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GA/Phye/62-2

Proface

This report concerns an elementary invest!zation of the proble=s
of containine an induction-coupled plas-a, ~essurins the nlas=a power
and teacerature, and deterainine the effects chanzing plasza operating
corditlons, I hope th's report siuccecslilly outablishes s starting
roint for futuro detu!led !nvestigations,

during the period of this stuly I vas the ruest of tne Aeronautical
lesearch laborstories, and I wish to t2ank the =eqbers of AiL, who ~ade
v visit informative ond enjoyable, ‘ly thanks varticularly to the otaff
o tre Thermomechen'cs laboratory, Mtl, for tne'r support and encourape-
ment,

I am cspecially indebted w b, ifender for h's -u'dance and support
durini nhis stay {n this cowntry, and W 4, 7. Yroun and !, Birkeland,

P

Plasma rhysics lLaboratory, ail, for their ex:lanation of .bel’s Interral

Trangformation which apoears 'n appendix a. 'y thanks also to =y lsb
partner, A. ochade, for the time and effort ne devoie?d to asilstine -e,
someti=es at the expense of his own st'uy.

This report could not amve been submitted in ‘ts present {orm
without the pat'ence and 'mderstandine of =my Faculty Adv'sor, R,
Winperson., If time had permitted =ec 'o properly act upon h's counsel,
a far better report would nave resulted.

Aand finally, my thanks to my wife, Carolyn, for her e“forts to

m*nimize distractions while I worked.
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v PP, eloctrodeless ulagta-csenerator vas develuped which operated
y s ouwers 0 S kv, The pleura wes vortex stav')ized, and

nta'ned w'thin a voter- led VYycor tube. 1uwer vag “ecasured

ricetrteally, Had'ation gover was "rssured by alternately using

Jnter and vater made opaque w'th Ind'a fnk o cou! tue Vycor tube,
e! tem er ture Lrof0¢ wne deduced from g, ectrorr. hic “essure-
trantverse Lo the plag x's, Usx'nus plasTs temper tures vere

e extst 'n o thin cylindrics! anesth near the »las=a surf:ice,
relatively ier tempernturcy ex'utire at the center-!ine gas
Plow, affects of nrine 28 Tlowrate, 18 compogiticn, rf yower,

* tube d'a=cter on the effectivencss of tne energy coupling
ntg re showy
\. -
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Lhe or 3 (3¢ 11 tory, U, L, Ufender Yy fnterented in this
plasma becanse ft viide WD g ouree & Ceetroas, fons, an
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q . 290 g q
while i, ovoermnren wags priseri tereste! in the erercy transfer

character’. Ltics exhibited by thic lagma conpling mechantsm,
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2iatement of Probles

The objectives of this stuly were (1) to ogerute a stable plasma
st st=ospheric pressure 4l Lol zlloeyeles (ne) with o sustelned, niche
ouer oserntion capadbllity, (7] o Juter=ine tie lnmporeture profile

3 the luama wy ow functlon of che lasma radius, T(r), 13) o measure

the (user tranenttted o thwolwns=ma, and (L) o deternine paraneters
imprtant W he orerey pline fechantom,

axoori=ontal appraac

vho 1 lasma was contalned 'noa water-cooled Yycor tube (Tle, 1),

-
b ]

-
e
~
*%

-

and wou stabllized 'n th low rgoultian® frow tanzentinl eas
injection 'a the =arner sroscribed Rv U, 3, Heed (Ref, 2: 922),

The temperatare vroftle, T(r), wns iedsced fro= intenstity profiles,

.-
-2
-
=
~

y 0f the lambda 752541 ard lombds LEULALID spectral lines oblatned by
spectrooraphic scans tranuverse to the :lasma ax's.

The total jower transferred to thc i log=a was <deternined by
measuring the power the glasma tranuferred o coolin: water, Red!ation
power was ruasired by clreulating an oragie coolant inutead of clear
water about the Vycor tube which contuieed the plasma (Fir. 2).

The parsmeters varied in this study were rf power delivered by the
power supply, pas flow, the diameter of the Vycor tube containing the
plasma, and the ras composition. The rf power was varied by chaneing
the plate voltage of the power supply, and the ras composition was

chanred by mixing helium and areon,
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I1. Yxperiment

Q(;n.'! ’!,l!yﬂ _: a0k ﬂrﬂ:ug

Fart of the experizental apparatus 1y crovm in Ylpeure 2, In the

bucreroud o e rf osower supoly,  Ltarlinpy at tro extre=e left, the
appsre 148 soen 'soa portton of the eap sy ply bottle, the vacus: pump
and wort, tue wncuwm Hump (hut-of” onlve, the exhnust valve, and the
vacuum syslem pressure eapes, The jresoure euecs arc mounted on the
suypport stocd,  adove the puort stend the caloriseter lacket, plasma-
pererator, and the suprort stund scaffold arc seen. 3Hehind the calor!-
=ntor jacrel 4o =stery are seor, which were not pertinent to thic
stady, he drape covers cther equlpzent which was not periinent,

a5 oupply Jvstem, The arpon and hellum used in this study were
supolted by the Hwdett oxpren Company, and contained no rmore than one
percent !mouritles by woltme, far Tlows were =oagured by airco Dual

Aanpe Slowmeter: for arpon, style number 805-1601. These meters were
colidbrated fron ! to 1% utandnrd cubic feet per hour (scfr). Gas
flows in exceso of 1% sefh were measured by using the =metqrs ‘n
narellel. lHeltum flowrntes were obtajred from the arpon flowreter

readines by use of converulon yraphs furnished by airco.

Plasma=Cencrstor, The waler-cooled plasma-zenerstor vas mude in

four pleces, the top and bottom end-pieces, and the ‘nner and outer
tubes (Fir. 4). The end-picces were made of brass, the outer tube was
Pyrex, and the ‘nner tube was Vycor., otanderd rubber C-riners coated

with hirh vacuum ¢ilicone prease provided the seals between the end-vieces
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Crom tae qa Tentr e O Lt Tunt e, ! cr=dis an urword
ERRD '.. ~ ters, Yevi g r tnenntd v apr oy exd. L retwcen the
tubey,
Jhe tubes nr zted co-axtally hetveen Ve ernle feces, The

inner tube ‘s oa \yeor tube 18-4n, lon~ with a nominel 75-am outside
Tareter, Vycor vas reqiired heeance the inner tube nust be canable
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of supportine a severe terpernture sradient,  On nany occastons it was
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and two ‘dnterfor cot's o copoer tubin:e (Fi-, L), The amter ontlers
suter snell of the jucket, “lows w the outer she'?, down the inner
shell and then leaves the jachet, ne cooline water next fowvs throurh

the ascendine coil of copoer tubin~, wkich 1u wranoed aronnd the les-

cending coil of copper tubins, and then throush the descerndine coil and
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“'”‘\" ho o Ji _'-?
Coolant uviter, The cvolsnt syilen cuni'sted of o coclunt supply,
the | lagmserenerator, oo enlorineter, Tlowteters, snd conrecetine Ylres,
The  pleyry ot wey st watler, Mt oan allernate aoolent sursly
was uvatlable T oro e ! “meccoternlolP,  Jhe sLlernnle coolsnt
d0s "HYacy ter” : wed ¢ s v railygtion ver, ho blacek
WRLET LAl 4 e ©oearterts 0y 7, tny water, nnd aguevds
n 'l. 12.¢ Gt o O %t A §oeed dere '“-;‘ ! " glor,
thpec . 'nty of ndly ok, and oo nt o awonia. Jhe 'nk wne added
) the tor ) oveg Tne : Tonsser o Ihle treoipen thy Trimg-
srerat.e, the sty vns udded ¢ revent e 'nk Tro= weraratling
ot 07 e I
loe o eration, o blacr ater re¢iresiatled Uire a8
2o tive Aaail im0 T 9@ 09 ®) et the sgen gubamereed cocline
11 o tue dre resovar! hent fros the Lluck unter as 4 rec'reuls ted,
¥iG (GG cHnha PR : G otel e cowds of weler cer hoar ot
ooVt white : trdy o hour less water and Six p5! lcsd
rensure thean the toap voter swycly crovtded. The h'sher Tlowrnte Tor
Lap wnler was cined to 'nhib!t nuctente beiline in the rlasma-pencrator,

beoause niclente botline lenve., =fneral deposits cn the dnner tule
which fnterfer with rediation ~cuswrerents,

welector valves in the | lagma-penerator coolont lires per-ttted a
chift to black water withont tie necessity of stopvine the tlasma. A

bypass line was vnt ‘n the black water oy.tem to ermit o:eraticn of

the recirculatine vump at any tire,




voolant Inlel pregoure was Litored durine tne rung, Iin
veneeal, tie blacy water .resy.re rews'ned conusient, 't occas'onel

o, froquency fluctustlons cere notled. The Lap waler Lrensure was

. - o ¢ - - A4
)Plen vary'nz up end Jowm mo muo. we o il opeveral! t'=et 8 ='nute,
20lnnt Clow . Setesenerslor wnl <eadsured Ly four Flarer
} “ter Ltabr=it Lt ‘ eylleY, anl unter o v eg
~ « r 08 ire toter o] rtlee ¥ P RS R L N
e H v oI I o i L nearest Ty O 40 o
%5 Ln*e La o ? ¢ e 4 PN 34 cr l, V9 b"!\‘l ‘A‘!"(‘er,
e NTInh . U | va''ntle seteecn tee ! NCE WRLOT NG
o0 ected ol e L ‘ C Lasm e - t wew Mlow
voop sl e & 4 rentter, lacr water New
' 8! iere ORI S ! 5 % te 8 oot pusumption hased
i B5R Hinok ter G res;ure,
omgrat e decordiia Lo teq, L0 tespmerplire recordins syoled
WO SO [ Lo VTR H Y S T TR =, @, H inet! g NS 8
A 85 Rueae 4o v ter, The record'n: eolvano-etler sed
non Joneywell Vigtaorger, el 0662150051, Lne srutleT was cnlii-
rated at o L e roiare, bagfitue water lemgoertirg, it
RO g THUCT, L Loiinear over th's te=per Corane
with anowverate o 1o O OF7F per tnch, ¢ Vigicorier traced o
trn=linc.=ter-fnch verte oL tie taee, I the tem, eruture Lencrs were

npout 1/20-4n, wide, he deflection of ti.c center of the tem: crature
Ltrace wnc read to nearest Y/ -in,  lecordines were sirultancously
nade o the coolnnt inlet and onutlet temperatures, and of the exhaust

Q




as patsre sfler NG da. Lot e calorinetldr,
o wrt otawd u:l the calormtueter vas mounted ln the
swrart dlavd (Fte, 3V T alori=eter oy orted the bution of the
$ Ly toNe T Y :‘p 'vi Lhe VRN [ J"‘"-’ ,.,:‘P ‘c &% T !'! :-.‘ 0! Jf
t - rater, @ tralnine fored appllod W the @ Tolle
Yagmae renerator e m ot genecanerelor lorclher
' g r y Lo o yeteherytor, Lhe
S5 q J feden e e cyygd 't LI 2LEBne| choubn i
yse 1 woolen crossebar 7 tue ucef’ e bend wnd thug
0'low * [ - o L tuve, A L ETE) "y A? oinygs channel
Mo Lue ) : o the crcLoehnr, oant then roLieytiine force uns
SEIRES ot - ®» 004 gu0 080t VO when Lhe lont
e A o e gt ¢ ke gluStnstefierplon Yo Tesplired o
sprry ARt load, and aleo the Cond pe e [Coom thig wacuin S thg dnser
tihe, Helfore Loe it footarned on,
2 iower omeale.  Jhe of roSUpHLY was n weotinghoise power
sCillatyr rated g 2 .o or autout of this
M ligtor 1l ontrolled by selectine W nine Hocreet
plute voltakes avallahle, «odl then deir oty o 90 I nte
volUpee cont o, SRROR TS RURIG I er 1 PRl R o RRalkde
wever, iy w2 ol he vartal gt aay tite fron 0=10¢, . 4
Ity cyelen leny thgn o rfooorer was Gelivered in pralses of

varyin: lencths deoseniine ucon the 11ly cy:le selected. The vulse rate

wus 36U per second.  a duty cycle of 50, then, resialted in nilse len~ths
of 1/720 second. A1 Inty cycle was wsed for this stady, except

during startine,
10
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of Mtueoloratton raytily decrenses (die w0 plasna

o d

the ressdure and gas Tlow 'acrease, AL 300N 33 Lne
ction s notleed, ve rf 6r my Yo 'ncreased falrdy
4 seltlns oF rox'=ately Sv.. laeanunalle, a
& a4 ,roLsLre ! pintalned, and 40 tue Lresstre
., . cY [T ARY :... 3 ,,:“1. Jron, tely vty
i, . 5 . o e i 3 6%,
Jhe lata oy boetar 2hon ag M tneronue ! ¢
J ~ £ . sy 1 ) L [ s Y !
. baty cve's roena'ng on fir the rema'ader of
! g HUD 8 ey re~gnts, ol
‘e l'\ . 1¢ %) ¢ o ] oL 'L - T
itod & Lol R tne ¥'oteorder Lang, tne
. 9, v =iy oy Tlow, toal? toers are read,
00 2 2 i volt=eter ant Tnt
. pler O ~alnrs,
e VE Lk gr tae e Mo ns catabht i shed becapse
o : f‘.' PR (RPN -~ : nttg) notper
i sPUS Ly Cure an v taner Uioe, R R A T 1
B%®0
aftor readin g “or a ~as Tlow of 1ou sef are taven, the eog [low
15 increased L) 1t naxi=un vaae a5 hefore, and the 150 ="0nere Lor
coolant cu.nly e sy'tehed Lo black water, the coolant “lowmeters =ust

be read as soon as the coolant fl0uw initoatfons stanilize, Uhere is

14
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fent clear water i the coolunt gyste ahesd of the blucx wyler

t=dteaturs are obsuired by tie dlack sater, The black waler Tlowrate
s assrwd constasl for tee v ater 0 L e Jatn ran, VRl assmation
ty renconable since tue b S Ll 1% Lres. ire rémgling ecnslant
¥« v e ..' 0\: 'r:l o ! L ! » "o i€ 0"‘u'nl ni g‘;'\ 15
s ~tean Y4 pat, The ot e tresa actant! Xnown, novever,
the el mtlons 14 el ne frece Tnnt Tlourete,
fin the oxceptd P the nuapmed constant vl el of black sater
flaky, =utlér verdineg tatned 9% 28 sefh Tlow ‘ncre-ents ap refcre,
affter the “'anl fet 0F readincn are tagen, the pan flow s fnereased
“hX Hal ey, . L buty crele nercentare 's decrensed, rior it
Lirndne off the vf cower i1y, This was done o 1 the ‘nner surface
€ faner Cahe ceaduglly onoirt %0 Srevent post-operatine tube erecrs,
nten result Tro- e, Pl stresses catsed by rac!d cooline,
after Ui rf powcr Liuogly wns tarned of £, the clenr wpler 1ant
a0 1y wan wenin selected, tuercbhy flushing tie hlack wnter “rom the
-~ ] (rlpv
Prepoid apvearance of lasua
s he asom Tirot nppears ns oa brilliant blue white dischor~e, in

the vicintty of the rf
commences darine the startine procedure. The clasna eppears to extend

out to the Vycor tube when operatins at this low nressure, As the

rressure end eas flow inerease, the plasma contracts co that the
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lusinous cages no lonser suresr L contacl tue tute wall, “he plassa

'3 nov shaped a3 8 cylinder Tlve W six fncrer fn lenzin: and roushl,

contered in the rf cofl aren, R's ccncral) shape ‘s matntelned unt'd

the #us flow appromches Hu sefh, At this eas Tlou, the oy edre of th
]

olasma ‘nterstllontly extenis up o tie '‘njectlion plate 'n the W end-

pteco, AS the ~ny flow ‘s ‘ncreased w 7o scfh, he byck=Tlov of Tasel

up the centor oF the Uibe Leooomel Lirune en, pth LD Tause vhe W, wire

£ tho plasna %0 become pormanently ertended, {lamater of wne
extonied portion of tne flau=a ‘g Yarcent Tovel with tue tWon of e rf
o', and 'y pmallent atoa ocutnt abogt fwo Yrotes below tue 'niection
piate (Fle, L), At this patntl the a0 beptns W dtweree toward the
'nlet hole: 'no v o 'rjeciion ; "nte, i (Lve ‘ncangsqs in pesl Slow),

the butlom ed - >f e Llna=y extends lownuwnrd g'tently, delo. tne
botton co'l, the brtlitance of twe dlas-a fadesn very snerlly 'nil e
ragped-cdred tn'l-flyze an;rox=ntely one ‘nct long,

This deseri: tion ‘s representative o iy, $:n) ~Yagmg operation,
The dimenstons of the “)laama were not =ensired, nad 1) atated values
are ep rox‘mations, Turther, the dimensions of the plasea, and the
rpas flows at wialch olasma extention oceurs are stronely dependent unch
the rf power level, More ‘muortant than Lhe exact dfmensions of the
plasma are the chanpes 'n oancaarance o the ©'asma which result fron
changes in rf power and ras flow., fthin the ranece of rf power ani eras
flov used *n this study, tucreastne the rf power increases the Jfameter
of the vlasma and ‘ncreases the lenrth of the tatl-flame, while in-

creasing the 7as flow decreases the 4'ameter of the plasma, and increases

16
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it Yseszelon of Dais
The dlrcusslon 0f the da%s 'S yrosented nere ander throv readines;
data rc tlun, dntn sresentation, 4 4oty accuracles, In this ~anrer,
1y 4 tal Ue rends 121 ente 5 feel Tor the prible~s 'nvolved
Jb‘!-\&' [ exor et 2 ot e i) e et e, ot L] :d:"
pats e ticn
v reourded re Yo e furs of volle, R, 4 v
ruloi, dntlg sur 5 Lvertod ot er units, rllouatis,
nnt ther : ! wi, ' table Il
..
ole
LI wor Mossure-ents, ‘ode 3
MNow - A Y ‘e -‘,’ ty :G
Ho ~h AF n \k'-' \ \ v) \ "')
1 175 BV 3.93 147, UL 27.C
’ 7'!: },’, e !..ud "‘- 0}‘ ." o ,(.8
Ihe gybols tised fn the toblo are def'ned ay ©ol’cuws:
4y = The tover measured from the clenr wotler uscd to cool
the wwma-ceterntor,
dp - The vower mensired fro~ the black wnter 1ged to cool
the olasma-re:cerator,
. - The power =easured from the liny water in the
calori=cter.
Fy - The plrte pouer measured in the rf vower oupply when
the plas n iu operating,
Py = The plate power ~mevsured in the rf power supply when
the o?ngma 45 not ojereting, or ‘dlins plate power,

The excess plate power, which is the difference between
Pt and Ps.
23
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The f'rst rov of datle wes recorded during the clear water iz and
the gecond rov recorded during the blacz water run, Jhe 3!Tference o
plete power between taecse o runs of 5.F v !'s larger than =ost 4iffer-
onces recorded, hut !t zerver Lo shou Lhe necost'tr of noraallzing the
dats before any co= utation of tie radla’ radietion jwver, Jp, Cun be
=~ado.,

Jhe quantity QT on teagure 0° the pover itransfersed W the wvalls
by convection and that rortion of tee radtat!on abzorbed Ly e car
waler and the #lags tubel, Th's sortlon T tae radfation mover was
asured noplisthle 'a comparleon with e'tor total ralla) radiation

A}

power, or convective ~vwer W the wallu, Jne ity h 13 o9 measure
)& the sy of the powar transferred to the valls by oconvecl'on, ¢, and
the rad'al radlatlon jover, Jr. <r ‘s rad'al rad'at’on powor tint ox!sts
{in t'e ranre of wavelenethn Yor whitch Veeur, water, and PoTex are trans-
varent,

Wote: The cumntity (p wi!! hereafter be referred to ui=ply

as radfation power, It 1z ' fact o mensure o” radial

radiation only, s the av’al radéation sower s absorbed by

the top end-vlece of the plausma-renerator and the cnlori-

Aacter., o nttempt was made to ~eeu'tre the axial radiation

power, but {t 'y incl'ded in the mensure-ent of ¢, and ..

If we therefore subtract 3y fron Jp, the 4'fference should be Jp.
From Table II, the value for Jr thus com:uted would be 3.84 kw, Implied
in this computation is the assumption that all the addftfonal power
reasured with the black water was radation power, and no cons‘derntion
was given to fact that the rf plate oower was 5.8 kw hi-her durine the

black water run, This increase in plete power ref’ects an incresse in

rf power output of somethinr less than 5.8 kw due to normal losses in

2L,
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i {s wyren a3 the $17Perence belueen , ard ass 103 s psumed o be

unaffected by tre d'Tlerent wul; Clige ke wnltdity of {5 ai e
tlon 1o soen W doibt, Dyt 'L assears o be 3 Letter Tlrlt ap rux'ege
tion Luan sssenin: thab (¢ re ..l dnrte s tue 'nereadse 'n oo,
Jhe valwe o o Mgt e & oy : 4 SARA >, 'l oy ke
aupronriate ig. Jn'I o o f.r " ' eloon ofte e note
7 Vitae fur g of UL b, IR L yree, f cuble IV
tunl Wy vl iel Uur Lo n ¢ sbhin'ned nt enchoeas Tlow, Cereafltor
whon o viliae 's foor, o , wWhut - . te 'z!' 'n \,. r o [ g
\-3" sloge s Y S o hd Vern e P . ..u'- ¢ r i ("'.. vial *ag
flou. “roa Jadle ¥, wal e of 30 Y0 3., Tur oo rus fliw of 175
scil.,
ne quaslactol tare o the qiaantily o wng -entloned, with-

1t Mocusnion, DefoFg. .p g defloed, .0 reontnce 0F fxcess , 1t

coT . 29 Q . N rance o7 add!iioanl o cr
“_-r" a U Lee 1,*.“ '} o‘: ¥ ¥ W nt rese R '- & »d. ) d
no Ceans of menuuttne rfonouer ¢ oaend, DU ts oss'de o oy,
however, that tne amormt o of er oavatlable fr thiy or e
Lo ojerate the rlasma ‘s less than L4, 1a fL o onot 1tiely that 2l of
l!!_ L0 ‘.-'!’( wer 1. onyer! . "f’ or, o . ,
values Tond for L will he mriervative cotdmntes 0f tic connlineg of -
clency hetween the =8 coil and he [ Tagma, an ften U7 fntercot,
addition o er conversion efficiencics, fs prter in whtch the
vower thst rocs to the plasma i istribated hetween the wall, radi- tion,

26
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ant the calurt>wtler, Afler &y, or, 24 we ar¢ found, tney can be
swwmed Lo form a tolal e fect!veness, £,. let the ratlo of &,
Hetded by By, be dofined us %, o'='larly, define U, and .. These
ratios show the digtribition 0f wwer sltnin the eas, a2 )lustrated

'ﬂ o‘“L:U L)

Juble ¥
oa=ule P r Rnvlo: 5 Vote 3

-
g 7 'Y

3 "y ;o . y - P
L'_‘ '7‘." 4 ol 'r-3

Lo
[ nlﬂ E'Z“‘n”‘u ti‘. § Q%

The datn are cresented !n terrs 0 lhe power coupl't eflfective-
ness, B, and l.c wien aUnthy el ratie, {, vg, ras Tlow in Flreures
10 thre'mh 16, The -olnt: the Ly, b, and Lo VS, ‘88 Tlow rrephd
(F1ey 10 and L) werc tnfred by normalfzing 4, . and g, with
respect W Pu. W crves on thece eraphs represent the best Tt to
the datn pofnts hy a sccond order (paraboltce) curve, “ever, there

15 rood arsument for e of o third order (S-shaped) ciurves for Ly,

rode 2, md for iy, vodes & and 3, basei on the number of dute points

and their d*stribution. The type c'urve choscn o reyresent a series of

datn points should be based upon tha exactness to which cach data point
can be located, as well as to the nuaber and distribution of the points,
If hizh confidence In the location of each dta point 1s justified, a

curve which closely fits all the data points can be drawn, If, however,

-
27
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the possible vartation in the exsct location of a dats point {5 larce,
then g lover order curve which tends Lo averago out the point location
uncertainties !5 =ore reasonable, The exact locations of the date
points for E, and £ are not wnown with sufficlent sccuracy W Justify
sore than s socun! onder curve,

The feol atached W0 aach ond of these curves shov tro possibdle
vertical Jisplacoewnts of the data polnts hased upon the probadle
error {n readine the coolant tempuratures of nlis or =inus one degree
Fehronnett, Those vertical 4isplecoments aro ozaent!ally constant for
all date points alons that curve, and thiy 4'usplay =ethod was chosen
over atlach!ing the feel to each date polnt o ;revent axcessive clut-
terine of the esraphs,

After the curves for &y, E,, ani 2, were ploited, the 3!fference
hetveen the Ey nnd B, curves was draum as the 5. curve (Fle, 11), and
the sua of the By and Ec curves was drawn as the Ey curve (Fie, 13).
The data d'spersion which {5 Inkerent in the process of subtracting at
each data point, and then plottine, {5 shown quite well in the vlots
of the data for Ey. The data points shown result fron the subtraction
of E, deta points from Ey data points. The subtraction technique will
always croduce this type of dispersion whenever the datn are not rer-
fectly smootn. The probable vertical displacement of points on the Ep

N2

curves was taken as (2 times the averape displacements for the Ey
and E,, curves since these displacements are closc to beine equal.
The curves for Ry, Rp, and R, result from dividine the 5 Eps

and B, curves by the Ey curve. In this manner, the normalizing quantity

28
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e 16 eliminated, ard the resultin: qutients, &,/dy, /v, 8 A/dr,

ure the ;ower distribution ratios, iy, Ry, and Re (Fig. 14, 15, and 16).

Dats Accuracie

{ne only vienificant source of error in the data results fro= the
low accuracy W which the coolant temperature rises can be deter=ined,
3y readinz the deflection of the conter of the teaperature trace to the
earest 1/4U-!n,, thc probable errur {n tesperature =easure=ont is
approximately plus or ={nus one dogree Fehronheit., The following
oxample {1lustrates the cunsejuence of tuch an error,

For a typlcal coolant flow of 2500 pounds per hour, an error of
plus or =inus 0,732 r4 =ay be expected 'n the value for 3,. The resul-
tant errors in &, from errors !n power of this size, range from plus
or =inus 7,5% to plus or atnus u.9%. That {s to sey E, equals 4L0% plus
or minus 2,5., For Ep, the errors due to inacurrate tesperature
measurement, ranvc from plus or minus 2,2% to plus or ainus 0.8/, which
arc vlirhtly les: than errors for By due to the lower black-water
flowrnte. The errors in Ep will contain the errors in Ey ard Zp. Since
the errors in Ey and By for a particulaer opereting mode ernd gsc flow sre
approxinmately equal, the error in Er wes tuken as the (2)‘/2 times the
nunert~zal averape of the errors for E, snd Ey. The range of errors
thus computed for Ep are from plus or minus 3.3 to plus or minus 1.2%.
Except for some varistions in coolant flowrates, the errors in E,, Ep,

and Ep due to an error of plus or minus one degree Fahrenheit, are

inversely proportional to the normalizing quantity, Pe. Other errors

29




GA/Phys/62-2

result from the accuracy W which the coolant flowmeters, plate
volt=eter, plate am=eters, snd ras flowmelers can read, and fro= the
failure o remove all of the vowver fro= the ¢as in Lhe calorimeter.

The o plate ammeters can bo read to the nearest U.1 ampore,
and the plate voluiwetler can be reai w the nesrest U, zv, The in-
heront error %ere ‘s plus or a'nus U, WIS kor walch g 'nsignificant
whon compared w!ith tho lovent value of Pg, whlch ' 27 iy,

The Alrow flowmetors are state!d 0 be acuurato with'n Tlive
percent, und tneoy can be read 'o tne rearest one scfh, I {5 assumed
that any fnaccuractes 'n the flowneter arc 4'utributed over the whole
rance of the [lowmeter. 7Th's tyype error w»ill be showm as a scale
error on the granhs, «w!thoul nppreclably chanz!ns the genersl apnecar-
ance of tho curves, The !naccuracy ‘n read!ns tne flowmetler would
show as a horizontal 3!solace=ent of a 4nta point on the eraph,
howsver, a horfzontal shif% of one scfh would be hard to detect on the
scale of 50 scfh per inch,

The largest amount of power rema!ninz in the pas as 't left the
calorineter was on the order of 0.03 kw. Mad the calorimeter been
totally eftective, this power would add to J,. oince the smallest
value for 3, was 2.42 kw, the error in nerlecting the power remaining
in the ras 1s acceptable.

The water flowmeters could be read to the nearest five pounds
per hour, or to within two and one-half pounds per hour. This error

in coolant flow can lead to an error In power measurement up to 0.06 kw

30
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IV, Repults and Conel inlony

Jofore prosentling toe reslts and aonclys’ons, ' 'y necessary W
Cix n tho alnd 0f the reader exsctlly vant uss measured tartue thisg
Lol ]

study, urd what the puarposos o strly vere,

Tho juant'tles by and b represent dhe jover transferred o Lhe

covlantl as 't passes taroren tho rlasmaeroneratur, Tho guantiily (.
roprodenty ver transforre! to 2 it tn e ca'or'teter,

< 18 coyosed of throe torap; a wall ter=, 8 raltat’un ternm,
ansd a dset Yosy tess, The wall long ta the rer transferre! by cone
vection o the wall '+ tre arens 5 neat add't W the tlasa. olince

tho plag=g cxtends 'm 2 the Inlection plute, so~e vall loss 'z

expariancod thara also, The red'a%'0n ter= i cr=posed of th» radtalion
absorbed by tho coslant, ¢ 1ter ivrex tihe, the fnner Yvcor tuha,

he taet loss ter= renresenis vover
transfarred @ the wgll Yo wng nvatlable b ehe ~ag 70w ns ontholoy

after the 7au left the grea 0F fwent adlttion,

{h !.'; con st‘_! L Y o Lor=3 ing Y ‘."t' nn ni‘j". “.an I’I\'i'tl-
tion term., “his alidiionnal ler= represents thie radial radiation ror

absorbed by the hHlack water,

1. 18 comnosed 0 Wwy terms, The Tirst tere represents the nower

availsble in the ~as Tlow a5 enthalpy after the -as leaves the ; lasna-
generator, ‘The second term reoresents the radfation from the plasma

)

which 1s absorbed *n the calorimeter, r the most nart, this radiation
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{5 ax!a) rad’atlon, »ut at =leh gas Tlov In small dia=eter tubes, the
visihle olas=n could extend dovm !'ato the calorizeler, *‘n uwhich case
80m0 radlal roadtation would 3ls0 be measured,

The definitions for (r and Jy need not be furtrer expanded, 3.
remalns the §'7Terence betueen (p and <y, ard repregents the differonce
betucon the totn) radtal radintion and thst portion of radlal redistion
which 'u ahaiorhed by thie plag=aepenorator, clear water, snd the calor!-
mcler sroqld the [ Ynu=a extend that Tar doum,  The tota) tover trang-
ferred W 'We ~nu, Jp, re~alns tho sum ¥ 878 ;.

10 torat fgine quanttiy, Pe, '3 the d!'fTarance between s varying

Lots! jor Lun 1y tlnte guwer, Yo, oand the conctant value of 'dling
olate cLuwer, i, en ¢ oonantant daty cvcle ‘s chousen, no ccnlroi can

be exerted on Py, 85 the rf pouwer suoply gutonstically adjusts Py in
rasponie to the loed [ Vaced upon 'L, Since Pg 'ffers Tronm Py by 8
constnnt, toe vertition of ¥y w'ih ras Clowrate cen be ded:iced from the
plot of iy vs. pas Tow (T4r, 17). Refer to Teble III for volues of Py,
The normalized juntities, B,, By, and o, represent s percentage
of Poy and tierefore show how much of Pg was effectively transferred o
the wall, to radintion, 2! to the calorimeter. When each of these
characteristics ‘s dfvided by thedr sum, By, the ratios Rw, Ap and Re
are obteined. ‘These ratios show the »rrcentace of the tota! ;ower
trunsferred to the plasma that roes to the wall, to radiation, and to

the calorimeter,
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Iz general, &y 4'd not vary rresatly with gas flow (Fle, 13)., Tnere-
fore, 1f either by, Zp, or Ee shwws » strons varfstion, one or both of
the otler purarolers must make co=pengaline varfations, Jurtker, the
relative conztancy of & tnpures that ‘ncreases or ducreases !n By, £,

r ¢, arv roflected by oorresrond!ine !neresges ur decreascs ‘n Ry, Rp,

or R., For thip reasur, e reuylis and cunclustons w1 be dlscussed

!3'. wres .' ?q-,’ op 9y &o.. 33 -y 5‘-:!’0
.
The osbjectives o thiy study were (') W ojerate a2 stable plnpna

al at=wuspheric ;ro.uure ot re bt a suntntned Lipehepnowor operatlion
zarab! ey, 0 letoraline the lemgerstare crofile ¢f the plasma oy

a “@;metion o U na=n radta, T(r), (3) . =engure the rouer trense
~lted W e lasma, and (L) o deteraine tarameters !mportunt o the
energy ooupline =ochantam,

Plas=s Goration

Jufne the techniques deseribed in thiy stady, o stable plasma was

1

nerated a1t L0 ke at stmospheric presuure, endurance runs WJere

made, however, the plasma has been contirionuly overated for forty
minutes durin~ some dato runs which ‘reluded peav plasma powers up to
52 rw. W'th a modified Injection :late to prevent injection plate
damarre, and heat resistant seals to vrevent seal deterforation, the
plasma 15 belteved cavable of contfnuous operation at the 50 kw vower
level at!, ras flows above 100 scfh, in 2 75-mm Vycor tube, otable
operation of the plasmn was concluded on the basis of apparent constant

plasma epecometry, and stationary values of coolant temperature indica-

tions during operation at constant pac flow.
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Temperature profile

e

thowet temperatyre ;roftle neasure=enls vere rnot co=pletes, lhe

ex'ostenee of 3 le=eratyro of "0 U F near the ouler surface of the
Slasen was ver!Tled, an! o qwile! temperatyre profile wor deduced, The

$

lodysed temperatigre . rof e shovn the niplest temjerstures cceuring

tnoa thin cplindrlen) shell renr U Luter surfece of e plasmg, and
Yot bae Ve Yq. o v Yleg v ot v, gl le. (o e e v o AR
re.gtively 1 citlef=llre toniernired ex ity 7 reverye ¢ng

Power “engure=ents

YV

Jhe techniques dsed to =easure power wero orly partielly success-

arirtn “or errer 'n deter=inineg the coclant temperature rice

LY L .4

was unncceptab’e for Lo cr'tical a mwasurcment. Th's faqlt coupled

with tee Shift dn Py betucen the clear wnter snd dlock water runs, led
W oexcesntve date dis ersion which {n turn prevented obte'nins peinte
hy=polat srdfatice pover valucs by subtraction of the point values for
Iy and V. <y ard qy were norralized with respect to Py ond the results
vlotted 2y By und By vo. ras flow in scfh, & smcoth curve for X, was
then Adrawn and subtrected from the smooth curve drawn for by. This
yielded smooth curves for normaltzed radisl radintion power, Er. The
uscfulness of rad?ation values obtained in this manner rests on the
validily of the averar'ne precesses ‘nherent ‘n normalizine data and
plottin- trooth curves, Tn considerstion of the 1'mitnttons imposed

by posuible data accouracies ernd experirental techniques used in this

study, the information displayed on all craohs should be viewed as
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first approxinations of actual valuez and tremds,

The black vater technlque as applied 'n Uile stuly 't very usefu!l
s & =eant o detersinlns ots) Hlay=s pouer, Hetler =sssurements of
radiation pover would bo pot.tble with the yue of an !aproved black
vater which 414 not leave detuste un e ‘nrer tuho, Thls Innovaticn
s J'scussed coder “lecormendations”, Witk tre e of an ‘mproved
black water, this techu'que of =ensirine rad!ntlon power should yleld
1s0able radlation ,ovor daty w!thout e necensity of Tlest rormalizing

the data.

Counl!s rarazeters

vhe oontrolled parameters vere ©f jower supoly ulate voltege,
inner Vycor tuhe 4'a=eler, rag compos®t'on, nnd »ag flov, however,
other !=pl'c't para=etery were present, The {=pllc't oerareters
appearing !n thic study are plasnma srescure, vortex uirenvtih, rf -ower
supply plate vower, and Lins~a ‘eneth and 4lameter. o control cen be
excrted over these naracmelers, an they are the natural conseniences of
vary'ae the controlled (nrameters,

Concluatony concernine a coiplineg vararmeter must he cupported by
a reasongble quantity of d.ta rertinert Lo the effects oF thatl opara-
reter, he pre-onderance of frformatifon ratiered in thls stdy
directly concerned r.5 flow, ¥ or this reason, the cffects of varyvine
ros flow nre well described, Tie effects of varyin« ras comvosition,

inner tube dismeter, and plate voliare cannot be described nearly as

well due to the meemer investirations mode of cach of these parameters.
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Diroct cospartsons of tre opernting modes vhich contain these pare-
=clers o vartebler can outab)ich o trend which would have soze short
ranpe valtdley, but any lour range orofectlons =ae on the bag!s of

thoso li=ited compartsons a-¢ uf Joubtful valid'iy,

ing Ploy, Vhe €ffcel 0f 'nereas'ic enr Tlov on 8]l opersting
=0dey ty i=lae) bul w2l varyline fn depree, e testance, &
rarp decrease 'nof, 'a notleed with an fnerease 'n oeap Clow for

vodes 1, 2, and 3 bat Mode 4 exhib'ts only & slleht decrense 'n &,

In cenern), the docrense 'nowall loss and rad'sticn charsctoristics

wmd the fncreqaue fno v Wert=cler rocter'stics with fqcroag'ns

g Slow oun be attrthted 1o the decrente 'n olazma digecter wnich
o RRRUC] 1.cmen a8 flow,  ovte Yonethuentne of the ~legmg ! la

C'ame 't also noted w'th fnereased ens flew, byt no sientficent (n-

1 rilon 0f the Yanen wag

1

burrved, 8 L i lramy anirncts, ut Riel pay Clown, W@ 1J88¢8 are

tehibited by the ficrensed se;arstion hetween the |1

rgan and ‘e uwalls,
and the offective volume of radiotin- olagna {5 decrenges, herchy
reductne radfetion lusues, The reduction ‘n radintine velume svoar-
ently offuety any tendency to increasc radfstion power throwwh possible

-

increased jlasma temneratures, TIn the abgence o tem, ernture measure-
menls Lo the centrary, 1t 's belfceved that olasma temveratire very
1ikely decreases with tre 'rcreasine: y'as flow due to the decrease in

eterpy couplineg to the restricted ; luosma volume,

The rednuction of wall losses and rodfation losses at hicher ras
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flous 's reflected by sn 'ncrease 'n pover carrled w ‘he calorizeter
by the flovine pascs,

Gas Compopition. The cnly zas used otler than argon wes s =ixture
of arzon ard helium, The =ixture used was aproxi=ately L7 hellu= by
volume, or about 2,97 nellus by weleht, 7Th's d'lution of vure arpon
lod o marked d!fferonces batucen the rosults of Yode L and Yode 2,

The increase !n wall loas charn:teristics and the decresse !n radiaticn
loss character'stics are respectively bolloved o be the result of the
hisher ther=al conductivity and lower ontycstvity of iodllum, The calor-
imoter character‘.tics for these two =~des a=e nearly equal, which
sugensts that the lacroased rad!atlon loaces were offset by equivalent
{ncreases !'n uall louses,

Plate Voltape, The effects of frereai'ns plate voliare appesr in
the comparison of Modes 1 and 2, The chanres exper'enced by ralcsinc the
plate vsltape werce tho least vred?ctable of all changes resultin~ fronm
varzine the other para=eters, It was earlier ohserved that an !ncrease
in rf nower output {rcreased the d!ameter of the plasma, OJurlng nny
data run it was nlso observed that as the dlameter of the plasma increased
Ey increased. These two bits of !nfornation secemed to point the way
toward an !incrensed coupline effectiveness ot hirher plate voltare
settinvs, It was predicted that the hisher rf power output, which would
accompany the hirter plate voltare settinr, would increase the plasma
diameter which would 'n turn increase E{. The effect on Ey was just
the opposite; Ey decreased. Q, 3, nnd 3, however, increased in

Mode 2, but these increases were obtained at relatively hirher increases
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aracteristics are

J L decreased 'n Yode 2, The =08 unexpected

lode 2 was lesz tnan J. for Mode ), Tor an

enldrer Gt : x;ected Been e 0F Lhe 'neressed
the lecregie ' Ly 'y LUffered, An examingticn
reqse e olegtelog) e '(Q"L:" f an arron
Sra=uiy ) ¥ oo o8, t. a decrease 'n con-
VR ot for the locromde 'n iy, bULl the
. lor o* 07, Pots ruled unllvely,
AN wer tove)l wns not attlenstled,
AU o o rerented cnerey losies W the
Crnlnre wrrad loger o the walls,
W oclaril o apparen? tredictions that
asttich,
lur. N tons 'n nlns~ma charsctert.tics

3 » flase Ler fnner tiube in Mode 3, snew the
* the :lasmn, and Lherchy reduc'ne lie enerey
tive radfatiorn volure of the vlasma, snnd the

r.ach *o the wall by the plasma., The total
Tow due to rediced enerpy coupline, The radia-
are Jow e to the small radtation volume and
temperature, and the well loss characteristics
:1ose ;roximity of the vlasma to the wall, The

-

50 noted to be hirh, but these values
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Thls arpange~onl would a)lor the Jelection of dirferent vorlex
plrensths at tne nuwe tote) ead flow, In thll manner, the e¢lfects

T wortax streneth oould ve sltown,  Tre res ity of Ry exyeriasnt
wodld Y resented au llantogted U vire Y, The curves would

bo llnes 29 cnasl-nt sg flow, e 3 d e w0l represent
¥ ¢ me cqy lgsulne Cro- ‘ ¢ Ywrror nolos,

ard Lhue ! it R URE 114 roarroLont fye i gomlvp Goon
the mbnifold with ¢ s=a'toer ¢l

a mithod for olininnttn. o R ) S Qo O tion L lnte
wng swreested Yy L. wdehneen, spelrbsted Loat 11 amuunt of eas
frnjocted ax'ally fros the centor ot octtun - tote would  revent
the plas=g fr ntactin: tre ;0 voad af extentlon of whiy, ten,
'L =teht wery we'l e cosu'hle % ratoly tion the ° coihe

Tngaa by vary'se tac oax'al ~uo o Lo walsss gooldl shnteol Ul
rover.e rng ©ow, roventine e : g nlalltne o njectfon
plate w!1) gllow orarntlon ot e o ow!thoit contantnation of
the plosmg by =atertsl from thc 2 Tote,

Tube Jianeters. . anner o ownd 18 nr coinlfn-: ‘acreases
at the plas~a exiands swecesty Lnat the rad ©  “numa Ala-eter over
rf cotl diareter (D4/3¢) $s a varoceter on? 11 he astuilel],
otud’es should be =ade auin- larcer iarcter tudbes, ML Foepdne 'he
same water!lacket thickness, or nossinly reducine tle waterjreket

thickness, yrier Lo fncerease
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he error in power =wasure=ents due o waler temperature deter=instion

L]
oo

asccuracy., If the wvalerjacrel 's =aic Luo tiln, however, t'e black

water techntjde for total pover —ensirersnt =ay nul % offective, In
sotoral thousrh, s llor water Tlourstes, and "leder lemperstice rlses

load o boller aceursctes for ter cen. rete L, v trercfore, o thin

mrorjacrot shuuld he cuni'dored,

Coolant Temperntire Youy re=gnly

Coolant o= eratire ncasuremenls aro vory srfitienl w oover
meusurorents, cscactal’y a9 e, coolant Tlowg, Temperatite ~oajuro-
WAls nelirete ot 1o st one="a' T lorreo Tahrenhett w0uld more
nearly «1ten U ¢ =wen'lue of error U wer censirements resulline
from temoorature ‘npcoiracles o i mgenttlude 0f cerror resultline fronm

wator flow !snsccursctes, Hedus'ng tempersture 'naccurnctes beyond this
point wil) wteld 1tttle 'n verall accuracy, and therefore hecome

luxuries, al the 3%, temgersture =meayurerments shoild be accurate

L0 Lhe nearest Jesree Fahrethete,

Plagna ienoeruture heasurenents

an accurate Yowledre of tie temperatare orofile of an ‘nduc
coupled plasma *: essentiul to tihe 'mderstandin~ of the basic vheno~cnon
> tnduction-coupled ~lnsmas, and to the development of theories tc
explain th*s * hencnenon,

at present, . G, draun of the Physics sranch, deronautical
Research laboratory, an? C, frabner, JShief of analysic 3ranch, Dicsital

Computation Division, aeronautical Systens Division, ere developing a
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computer progran which will yleld a spectra) line intensity profile,
Jir), froz en observed Nix)., The wmpuler proerem will be applicadle

Lo any =easure=ents for which axtal py=otry can be sssumed, .hen th

prograz {s estab)!ihed, the ater wil) iU an oven ourdered poly-
é 4 Lt
nomfal (ap * a;x * a,x v .., v #ypnX o the obrerved data to obtla'n

an analytical expression for Nix). Tt w1 then 4!fferentate N(x)
w it regpect W ox, subst'tite N'(x) ‘nlo tre taterral equatton, ¥q (1),

ard perfora the ntegrstion o obtaln J(r),

avon Lh's valuadle lo) ava ' tadle 0 =nee ~yltiple temgerature
proftlec deter=tnations sracticn, o derfes of test rume 'n the patters
Coie study enould Yo mavle to leter='ne tne parnmelors wnlch effect

We anediswe lempernlures otin'neble, and Ve radtus ul which these

fRadintton fower egiure~anty

Hadtetion rCsor ~easurencnty 'n tht's sludy were nindered by Lw
baste fanlis, otier ilan: irate lerperature measurerents, he tire
Aifference betwern tne clenr unter wnd black water readines Yo one
fault, -nd ¢ ther £anlt ! fab’ 1ty to revroduce the plasna, as
evidenced by tre A'¢erent volaes of which occur a8t the care rac
flow during the sq intn re,. Ideally, all vcasurements nre made
simultanconsly o st Liere "5 no tite difference and no non-

reproducib®léty problen.
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oince plasas pover !s not '=e dependest while operatine ot g

ustant ras Tlow, =eauure=ents can be 2ade at d!1fferent timss and
gti1) be va'id {F tney Jo not depend uvon resroduct!bility, This
condttion 15 satisfled by leavine tne rsaz flow constant and svitching
the coolant supply bYelween clear and black water W rel "wab reents
of both 4, and oy, Howewer, the hlack waler used !n this study
deposited on the {nner tube, and no clesr water meururements could be
taken aftor black vater wap once used, Therefora, en opajue coolant
wnich d4oes not deosit on the fnner tubo should be found for use in
this redtation =wnagureacal technique.

A posuidle =ethod for obtalnine stmultaneo s pover messuremonts
vas surcasted by H, Wineerson, inysica Deperiment, alr Force Instiute
of Tochnology. ie -ropused that tie amvunt of radiation Talling on o
radfonater at somo {'xed 1!stance Tro= the plasma should He ~ompared
w!th the radiation measure~cnts =ade by swi!tchine to black water with-
out chanring pas flow, to deteranine !© the wwo radintion measurerents
are in some manner proportional. s'nz the vresent black woter suoply,
this method entails cleaning the plasma-penerator, between test runs,
If a proportionallty ex!sts, then the raiiometer should be cerefully
calibrated by a series of runs, so that subsequent radfation measurements
can be made using the rndiometer. The ability to obtain simultaneous
power data 13 well worth the effort to calibrate the radiometer, tliere-

fore, tests for proportionality should be made.
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goorry Bglance

An enersy balance on tne jVanea war ot cerflrced becwuse o
merpuremenls 0f wotal elvetrten) uver tranilerred o the vlntea co4ld
be ~ade, Laere '3 o4 relative teslo “wtladd svn'lable 0 ~pasure the
clectrien) ~over abu rted Yy tue | Tapme, byt ' requiter add!tional
tnatrwmontatfon on the of suwer sup: 'y, Jh'r 2ethod vap sugrested by
verlor nnd Hustines (Ref, J: 137), The add'ifonal 'netireeentation
roquired ' an rf emmetor fn o Lhe ol utt wlitn e of feductton co'l,
ard wator flow=eters wn!d ther-ocousles i the 100 geates "or the

trivdes 'n the rf power sy ly,

Jhe el clectriea) encerey suvplled o the tricdes cnn %o ~eosured
Witk 'rect-current 2ctlers, Tne energy lostl I tue trflodes ‘s rsfven off
ns heat aid can be neasured by referetce W cooling water tewpersture
rigso and 4gter flow., .4 onerey not 1ost 'n the triodes 's converted o
rf enurry output,

;0 obtadn a mensire of rf encrey transferred to the placma, the
power supply 's ffrst opernted in the ahsence of s lngsa 2t sorme set
value o° rf current on tie rf anmeter 'n the 'nduction cofl clrcuit,
iotal e'cctrical ercrpy the triodeus and total triovde losses are then
measured ns previonsly exnla‘ined, The dffference belween trese values
fs the rf enerpy losves which occur at that rf current. rthe power
suri ly *s next oper-ted tn the precence of a plasra, at the same rf
current. ‘The total triode enerpy iniut and losses are measured as
before. ‘The rf cnerry locses at this rf current were previouoly de-

termined, The rt encerey losses are added to the triode losses which
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oceurred on the secund rus, and this s Yo then subtpacted fro= the
tota) encregy supplled o the trlodes un the sewnd run, Th's difference
1o tuwe euergy wh'ecn 's tranuferreg W toe plegma,

3y nowine tie rf energy suoplled 0 Lthe plasme, a proper energy
balasce can Do wle, an o orey balance *c dee=od necessary W validate
the moapwro=enlys =alo on the plas=s by the techn'ques dsed !n Lhis

gy,

Superzontc Hentiye

The nosuth!lity of adding heat o the alr !n the supersonic resion
of a hyverson'c wind tunne) by a rf !nduction-ovipled plas-a, vas =en-
tlone! 'n t.e 'ntroduction, lovever, plasma operntion !n zeses with
Hirk Mrnonr volocttles fu wistable because the plas=a cnnnot propasrate
fast cnowth upsirean. In the vortex-stab!!ized plasna, !ontzed cus s
blown mwsirean by the back-Tlov. Th's fecdback system continuwously
supplies the lons necessary o maintein couplinz hetween the rf induction
coil and the »lasma,

Stabtlization by vortex flow in hypersonic wind tunnels connot be
considered, because 't disrupts the pry flow. A schematic presentation
of a stab'lizotion ccheme s shown in irure 19, Th's scheme invisions
a constant suovly of electrons being injected into the ras flow near the
throat of the wini tunnel. These electrons are carried downstrean, by
the Cast movine gases, ‘nto the plasma couplins ares where they couple
with the rf induction co?l, and thereby stabilize the plasma. As the

clectrons move downstream past the olasma area they are returned to

eround, leavine a neutral pas behind.,

48




W inys/02<2

16 cleci-ony can he genersted 'n a8 tyr'ce' eleciroadrudynenic

toneproductlon nethod, Fir nezst!ve ‘on aroduction, the corons dis-

arz6 necldle 's clven 8 N'vo nezalive crarze, !ust gh0rt of reakdowm
ootential, The pos't've 'ong created near tae needle polnt are

L]

atirected tu tre nenile, viore 176 neratlve ‘ong are sliracted W
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Appendix a

abel's Interrel Irensfor-stion

‘he transversally observed rad'ance of the nlas-a ‘mage, lN(x),

‘s invertsdi to the radiant !ntens'iy, Jir), !n the following manner.

t

1
R AV Nen=2 f Jindy
%

» X But,

th?‘T

x

F ol! terrnl, w fnverts ana tcally to form
R /
(xdx
Joy=-L | L
T\ x=r
r

L he i 1 A4 te l"!‘ g i nw{'}« re [ X
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