Vn.bﬂ ‘£3yeusp x haﬂﬂnox . -

uo o. .
l‘ - Y
v e.m > W | e 5 R

0.3

-y W S e B W

L @ie caememdes b dede o+ RS e IR v
. .

.
g im e e e e o™« se e e
‘

« swe. sec s @ e @ eese

L d
< 3

- .-
) =
L] ~
. 3 .
. PERERI =~
. . [
¢ cqt e e @ e T - oo . . v - > S n
, 2
.,._ ‘-1,0..‘ - a '-.L!.SIG 4 . - mw
§ G D O w DU O Cew o eem . o~ .-
' .~ e L3 dvom ¢ eBmacm ow e m— Q . - “ > -
. P el - e e a . -~ s 0a . - . «?
! I ©oid
U.._ . - o .
B A e s [ Y [}
| Lot
. ” “ .
.« - R R
.. o o te - e ewm ow 4. . .Q.vla - ¢ - -
= . * .
P ] b .
ol |
i [ ' - % /ﬁn
S L4 [y L} A
» } v om.o 6 . anr o w?b. . . eosen - wih. se Qo" - ° o ¢ = (] - © . % N e# fﬁ
4 8 . L .- 33
b S . it ¥
. m . M . -t . e e W on ww m . "0 &+ . oo w. . am
¢ : ¢ o : s
. a , : &
¥ wron o Qe et ¢
e
. . & o .
X 0" - . T . - )
Py » vn.. . » N 4
° . . - &

A3100185 BaAT1B[6Y



Relative power outpui, voltage and average velocity‘

-®

L - - - o™
SLefl stz Tt
»
w :
- 2
1 )
. E}, - Vo
: e .
i . )
°
.Y
'y

*“-“ - e - F ‘;.' -

TPE CRYCINAT, BOANGNT WAS OF PC
QUALITY. K:ST FUSSIBLE- REFRUDU
FRuR COPY FUGNI$i:ED ASTIA, -~

e
A
0e8 1,0 1.5 2.0 2.5
Relative gas desity, o.
? Pif Lo

of . Tows o osanpet Y L L TR T T OIS L
W% w R % YRR 5&_‘. m, £ o .n,..u.-‘x;’_-. 3
e el Are  plal, V@ L. "R 8% ' @SEC e
c2ufitions. ¥owo s L Stg@ ey ¢, ver i B
sa'8tas i e Lquatf- oo TR0) el Fos L s Eiga



£frscionny, ¥

1.5

1.2

0.8

o

O
THE ORISIRAY, DOCUNTNT WAS OF| poor ™
QUALITY. Rty
FROM COPY¥ FURNISHED A3TIA, .

o ,,
/
0.3 R
s <
/
/ k .
i/ . o st . 7 T ‘3,0
"""y - 1D %S 20 3 2
2
TN
L Gy @9 AL e lative 34T ELY ¥ &S X
cx s ESERERLEA e o v uatcom %3}

e ,';Q,'?ﬂﬁ

. e v N
Tam* P

POG51BLE REPRDDUCIIOR -

y

.



r - - N o
- = - o
) {3 RS » |
- ' 4E ORIGIN®I{ DOCUIINT WAS OF POOR ™
am :;;.‘ B’E:S-i‘ F0S551BLE REPRODUCTIO
] FROM COPY- FURNISHED ASTIA. -
~1 € —_— 8
: e, N 4‘%
' < i .
: R . x
o T N 3 : - o
v 3
% g
, s o .B
* . o
5 & ' -1
| 5 ,,?‘i
° - bt codiid M# . ewJolt -
r - é g
r; 1\) & é .
) - ?
H AL
: L] E
] Y _
' ) V ' : . - . - % »
' . . )
c | N
.‘_\ ! := ﬁ.
. B -

® %3

g

~

v e ot B B e+ DA+ D e DD - ¢




e

rebui

Ozone generation vats, 193 gmfeec

7 Test 1, pos. :
@ Test 2, pos. =,
& Test 3, pos. 1

T Tt b, meg. T T T T
J Test 5, meg., ~ - [T v memoecvsess

- -]
1 )

v
] H
.

;

1] - - - -0 weentaE—en = 4

.

. -

- e -— e}

& ee

P g ORTCYNAS 1

’ . -
1.z Quane. B ST
6 : L FROM COPY YUANT
I Ay A
| [ |
G : * f } o
2 ; SRS o T U
AR
N | ' : b .
o oF P g p o~ » &
S! o a & o

Current, ma - .

BT T 10, EXAao- vt ¢ 0 topset2necgtion rate

% terms ¢of corgna eurvent, wpats nre "oy fiveé

hisreera 4p selen.

CUMENT WAS OF POOR
PUSSIBLE. REPRODUCTI03
SHLD ASTIAQ?‘ *




¢

e

.

F

ppay Average velosity, m/see

concentration, 0™ 1

i;ozéa’t;

- Bfficlency, 10"

1
%
o
w
=]
.
'
e ]
1
1
'a
]
(o]
I

i

U

} a . FRCM C FULRNISHED ASTIA.

| : ~'
; ' v
: , . T
; 1 :
; - v} . . .
: , C .
. ‘ '! o )
i ,‘ ' i H “
\ -: - o> oo .-. E .r» - e - - ;— [ ~-!-
\ . ° . . % ° N
; ¢
™~ e N 5‘: : i ! ii‘
2 G o ° .‘\ ..% $ . -o‘e; - > & asee .
. . - :
; f° ] . . — L — .
i ! - ) ; e
i g \\% Ozone eoncentration ° Ty
v ﬂana-.e..-‘._‘._ | I
0"'""’"‘"%"“0"""""' - s o T & y-apeey

1 .2 3 3 5 g 7 -

Number of blowers in parallel

LYEWER T 3. FTVE fe30¥, waone edler-tcatics by ¢signe, 258 velveotl:

revit¥ng Trom mnsi ng .08 . BRLdePs £¥ 3!, 98 Lp nvallel
2t temotant oatai w lamgts o Y. e =222, qhe elfieiencv v
s Toewa froc Mamatton 7T} L fue g3ens ewcse es T oo~ti a5

|

| R

{ : ‘ ' THE ORIGINAL DOCUMENT WAS OF PQOR \.
: . - , UALITE BEST POSSIFLE REPRODYCIICH

‘ s PY -

}



~ o~ B R LR : wie Y

T + corons
()_-‘corena

QUALITY.

THE ORIGINAL

B7ST POSSIBLE REPRODUCTIGH
FROM COPY FURNISHED ASIIAQ,f

DOCUNMENT WAS OF POOR -

b

s )

$
K
1 / -
: / f
5 ! ey |
! G\‘v,\\
.\)
) 4
JV-
, - 1

Voltage, kv

I5URT 7, Senca oL f pocit ve aad negative
A w2lioe Lo, oA tunctioon . ol weltanc,
that P iecation 3T

The

3 Y we B
nietrios

cn~ve 48



J\-:]r‘.

f’
( 7
| / '
. ; )
. D '-
N ‘
-
p
Y
e
;
£ ;
A
/l:/
.'j:—l
e L
' "y
b,
o .
|
3 [
{ I
7)
, i
+ « =g = o~ ~

S

i

3"5/ i

‘81700784 #Fvdeny

1000

60C

400

3 85

%0

Ry /n

o

0.3

0.6

0.4

.load uﬁ air velogity.

af exteranl

carve Tullows Equatiun

o : ‘ NT . oF I
T2 ORIGINAL DOCUMENT WAS .
@ +LITY. BIST POSSIBLE KREFPROD
Qv R

© eRoi COPY PURNISHED ASTIAe

A

$

n

&
-

be eflTec

m
4

18,

fas

ri

o



R , .-‘ i T )

o
SLIRY
=

7
i -
H
ay * B
) 2
B ]
. i
- e Ay
L !
- !
), «
. Tt .
! .
‘ .
[
I _
3
-4 .
1
[ g
'

. .Distance beyond pofat ,
. : , G é3em .
{ : ; Lh Ll cm e

0.5 1.0 1.4 2.0 L5 00 .5
Ra@tsl distance from vall, em '

ahois. el oc*ty ? FoP1i0s ag o :unct.cn ~l dounstream
distance ani a3 Y3 v ltire, » -




it

Ny

S e e -

/4
?




