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FOREWORD 

Tht• r~port wa• prepared by Stanford Research Institute (SRI), Menlo 

Park, California, and ts the aecond i~ a aerie• of Scientific Report■ 

taaued under Air Force Contract AF 19(628)-4800, Project No. 4600, Taak 

No. 480001. The work wa■ admini ■ tered under the Office of Aero■pace 

Re•earch of the Air Force Cambridge Research Laboratories. Mr. Olarle■ 

Elli• wa• the Air Force ta•k engineer . 

flle report ~re■ent ■ the re■ult• of a ■ tudy of a particular topic in 

the ieneral area of problem■ associated with the radiation and reception 

of electromacnettc enercy from aircraft and 1Uided mi ■ailes. 'nle prin­

ciple tnve•tirator , Dr. J. I. Nanevicz, wa■ reaponsible for research 

activity under Stanford Reaearch In■ titute Project 5359, 

Scientific Report• Issued in 'nli• Series 

Scientific Report 1 

"An Experimental Study of Non-Linear Plasma-Wave Inter­
action, " by•• C. Taylor, AFCRL-65-654 (Auru•t 1965). 

Scientific Report 2 

"Rocket Motor O\ar1tn1 Experiment■, " bv E. F. Vance and 
J. I. Nanevica, Al'CRL-88◄97 (June 1188), 
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ABSTRAC'f 
• 

A 1tudv of the effect of rocket engines on clcctroNtattc charge 

accumulation waa made. Expertmu11t1 were conducted to mea1ure short­

ctrcutt char1tn1 current and
1

~pen-circutt voltaio produced by s-tnch 

aolid-fuel rocket motor■ duffn« atatic firtn1a at 1ea level. Experi­

ments wero al ■o performed with an ethylene-OXY1en burner at reduced 

prl'■■urea (14 mmH1). 'nle re■ul t1 of th••• ex,'•'rtment ■ are pre■ented 
, 

I 

and co,npared to the publ t ■hed resul ta of related experiments. 

Two Nike-Cajun aoundtn1 rocket, were equipped with electric field 

meters to mea■ure the vehicle potential throu1hout the rocket fli1ht. 

'nle field metora indicated that the maximum vehicle potential wa■ ie-to-

40 kilovolts durtn1 fir1t-1ta1e burntn1 at about 3 kilometers and about 

2 kilovolt ■ durtn1 • cond-stace burnin1 at about 12 kilometer■. At hich 

altitude■, +he field meter on the ftr■ t Nike-Cajun re■ponded to ioniza­

tion pre■ent in the ionoaphere and enhanced by a primary experiment. 

'nlia unde■ tred re■pon■e wa■ 1ucce11fully ■eparated from the true field 

response in the field meter ■ y■ tem de■ irned for the second Nike-Cajun 

experiment. It wa■ , therefore, po■■ ible to conclude that the potential 

of the ~econd vehicle I le■■ than 1 kilovolt at altitude■ above 

60 kilometer■ (in the iono■phere). 
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l l N'I'' ooucr I ON 

A . The Ent5tnu Chnrrtnt5 Phcnoml'nor 

In precip tation static studic on jet aircr3ft, it wne observed 

thnt each take-off wa uccompantcd by li~ht to mwcrntc chnrKinK rcKnrd­

les11 of he local weather conditions. •• A typicnl dhchnr.cc current 

trace durinK tnkc•oU inn DC-K nircrn!t 19 hown in FiK , 1. Since 
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FIG. 1 TYPICAL JET ENGINE OiARGING OiARACTf RISTIC FROM A OC-8 AIRCRAFT 

• Numbered reference■ are li ■ ted on pa1ca 95 and 98. 
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!lu,· l11aL1onM tu lhiM chn••~in.: corrc.•llatcd 11ith', ch11n1ecs in throttle 

I ' 
•c.'t ini,:, llw charttln~ wn11 nttributcd to the Jvt on1einca. Furthermore, 

it wn1 ,.ut ic'-•d that on nir\.·rart c.•quipped with water injection ayatem■ • 

tht.• cm~inl' charitintt rate inc.:rea ■cd by a factor of 3 to S durinR water 

injection, retum int! to the normal "dry" level when the water wa■ expended. 

After take-off, cntine chnrKing Kradually decreo ■ed until, at crui■e 

nltttude, it reached n level of 1 t o S µamp which continued throughout 

the fliKht. Since the maximum enKino charging rate ob■erved wa■ about 

800 ~3mp ( tor all tour engine■ with water injection), whereas maximum 

precipitation char1tn1 rate■ of the order of & mamp had been obaerved, 

engine charginK on jet aircraft waa not conaidered an important problem. 

It ha• been 1u11e■ted that engine charKin1 i ■ a reault of pla■ma 

proce■■e• within the combuation chamber.• Thi• hypothe■ i• propo■e• 

that within the thermally ionized combu■ tion product■, the electron■, 

betn1 more mobile that the poaitive ion■, diffuae to the combuation 

chamber wall ■ leaving a po■ itive ion ■heath adjacent to the wall ■ , Part 

of thi ■ iun ■heath 1• then expelled with the e~haust ga■e■ , leavin1 the 

motor liou1ing negatively charged. Since the combuaUon chamber in a jet 

en1ine i ■ completely encloaed in metal except at the exhau■ t port ■, the 

electron char1e depo■ ited on the in■ ide 1urface of the chamber immedi• 

ately flow■ to the outaide ■urface, leavin1 only the 1heath field within 

the chamber . Thu• further diffu■ ion of electronm to the wall• 1■ not 

inhibited by the char1e already acquired by the wall■ (and diatributed 

over the out ■ ide ■urface of the chamber ). In other word ■, the ■heath 

■tructure within the chamber 1• not affected by the net char1• on the 

v~hicle. By the time the exhau•t 1•• reachea the exit, the 1a• ha ■ 

expanded and cooled, and the elec tron~ have attached to form le•• 

mobile ne1ative ion■ . Both the po■itive ion■ and the ne1ative ion■ in 
-

the exhau■ t have auch low mobilitie• that moat of them are carried away 

by the wind ■ tream even when the aircraft 11 char1ed to a potential of 

■ everal hun~red kilovolta. 

Thi ■ explanation of the en1ine char1in1 mechaniam ■eemed to be 

con■ t ■ tent with the followin11,.characteri ■t1c■ of Jet en1ine char1in11 
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t 1) The ~n.cinc• nlwnys chnra.:c the nil'crnfl ne.cntlvely 
(electron collection , . 

(2 ) The chnrKinK rntc depends on the enKine power sett1nK 
(combustion chnmber tempcrnture ) and nltitudo (ion 
mobility ). 

( 3 1 The? mobility 
were too low 
the exhauat. 
atren111 failed 
polmrity.) 

nnd concentration of ion• in the exhaust 
nt aea level to dischar e aircraft through 

(A hi1h voltnRe probe in the exhauat 
to collect appreciable current of either 

A1 indicated above, cnainc chnriinK on aircraft wn■ of ■econdary inter­

est, because precipitation charging rntcs wcro much 1rcater than engine 

charRin1 ratca. It wa■ po■tulated that engine charging on rocket vehicle• 

might be of primary tntere■t, however, 1ince rocket engine■ are lar1er 

in relation to the vehicle than are aircraft engine•. Furthermore, 

combuation chamber temperature■ and electron den■ itie• are higher in 

rocket en1inu than in Jet en1inea, and vehicle velocitie■ •~• 1reater. 

In addition to the■e factor•• whi h would tend to make rocket engine 

char1in1 more ■evere, it waa thought that the hott•r exhau■t of the 

rocket motor mi1ht tend to limit vehicle potential ■, ■ ince th• electron• 

and ion■ tn the exhau■t would be more mobile and pre■ent in hi1her 

concentration ■ than in the colder Jet engine exhau■ t. 

Unfortunately. a dearth of experimental data on either the engine­

chnrging mechant ■• or typical rocket motor char1in1 rate■ ha ■ precluded 

a concluaive analy■ i ■ of the rocket motor char1in1, Although the electron 

dtffu ■ ton theory ■eemed to explain Jet en1ine char1in1. at lea■ t quali­

tatively, ■everal other char1in1 11,echani ■11a have al ■o bt-en propo■ed to 

ex~latn the rocket en1ine char1in1 phenomenon. 1 • 4 • 1 SOM of the■e 

111echant ■m• lead to po■ itive char1in1 current,, while other■ lead to 

negative char1tn1 current ■. Without corroboratin1 experimental data. 

therefore, any analy■•• of en1ine char1in1 mechani■m■ mu■t be viewed 

•• ■peculative . 

B. The I111portance of En1in,. har1in1 

Rocket vehicle■ that becme char1ed to ht1h potential■ may be 

1ubject to the ■aH interference proble111■ that a.4 encountered by 
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:1ta·l·r:1rt.•-no11el)' r :,dio frl'CIU •ncy noi c produced IJy corono di ■chorJ(c:a 

fa•om thl' l ' Xlrt'mi t le• or the vehicle, ■ trcnmur di ■chor""' on in■ulntinJ< 

14urt:1cc• thnt lJl'cOfflC trilx>clcctricully choriccd, particle impact, and 

µark ct is hnr.:cs bctwc..•cn unbondcd section~, In add it ion, rocket vehicle■ 

often contain diKitol computers in their guidance and control systems 

Ylhich nre 1u■ceptible to the il".>ullive interference produced by streamer 

and ■park di ■chor1e■. Rocket vehicle■ al■o u■e electroexplo■ ive device■ 

extensively tor nt0tor ignition, staging, and numerous other purpo■e■. 

The■o device■ can be prematurely ignite1 by di ■chargo■ of ■tatic electric• 

ity, thereby decradin1 ■y■tem performance or inducins complete failure 

of the mi ■ ion. Ith I al■o been po■tulated that rendezvou■ and docking 

maneuver■ may be hamperttd u·· the two vehicle■ part1cipatin1 in the 
v 

maneuver nre at different potentials prior to contact. 

In order to determine the ■everity of the■ r. problem■ and e■ tabli ■h ., 
technique■ tor alleviatins the problema on rocklt vehicles, it 1 ■ neces-

■ary to determine the vehicle char1in1 rate■ and potential■ that wtll 

be encountered on typical mi ■1ion1. Under a ■eparAte prosram, the 

problem of triboelectric char1in1 of hish speed vehicle■ ha ■ been inve!• 

tisated. 1 Becau■ e it waa poatulated that engine chargins mi1ht be the 

pre<iominant char1in1 mechani1m on rocket vohicle■, an experimental 

inve1ti1ation of thi■ mechani ■m wa■ undertaken on the pre■ent program. 

Althou1h the preci ■e mechani ■m by which the en1ine■ chars• the vehicl• 

i ■ ■ till open tor debate, the re■ult1 of thia experimental prosram 

provide ■ome data by which theoretical 1nalyae1 can be teated. It i■ 

anticipated that the experimental data ~~Y al~o help to di,aipate ■ome 

of the confu ■ ion that pre■ ntly exi1t, in re1ard to vehicle electri­

fication . 

One factor that ha ■ lent confu1ion to the rocket en1ine charsin1 

probl•• ii the tendency to indi1cri■in~tely intermin•l• jet aircraft 

char11n1 characteri■tica and rocket char1i I characteri■tica. For 

example, beeau■e j et en1tne■ can char~w •n treraft to tt ■ coron• 

thre■hold potential of about 200 kilovolt• a t 1ea level, it haa been 

a■■ulNd that rocket en1ine1 will chars• the vehicle• to ■ imilar poten­

tial ■ at hi1h altitude■ a■ well a ■ at ••a level. It 1 ■ probable that a 
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t,ta•ent dt':ll or tl,e con!u■ ion 11tcmH !,·om the facl thnl only short-circuit 

e~Kinc chnriint,t curr0nt datn (i .e., the char~inK current at zero engine 

potential) have been nvnilablc to worker■ in this rea . Since the ■hort­

circuit charging current ■ !or rocket en1inc■ may be relatively lar1e 

compnred to the Jct en1ine charKinK currents, ■omc rather high potentials 

re■ultinK from rocket cn1ine charging havo been predicted. In fact, h01wover, 

t he rocket exhau■ t i ■ much more hiKhly ionized (and therefore more 

conductive) than the relatively cold and poorly conductin1 Jet en1in• 

exhauat. Thu■, the rocket en1ine charging current 1 ■ ■ tron1ly dependent 

on the vehicle potential because of the ability of tho charccd vehicle 

to collect a neutraltzin1 current from the conductive ex.~au■ t plume. 

Because the rocket exhau8t is decidedly different from the Jet 

en1in• exhau■ t, it appear■ that the rocket en1ine will have one of three 

effect ■ on the vehicle potential. Fir■ t, if the en1ine■ are capable of 

char1in1 the vehicle to poten~ial ■ above the vehicle thre■hold potential 

( tn which ca■e the rocket en1ine behavior ~Juld be quite ■ imilar to that 

of the Jet 1~n1ine), corona discharge■ and electromagnetic interference 

would accompany each launch. In this ca■e, it might be nece■■ary to 

provide some method for reducing the interference produced by the corona 

di■charse , such a■ 1 ■ provided on aircraft. 

A ■econd po■■ ibility 1 ■ that the conductivity of the exhau■t 1 ■ 

suff icient to limit the vehicle pot~ntial~to some value below the 

threshold potential. If the vehicle potential doe■ not exceed the 

corona thre■hold potential, there will be no corona di1char1e■ or 

a■■ociated electrousnettc interference (i f •n1ine char1in1 1 ■ the only 

source of electro■ latic charge accumulation ). Spark di■char1e■ between 

unbonded ■ection■ would then be the primary problem a■■ociated with 
I S 

en1ine char1in1, Since thi■ p·roble11 can be eliminated by adequate 

bondtn1, en1ine char1tn1 woul/probably be le■■ ■eriou■ than tribo­

electric char1in1 in thi ■ ca■•· 
I,./: 

A third po■■ tbil1ty 1 ■ that the ionized rrclntt exhau■t 1 ■ 10 effec• 

tive in li11tttn1 the vehicle potential that the vehicle potential 1 ■ 

Nintatned below the corona thre■hold potential •v•n when other char1-

tn1 ■ource■, such a■ trtboelectrtc char1in1 from precipitation or du■ t 

• • • • • • 
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• 
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p1ll'lkh-•• 11rc.• 1H· llv<' . 11 thlM wc.•rc the.• t•n1u, thu rockol vnl(ino v.oul<J 

tl'ntl to nllcvintc, rnllwr t.lrnn lll("rnvntc, the vehiclo chnrKin1 problem, . 
A» nn hiatortcnl note, lt t~ pointed out that it wna oriKinnlly nntici-

pntt'<I thnt the.> c.•nacinc.•111 wwould nlleviatc the prccipitntion static problem 

on jct nircrnft . 1 Dccnuse of the extremely low conductivity of the jet 

on1inc cxhauat, however, jet en.cine• were found to be effective aircraft 
-· -chnr"crs l i . e . , the equilibrium potcntinl of the J•t engines i1 higher 

I q 
tlu,n the corona thrc.•1hold potenttnl ). 

; 

C. Scope of Thh Study 
,. 

~ 

The purpo1e of thi1 1tudy wa1 to mea1ure ~~ char1in1 current• 
( 

and pot~ntial• produced by rocket en1ine■ in order that typical en1ine 

char~inR characteristics could be establi ■hed . To obtain these char1-

1ni charncteri1tic1, three 1erie1 of experiment• were conducted . Th••• 

were : ( 1 ) a ■ erie■ of ■ tatic firing■ of small solid-fuel motors in which 

■ hort-circuit char1ini current wa■ mea■ured, (2 ) a aeconJ 1erie1 of ■ tatic 

firin11 in which open circuit volta1e■ were mea■ured, and (3 ) a 1erie1 

of in ■ trumented fli1ht te■ t■ in which the potential• of Nike-Cajun 

rocket ■ were mea■ured in li1ht . In the followin1 1ection1, the1e 

e,q,eriMnt■ will be de■cribed in detail . 

In 1eneral, thi1 work 1erv d to point out the complexity of the 

en1ine char1in1 proble111 . It appear■ that ■everal competing mechani■m• 

occur 1i11Ultaneou1ly, and that the polarity and rna1nitude of the net 

char1in1 currttnt are dete1'111ined by which mechani1111 predon,inat •. 

Althou1h 1everal char1in1111echani ■m1 may be operatin1 1imultaneou1ly, 

the experimental re1ult1 reported here 1u11e■t that the conductivity of 

th• rocket exhau■t 11 hi1h enough to limit the vehicle potential to 

value■ a,.1ow the corona thre1hold potential. Jn addition to providin1 

e,q,eriMntal data heretofore unavailable, thia report indicate• area ■ 

in which 1t0re refined work could profitably be done, 
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II STATIC FIRING TESTS 

A • Short. Circuit Current Mea■urer: · ent ■ 

A review of the ■ tate of knowled1e re1ardin1 rocket motor char11n1 
indtcntcd that virtually no experimental data were nvailable to permit 
the te■ tin1 and refinement of theorie■ re1ardin1 the char1in1 proce■■e■ 
involved. In caatln1 about for way■ of obtaininc exporimcntal data, the 
poa ■ ibllity of performin1 char1in1 mea■urement ■ durin1 static tirin1■ of 
rocket motor su11e■ ted it■elf. It was reco1nized at this time that many 
of the char11n1 procem■e■ are markedly affected by the pre■ence of a 
windstream about the rocket, and that, ideally, the meaaurement1 should 
be made on rocket vehicle■ in flicht. Flicht te■ tin1 however, 1 ■ co■ tly, 

so that only a limited number of fli1hts can ever be contemplated. Further­
more, only a limited uount of information can be obtained per fli1ht. 
For example, durtn1 a 1tven flicht, it i ■ po■■ ible to ■ tudy only one fuel 
mi.tture and one nozzle conficuration. In the l icht of the■e conaidera­
tions it wa■ felt that an tnve■tication of the rocket char1in1 problem 
should include meaaurement■ made durtn1 atattc motor firinca. A mea­
surement of 1hort circuit char1tn1 current nppeared to be a desirable 
fir1t step aince the meaaure111ent i ■ relatively ea■y to implement, and it 
was nrsued that the ■hort circuit current would be repre■entative of the 
minimum ahort circuit char11n1 cu•rent that would be obtained in fli1ht. 
The char1in1 procea ■e■ occurri.{s' in the COfflbuation chamber are unaffected _; 
by the motion of the vehicle at/ that the total char1e expelled ahould be 
the ■ue durinc the ,tatic te■ t a■ it i ■ in fli1ht, The circulation of 

,,./: 
char1e frOffl the exhau■ t back to the vehicle should ,be ht1her when the 

I vehicle i ■ ■ tationary than when the vehicle i ■ movin110 that the net 
cha r1tn1 current 1•nerated by a ■ tationary motor ahould be le11 than 
that renerated in fli1ht. 

1 
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1~,taib of the l'4ho1·t da·t·uit current m •n14ur01ncnt14 concJuctod nt Sill 

.H'l' JH'l'l-ll'Ull•cl in Ai,pcnclh A Only n brio£ <I<.• criptton of tho experiment 

toi:cthc1· with the 1·csul t!'I nn<I conclu!ltons or the1110 mon!'lurcmont!I will be 

i:t \'t'n hc1·c. 

The int ti:tl hort c ircutt chnrging current mcasuremunts were made 

on n "pt1ry-bnck" bn1b usina- ·n IU~t -:>f throe ~-inch diameter solid-fuel 
;l 

1notor11 c-ont:ttning a basic fuel con!li!lting of polyurethone and ammoriium 

perchlornte 111eeded wtth potass:i.•1m. (For tho second and third firinai;s 
\ 

:iluminum powder w:is nctded to the fuel.) For tho -8'11ic experiment, the 
I .• 

en1ine exhnusted into a ateel diffuser tube 1epar' .1ted from the motor by 

' 

• 

• • 

• 

• 

• 

• 

• 

• 

• 

a hnrd gla I pipe. Provisions were made to electrically i ■olate both 

the motor and the diffuser and to meosure the current flowinr to rround 

from both the motor ~nd the diffuser. The chorrin1 currents measured 

during thi ■ series of tests are summarized in Tnble I. The currents 

listoo nre those measured after combustion chamber pressure was developed-­

immediately tollowtn1 activation of th• i1nitor randomly varyin1 current ■ 

of both polarities were ~ensured. Inspection of the charrinr current data 

in Table I indicates that, in each case, the current to the diffuser and 

the current to the motor were of opposite si1n and of comparable marnitude. 

Thus the net current to the motor-diffuser system was very small and the 

rreater part of the current measured to either one of the elements wa ■ 

the circulating component. 

Table I 

~R CHARGING SUMMARY 

Motor 1 Motor 2 Motor 1 
2-27-63 4-17-63 ti-11-63 

Fuel Buie Fuel Aluminized Aluminized 

Motor Char1in1 current 10-80 poi • 180-210 poll. > 1000 neg, 
(1,1. A) 

Diffu11er Char1tn1 Current 8-35 ne1. > 120 ne1. > 1000 po■• 
(1,.1,A) 
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Becnuse of tho lnr«e circulntin« current!II, tho data from the two • 

nluminized motors :ire believed to shed 11 ttle li1ht on rocket motor 
I' 

ch11r1in1 rates. A discussion o·t thoso ro!llul ts hns boon included, howover, 
for three rensons. First, tNe1Jntn from these test!II hnve been previously 
published without qualification nnd hnvo often beon quoted as bein1 in-

~ 

dic11tive of rocket motor char1inff rate.'• 1 Since ·{hese data are probably 
I , 

not v lid motor charrin1 data, it was felt that t~e experiments should 

be de■cribed in ■ome detail and that tho dtscrepanctes in the data 1hould 

be pointed out so that reliance on the data will be deempha■ tzed. 

The ■econd rea■on for includin1 tho result■ of the■e experiment ■ 

is to point out some of the pitfalls that may await those who would 

1~easure chor1in1 currents durin1 a static firin1. As the■• experiment• 

indicate, ~xtreme care mu■ t be exercised in desi1nin1 the experiment to 

avoid problem~ similar to the circulating problem encountered in these 

experiments. In 1eneral, if the exhauat plume plays on any conductin1 

body that 1• 1rounded (even throu1h a fairly hi1h re■ i■ tance path), the 

char1in1 current measurement• may be corrupted by a circulatin1 component 
of current that flow■ throurh the conductive exhau■ t flume, motor, and 

measurinr in■ trument. A■ the results of the two aluminized motor fi~in1• 
point out, the direction, a■ well as the ma1nitude, of the char1in1 cur­

rent may be affected. For thi• rea■on, it 1• advisable to make char1in1 

current measurement• with the motors exhaustin1 vertically upward in an 

open area, ao that exhaust plume cannot play on the 1round, teat bay wall ■, 

fences, or other conductive appurtenance. 

The re■ult• of th••• experiment• are also of intere■ t for another 

reason. It ha• been postulated that if 1ta1tn1 occur, while a rocket 

vehicle 11 char1ed to a hilh potential, a lar1e difference of potential 

will be 1enerated between the 1eparatin1 ■ ta1•• • either becau1e of 

a■ YfflJlletrical 1eparation or becau1e the en1ine actively chars•• the active 

1ta1• while the expended 1ta1• contain, no active char1in1 mechani1m. 

The result• of th••• experiment■ with the diffu■er clearly indicate that 
the two part■ of the 1ta1in1 vehicle will be electrically connected 

throu1h the conductive exhau1t plume a, lon1 a• the motor exhau1t plume 

• • • • • 
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• • • 



pl:l~-~ on the c~pcnclcd !tt:itc. It is hardl y cunccivnblc, therefore, that 

tlignific :rnl <1trrcrcncc11 in potcntinl ( Le,, more thnn n Cow tens of volt11) 

cnn bo dcvelopoci between Mopnrntinr sec ~ionA during a stn1tnr event in which 

the up11tago motor t q ignitccl n t or bofore tho ti,ia of Atnqe Reparation. 

This conclusion 19 further supportod by the results or experiments described 

in the following section with the ethylene-ox gen motor. 

Only three ■ tntic firin11 of the 5-inch ■olid-fuel rocket ~otor■ were 

mode in the series of tests described above, 110 that it was not possible 

to conduct additional ■hort circuit current mea■urement■ on these motors. 

Arrangements were made, however, to use a small ethylene-oxy1en motor to 

perform additional experiments in the laboratory. The ethylene-oxy1en 

motor, which wa■ used primnrily for experi~ent■ to study the electrical 

propertie■ of the xhnu■ t flame, h. t :he adva .. tage that it could be fired 

and seeded with very little set-up time.# In addition, the fuel mixture 

and flow rate could be varied durin1 n run, and the motor could be burned 

continuously for extended periods of time. 

The ethylene-oxy1en motor wa■ in■ talled in a 4 X 4 X 8 foot metal 

vacuum chamber equ ipped with a hi1h-speed mechanical vacuum pump capable 

of maintainin1 the pressure at •10 to 20 mmHg while the motor is burntn1, 
;' 

A■ in the cn■ e of the ■olid fuel motor experiment■ the motor WAI in■ulated ,, 
from 1round, To ■ imulate the diffuser tube used with the solid fuel 

motor■, a bra■ ■ tube wa■ mounted over the exhau1t)plume above the burner 

and electrically i solat ed from the burner with n 'section of glass pipe. 
I 

The combu ■ tion chamber contain■ an irntter wire which i ■ connected to a 

high volt ar• power source to i1ntte the uel mi~ture in the burner, 

Provision■ were made to mea■ure the charging current to the motor, diffuser, 

and igniter individually or in any combination, 

A detailed de~cription of th••• experiment■ and the re■ult■ obtained 

i ■ 1tven in Append tx A, !11entially, it wa■ found that the circulatin1 

current ■ flowin1 between the motor, diffu1er, and i1niter were alway■ 

lar1er than the net char1in1 current to the 1y1tem A■ a whole. Net 

cbar1in1 current ■ r an1in1 fr0111 l to 4 ~•mp were mea1ured while the 01r-

0ulatin1 current ■ ran1ed frOffl 2 to 23 ~•mp, It wa ■ noted that the current 

in the i,niter leart wa1 alway■ of ■uch a direction na to 1u11e1t that the 
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i"nitor wns emitting elect ons. The cmis~ion of electrons from the 

i"niter served? imorily to aupent the circu~~fin1 current, but did not 
opprecinbly change the net chnrKinK current to / the system. 

I 

Testa in which a bioA voltnie wn1 applied between the motor and 

diffus ~r indicated that the diffuser was acting ns a sheath-area limited 

Lnn!ffluir probe, becnu1e when the diffuser is negative, it appear■ to be 

collecting a 1aturation ion current, while at positive diftu1er potential• 

larre electron current• are collected, For this explanation of the cir• 

culating current characteri1tic1 to be valid, however, it mu1t be a1aumed 
that the motor is not sheath area limited. Thia would imply that either 

the electron-ion den■ ity at the motor exit plane 11 much hi1her than it 

11 in the vicinity of the diffuser, or that the motor i ■ capable of 

emittin1 electron, when it 11 at negative potentials, That the former 

condition 11 ■ atisfied is indicat~ by ele tron density datft obtained 

from measurements made with a 1imilar motor under similar fuel con­

■Wllption rat••• 

Since the diffu1er 1• capable of collecting current of either polarity 
with the proper bia1, one 1• inclined to propo■e thi1 proce1a •• a method 
for diacharrtn1 rocket vehicle■, Thu■, for example, one would in1ert a 

probe into the exhau1t plume and bia1 it to collect a neutralizin1 current 
to maintain zero rocket potential, Thi• scheme doe■ not appear to be very 

promi1tn1, however , in li1ht of the observation that the circulating cur­

rents do not appreciably affect the net char1in1 current, To further 

examine thi• 1cheme, the teat with th~ biaaed diffu1er waa repeated with 

one microammeter mea1urin1 net char1in1 current and the other meaaurinc 

diffuaer line current, It wa• noted that the net char1in1 currant to 

the 1yateM doe• not chan1• direction even thou1h the diffuaer current 

chan1e• fr the aaturation value in one direction to a very lar1e value 

in the oppo•it• direction. It ••en1• probable, therefore, that the 

bi aaed p!'Obe acheme for diachar1in1 rocket vehicle• will be ineffective. 

Th• experiment• with the biaaed diffuaer are alao intereatinc be­
cau1e of the behavior of the circulattn1 component of current in the 

vicinity of zero bi••• A 1li1ht chan1• in bia• volta1e in thi• re1ion 
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cnn pro<IUl'l.' n l:ln;c chnn..:c in cin·ulntin..: current, ancl the clircction of 
Clll'l'cnt flow l' :ln be revcrsccl with n smnll <·'.rnngo in bins. Ith bci1cvorl 
thnt thi ■ chnrnctcrhtic h:,s n bcnring on the ro!llul t~ of tho Rt.ntic fir-
inJ:1' or the nluminize<I motors, in which tho curren ls flowed in o f)O!II 1 to 
directions in the two test firing~. Since tho exhnust of the nluminized 
motor~ is probnbly nt len!llt n1' conductive ns the ethyl ne oxygen exhaust, 
n chnnge ot only n frnction or n volt in bins con reverse tho direction 
of flow, The motor-diffuser loop undoubtedly contains Rome bias sources 
ns n reoult of thermoelectric junctions and contnct potentials. This 
biu can be either pot1itive or negative, depending on the circuit com­
ponontll used and 1: i e mnnnor in which they are ns1e11 bled. Since the motor 
chnrging apparntu~ was dismnntlerl nnd reassembl d between the two nluminized 
motor firings, it is 1'Uspected hnt the different directions of current 
flow observed in the two firings was caused by different bias voltages 
built into the motor-di ffuser loop in the two experiments, 

B. Motor Charging £xporiment1 6y Others 

It ii also of interest to compnre the result~ of the1e chnrging cur­
; rent experiments with the motor charging experiment, conducted by others • . 

Although few 1tatic firings hnve been conducted for t~e purpose of in-
vestigating electrostntic effects, some interesting results have been 
reported, The Boeing Company has, for examp~e, fired a number of small, 
solid-fuel motors in the 200-to-500-p>und-thrust rangti to determine 
motor charging currents,• These moto·s were fired in a horizontal posi­
tion in test bays thnt hod metal structure aft of the exit plnne and 
quite close to the vi1ible portion of tho plume, Chnrging current wns 
mea~urod *1th essentially zero potential on the motor, Charging currents 
of Je11 than 0,1 ~amp ware mea1ured on the 200-pound-thruat motor1, but 
the re■u\t1 from th••• motor■ were not con■ idored typicnl becnu■e of 
un■ at 1stac1.orl' thn.it11t-1 ime curves, The 3SO-pound-thrust motors charged 
at a 1 U.MIP rate itai ti ally ( for nbout 0,2 ■ ec). after which the charring 
i·at• dropped to 1.)-to-0, 5 µ.amp, The 500-pound-thruat motors allo charged 
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to 1 1,..1111p ciurinsi the tint U,2 1cc, nftor which tho chnrsiinR rnte vnricd 
from l l to nbout 2,5 µnmp, The direction of the chnrgin" cu,rent was such 
as to chnrgo the motor to nogntive potentials, 

Althou1h the vnlidity or those experiments is que~tionable because of 
the nearby metal structure, the charging rotes seem reasonable, If cir­
culntin1 current• were pre■ ent becnu ■e ot the ■ tructure, they were much 
smaller than the circulnting currents observed in the static firings 
de~cribed ir. Section II A, It is stated in Ref, 9 that the plume ( presumably 
the visible plume ) did not touch the metal struc t ure; hence smaller cirru­
latin1 r.urrent1 would be expected in thi ■ case than in the case where the 
dif tu■ cr tube ii in direct conhct with the vi ■ ible plume, The Boe1n1 
motors and the motors described in Section II A were of similar size, 
burning time , and fuel, (The Boeing mctors were cnst with Minuteman 
first sta1e propellant.) 

Another 1tatic fir1n1 of a ■olid-fuel motor in which chftr1in1 current 
wa■ measured ha■ been r~ported by workers at the Applied Physics Laborntory. 10 

Unfortunately, the characteri ■ tic ■ of the motor nre not given, and the chnrJ• 
in1 characteri ■ tic■ of the motor are presented in such a form that neither 
the short -circuit current nor the open-circuit potential can be determined. 
The polarity waa not 1iven • 

The NASA Lan1ley Research Center has performed static-firing experiments 
u1in1 ■mRll 1olid-fuel motor■ exhau■ tin1 into a 40-foot-diameter ■ phericnl 
vacuum c~uber maintained at a pre11ure of approximately 1 mmH1, 11 The pro­
oellant wa■ polyurethane doped with aluminum. Th• motor potential ■ were 
mea1ured durin1 ■ everal te1t■ and the char11n1 current WR■ mensured on nt 
lea■ t one motor, The motor• char1ed ne1atively to nbout 10 volt• durin1 
11nition and po■ itively to 10 to 20 volt• durin1 burnin1. The polarity and 
1·ever1al of polarity are not eaaUy explained, but they do not nppear to be 
unu■ual. It 1• 1ntereatin11 however, that the motor• char1ed to potential ■ 

of only a fn t en, of volt.a, Thi ■ re■ult ••• m• to 1ub1tantiate the theory 
that the conductivity of ti• exhau■ t plume limit ■ the motor potentinl to , 
very low potential ■ at hi1h altitude■ where the ion mobility ia hilh, and 
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tlw l'l'!4Ul t ~ :ire in ltl'nl•1·:,I a~rct.'nll•nt with the ob!4crvntion!4 on jct engine 
l' ha n:tu.: ( l':'Hl•pt for pol :u ·ily ) . Thero iH !4Omc..- quc!4tion, howovcr, nH to 
till' val icttty nf thci-cc t•xpcri111l•nl!4 bccnuHc or the poHHibil ity of the ex­
h:tU!4t plume touchinst the ch:imber wnll1. At pres11ure1 of the order of 
1 n1mH1t, the phy!lic:il dimen~ion8 of the exhnust plume are much 1reater 
thnn :it se11 lovel. Hence the pl~me may have reached th 1ide■ of the 
vncuum chnmber nnd provided 11 conducti~e path to the 1rounded chamber 
wnlls. Even if this werli! the case, the results artt intere1tin11ince 
they would then illustrnte the effective~ess of the exhaust plume in 
minimizing the potential difference between the motor and adjacent ■ truc­

tures ( for example, during stage separation) . 

Some intere1tin1 expe~i$ent1 with char1in1 were conducted by the 
Germans during World War 11 , in connection with an inveattgatton of fail­
ures of a radio-controlled glide bomb. 11 ln the■ e experiment■, the . ' torches were burned in wind tunnel• and the open-circuit potential ■ were . measured. In one experiment, the motors were mounted on a control 1urface 
and burned in the air■ tream of a lar1e propeller which cenerated wind ve­
locities of 20 m/sec (45 mph). Triboelectric charging from du1t picked 
up >y the wind stream char1ed the control surface to about 100 volt• before 
the motor wa1 icnited. After ignition, the motor, char1ed the control 
surfnce to a maximum of 325 volts. In another teat the motors were placed 
in a wind tunnel cnpnble of 1peed1 up to 230 m/sec (500 mph). At the 
maximum wind tunnel speed1, the motor, charred to as hirh as 6,000 volt■• 
In the wind tunnel, however, c .~ air recirculated once every 4 ■ec, 10 
that the air flowin1 by the m~tora waa free of combuation product■ on\y 
durin1 the firat four second■ ot motor burnin1. The maximum potential ■ 

were obaerved moro than 4 aec nfter il~ition (total burnin1 time wa■ 
1-to-2 minutes). Some concern wa■ al ■o expre■■ed about the effect of a 
1round~1 metal 1creen 20 meter• downwind from the motor■ in the -ind 

* Reference 12 1 ■ a tran■lation of a captured German document oririnally printed in Oenan in 1941. Th• tranalation i ■ rather poor, however, 
and 101119 of the technical term■ are 1arbled. The word "torch" i ■ c0n-
11 ■ tently u1ed to denote the device teated, but from the text it appear■ that the device wa■ a ■fflall l'CXlket motor. 
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tunnel. Tho mnAimum potentinl nttnined wnR foun~ to be fnirly conNtnnt 

nt wind speed!II •'P to 150 met · • : , .?r second. At wind Rpced'4 of about 

200 m/sec, however, the mnximu1 iJOtenUBl increnNed Rhn rply with wind 

speed. It 11 not clonr whether this incrin1c iN due to lncrenNed blow­

nwny current, to increased triboclectric ch:'lrging from exhaust pnrticleu 

in the wind stream, or to Rome othor mechnnism. It is noted that of the 

two motor types, which nre referred to a• smoke nnd smokelesR torches, 

the smokeless torches chnrged to lower potentials than the smoke torches. 

It is nlso noted that the motor■ charged positively. 

c. 

Bec11u■e of incon11 ■ tenc1e1 amon1 the motot· char1in1 data available 
I, I 

nnd uncertninties concerning the various experimental set-ups, a second 

set of static firin1s wa■ scheduled. 

describt,d in detail in Appendix B. ) 

I 

(The re■ults of these firings are 

These motor■ were fired for the sole 

purpose of measurin1 char1ing characteristics, so that it wa■ not nece■1ary 

to cOfflpromi ■e the char1in1 experiment to accommodate other experiment■• 

In addition , rather than measure short cir~uit charging current, it was 

decided to measure open-circuit vehicle potential. • Thill decision was 

based on experience with flame• and other plasma ■ y1tem1 that ■ugge■ ted 

that the conductivity of the highly ionized exhaust plume would tend to 

limit the potential to which a rocket motor could charge. It had al ■o 

been observed that the maximum potential acquired by the fir■ t Nike•C~jun 

( ■ee Section III ) durin1 motor burnin1 wa■ well below the corona threahold 

potential. The rather low potential ■ ob1erved in the NASA ar.d in the 

German experiment ■ seemed to substantiate the potential limitin1 action 

of the ionized exhau■ t al ■o, 11 , 11 

The motor■ u1ed in th••• te1t1 were similar to tho■e u ■ed in the 

earlier 1tat1c ftrin11 de■cribed in Section II A and in Appendix A, To 

eliminate the effect• of conductin1 wall• or other object• in or near the 

exhau■ t, the motor■ were fired in an open field with the exhaust directed 

vertically upward. Provi ■ ion1 were made to i1olate the motor, from 1round 

u ■ in1 a ■ tructure 1uch that, with 150 kV applied, the leaka1e and corona 
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currents were Jo~ thnn 1 µamp. A rotatin1-vane field moter waR used 
n" nn I nr t n tll' impedance vollmc L"r to measuro tho potvnUal of the motor. 

A totnl or five 5-inch polyurethane and ammonium perchlorate 
motors were firod in thiR 11erie11 of experiments. Three of these con­
tnined only a 1 percent potassium seed, and the other two contained th~ 
1 percent potassium nnd 15 percent aluminum. a.arnin1 time for the motor■ 
wns about 3 sec. ,,· 

In the initial te■ t, one potassium seeded motor and one aluminized 
motor were fired from the insulated fixture. ~• potassium seeded motor 
charged to sli&htly over one kilovolt ( positive) durin1 the first second 
of burnin1 and remained at that potdntial. The potential attained by the 
aluminized motor wa■ only 200 volts (po■ ittve). It had been anticipated 
that the ionized exhau■t plume would tend to limit the potential to which 
the motor wnu\d char1e, but it wa ■ not 1u1pected that the potential would 
be limited to such low values. 

Althou1h the potential ■ were much lower than had been anticipated, 
there appears to be a lo1ical pattern in the ultimate potentials. Since 
the aluminized motor is characterized by a 1reater electron den■ ity in 
the combustion chamber and exhaust, the plume 1 ■ more conductlve and 1 ■ 

a better di1char1er. Thu■ one would expect that the exhau■ t plume of 
the aluminized motor would limit the potential to• lower value, a■ wa■ 

observed. 

The remainin1 motor■ were u ■ed to perform experiment■ to te■ t the 
electron diffu■ ion theory of en1ine char1in1 and ■ tudy the effect of 
field■ in the vicinity of the plume in di ■char1in1 the motor. It wa■ 
rea■oned that if electr.on diffu■ ion ,·ere tt.e char1in1 mechani ■m in Jet 
en1ine■, the ■ aae Mchani■m ■hould operate within the combu■ tion chamber 
of rocket en1ine■ • It the exhau■ t plWlle were hi1hly conductive, however, 
the rate ot capture ot ion■ from the exhau■ t mi 1ht be ■utticient tD e■-
■entially eliminate the effect ot electron dittu■ ion char11n1. However, 
if the exhau■t were in a field-free re1ion until the electron■ attached 
to neutral molecule■ and ■Offle recOfflbination occurrod, the rate of capture 
of ion■ fr011 the exhau■ t •hould be 1reatly reduced and the ability of the 
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plume to <lischnrge the fflntor ~hould be con~idcrnbly reduced. To provide 

n ricld- frce resion nbout the plume, the plume must be surrounded with n 

conductive cover so thnt the clcctrostntic field lines terminate on the 

cover instend of the plume. 

Acc~rdingly, n tube 2 feet in diameter nnd 10 feet h11h wns fnb­

ricnted from 1/4-inch mesh hnrdwnre cloth nnd installed over the motor 

mount. The hnrdwAre-cloth tube prevented static fields from reochin1 

the exhaust plume, yet allowed flow of air and exhaust inaes in the exhaust 

r~rion. The upper end of the tube was covered with hnrdwnre-cloth, 10 

that the entire visible plume was within the electrostatic shield. 

Two motors, one with the potassium seed and one aluminized, were 

fired within the clo1ed shield described above. The potassium seeded 

motor initially char1ed r,o1ittvely, but in about 0.3 1ec the polarity 

reversed, and the motor charged ne1atively for the remainder of the 

burning period, reachin1 a maximum negative potential of about 1.2 kilo­

volt■. The aluminizerl motor charced po1itively for moat of the burninR 

period, reachin1 a maximum potential of 1li1htly over 9 kilovolts. 

Before firin1 the third motor in the shielded confiruration, the 

hardware-cloth end closure at the top of the shield was removed, leaving 

only the cylindrical wall ■ of the ■ hiled. The sides of the plume were 

thus shielded fr0111 electro1tatic field1, but because of fringtn1 at the 

upper end of the 1hield, it may have been possible for some field lines 

to tel"fflinate on the end oft~• plume. The potaasium seeded motor fired 

in this open-end shield con~1iuration charged necatively throughout the 

burninr period, but the maximum potential attained only about 280 volt ■• 
& 

.~ 
The teat ■ with the clo■ed shield■ su11e1t that the discharging 

I 

cop1b111ty of the plume 11 reduced 10111ewhat if the hi1hly conductive 

part ot the plume i1 1hielded from the electrostatic !ield1 of the char1ed 

motor. Thi• indication i1 particularly 1tron1 in the ca■• of the alumi­

nized motor■. The un■hielded motor char1ed to only about 200 volt1, while 

the shielded motor char1ed to over 9 kilovolt1, The effect of 1hieldin1 

the plume 11 le11 1triktn1 in the en■•• of the nonnluminiEed motor,, buL 

even here, the cloaed 1hield appear• to have enhanced the maximum motor 
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potcnti~l ali~htly, Tho shield used in those teat~ is not perfect, of 

course, bccnuse even thou1h the exhaust hos cooled and the electrons 

have become nttoched to molecules to form leas mobile ne1ative ions, the 

ions must po•• through the screen and oscape in order for char1in1 to 

occur. But by the time the ions reach the screen, the 1a• velocity 1• 

lower , so that the probability of them b in1 co~tured by the screen 1• 

enhanced. In addition, the wind velocity induced outside the screen 1• 

much lower than the wind velocity induced in the absence of the screen, 

ao that the chance of the ion■ ~ein1 blown away is le••• 

It 1• suapected that there are also other 1hcrtcominga of the atatic 

firinc experiment• that limit the de1ree to which actual rocket motora in 

flicht are simulated, In the teats reported here and in most of the teat• 

reported in the literature, the burnin1 time of the motors waa only about 

5 aec, whereaa burnin1 time for moat launch vehicle■ 11 an order of map1-
, 

tude greater. The effect of the thermal condition■ and ablation in the 

nozzle for motor■ that burn lon1er than S aec 11 not known. Another point 

of dissimilarity is the ambient pre11ure which, while constant at ■ea 

level preaaure in atatic firin1a, varie■ from the aea level value to many 

orders of magnitude less than sea level on launch vehicles, Finally, the 

air flow about the motor in .•tatic firings ia quite different from the 

flow about flight vehicle1, In the static firin11, the only air flow 
~ 

exi1tin1 is that induced by the exhauat 1a1 flow, and in the re1ion of 

• 
the nozzle• where outaide air flow is moat influential, flow pattern■ . 
are diatorted by the structure aupportin1 the motor, In fli1ht vehicle1, 

however, relatively unobatructed air flow ia produced by the forward 

motion of the rocket, aa well aa the motor exhauat, In spite of th••• 

1hortcomin11 which limit the aipificance of the abaolute potential• and 

ch1r1in1 current• meaaured, the atatic firin11 do provide an economical 

method of atudyin1 char1in1 mech1ni1ma, and further effort in thia direc­

tion should be productive, 
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Ill NIKE-CAJUS EXPEIUMt:N'fS 

Fil'lit Nike-Cojun Exporimvnl 
. 
I 

AlthouKh »tatic firing expurimentN of thu typo duMcribed in Sec-

t ion II ore informative and convenient to conduct, data from flight vehicles 

ur c O!j1entinl to provide a baa\ ■ for evaluating the validity of laboratory 

imulalion» . An effort was therefore made to obtain data on vehicle po­

tentinl!i from instrumentation installed on Nike-Cajun vehicles when space 

ond weight were available . In these experiments , instrumentation was 

limited t o a ingle rotating vane field meter installed to measure the 

~lectric field trength at the surface of the vehicle. From measurements 

111 t1d l.! in the laboratory on scale models of the vehicle, thb vehicle capaci­

t3nc~ and the relation between the vehicle potential and the field strength 

a l the field meter location were det rmined. It is thus po■■ible to 

calibrate the field meter re■pon■e in terms of vehicle potential, and 

from the rate of change of vehicle potential and the capacitance, the 

harging ra and • hargin1 rate■ can be estimated. 

The first flight of an instrumented Mike-Cajun occurred 14 March 1961 

from Eglin Gulf Te1t Ran1eJ 1 Because the field meter wa1 designed and 

fabricated within a few weeks (upon learning what Mpace and weight would 

b available on the Cajun), phase and polarity discrimination were not 

incorporated into the field meter 1y ■ tem. Polarity of the vehicle po­

tential wa1 not determined, therefore, and in the ionosphere, the field 

meter could not di■ti~1ui ■h between a convection current (electron or 

ion collection by the field meter 1tator) and a true electric field, 

The field meter waa located on the cylindrical body of the Cajun vehicle 

a few inch•• aft of the no■• cone a■ illu1trated in Fi1, 2, Two field 

meter ■en■ it1vit1e1, 0--to-ao kV/• and o-to-500 kV/11 were provided. The 

field meter appeared to function properly, within the limitation■ in­

dicated, throu1hout the f111ht. The indicated field 1tren1th for the 
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PIG. 2 NIKE-CAJUN PAYLOAD SHOainG PiELD METER LOCaTiQN

•ntlr« flight is shown in fig 3 In terms of field strength st the field 

meter . The field strength st the field neter Is relsted to the vehicle 

potentlsl by
E 3.6 V

•hers E is the flslJ strength in Kilovolts pet -eter snl V Is the polen- 

tlsl in Kilovolts

The effect of the Slke motor snd the Cajun motor on the vehicle 

potentlsl is sppsrent In Pig 3. Prom the relation between field strength 

snd vehicle potentlsl, the -.sKlmum potential during Hike burning la ob­

served to be about 30 kilovolts This potential la well below the thresh­

old potential of ITQ Kilovolts for corona dlachargea from the Slke-Cajun 

tall fins at sea level. During Cajun burning, the maximum vehicle poten­

tial was only about 2 kilovolts at 13 kilometers, compared to a corona 

threshold potentlsl of 35 kilovolts for the Cajun vehicle at 13 kilome­

ters. In both cases, therefore, the maximum potential produced by the 

engines was about an order of magnitude lower than the vehicle corona 

threshold potential. (Corona threshold potentials were determined by 
electrostatic modeling techniques dsscrlbed In Referen's 1 ,
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FIG. 3 ELECTRIC FIELD STRENGTH AS A FUNCTION OF ALTITUDE: ON FIRST 
NIKE-CAJUN ROCKET 

Durinu a1cent , the vehicle potential decayed to zoro shortly after 
t he Cajun burnout (burning time for the Nike and Cajun motors is about 
3 sec each) . At about 80 kilometers, the field meter began indicating 
an apparent field 1trength that increased to a maximum of 120 kilovolt ■ 

per meter between 100 and 115 kilometers . On de ■cent , the field meter 
al10 indicatud h11h apparent field strength■ down to 60 kilometer,, and 
intermittently down to 42 kilometer■ . Below 42 kilometers, the indic~ted 
field 1tren1th wa1 aero until the vehicle wa1 be1ow 10 kilometer,, where 
very li1ht precipitation ohar11n1 apparently wa1 enuountered . 

Th• behavior of the field meter re1pon1e above 60 kilomet , , wa1 
initially very puaalin1 , becau•• it had been anticipated that the con­
ductivity of the iono•phere would be 1ufficient to maintain the vehicle 
potential at a very low value above 80 kilometer, , and it wa1 not roadily 
apparent that a meohani1m for producin1 a current flux of »ufticient 
den1ity to cau1• the ob1erv4Jel field meter respon1e was available, 
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Ca1·c!ul cxamin:'l lion of lh-.i Held m11ter circuit. aho failud to reveal a 

fa1 luru much an 1 1n lha t would luad to thv ob111erved re■pona.e, In fact, it 

wa~ not until jftcr a Yccon~ Nike.Cajun was launched with a more refined 

field meter ~ystem that the cause of the behavior at high altitudes 

becamo uvident . Thh anomaly 1 ■ now believed to be •••ociated with the 

fttenna breakd wn experiment• that con■ tituted the primary experiment ■ 

on both f l11ht A more detailed de■cription of the phenomenon will be 

given in the di~cu~sion of Lhe second Nike-Cajun experiment11 however, 

the conclusion reached is that above 80 kilometer■ during ascent and 

above 40 kilom~ters during descent, the field meter responded to a cur­

rent flux rather than a true electric field, and that th• vehicle poten­

tial wa ■ probably near zero throughout thi ■ altitude range, 

B. Second hike-Cajun Experiment 

Becau■e th• first Nike-Cajun experiment indicated an unexplained 

electrical activity at altitude■ above 60 kilometer■ (in the ionosphere), 

a ■econd Nike-Cajun experiment wa ■ prepared, Special care wa ■ exerci ■ed 

in de■ irnin1 the field metor ■y ■tem for thi ■ experiment to discriminate 

b•t ••n true field and onv t n current. The alt rnatin1 component of 

the ■ tator 1hort circuit current in re■pon■• to a convection current 

i1 nominally 

1 
• - JA. 2 

(1) 

where J 1• the current den■ ity flowin1 toward the ■ tator (when the 

stator 1 ■ uncovered) and A 11 the ■urface area of the stator , The 

alternatin1 component of the stator 1hott circuit current in re■pon■• 

to a true field is 

1 
• - Jwc EA 2 O 

(2) 

where w 1• the radian frequency with which the stator 11 covered and 

uncovered, c
0 

1• the penait~ivity of fr•• apace, I 1• the field atren1th 

of the electric field teNldatin1 oat~• ■ tator (when the stator ia 
K , 

uncovered), and J 1• the ima1inary unit J:j., Since the response to 

' convection current ■ 11 90 deer••• out of ph••• ·*ith the re■ponae to 
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ch•cll•ic Hcll.l, ·, 1.:ohorenL du\.\.•c.:Lur usini,c a ~LolJlu l'uiuruncu 11iKnDl 

synchroni.u:d wi\.h r:ilu al which tho rotor covets unt.l uncuvcr!i the tator 
can bu Ul!lod to di cri.minnto boLwucn the Uult.l rc.•spunso and thu current 
1·o~µonso or tho ~ta tot• , In tho Uclt.l meter system u. utl on tho secuntl 
Mike-Cajun oxporimunt, tho rcfurcnco d.cnnl was obtainctl from a rofor­
cncc generator driven by the motor u~cd t~ drivo tho fieltl meter rotor. 
Since the stator signal frequency and the reference generator frequency 
arc both determined by the mechanical speed of the drive motor, the 
µha~o di!!orcnco botwoon tho stator ~i;nal and thu roforonco si1nol i» 
independent of the drive motor speed. To prevent excessive variation 
of motor spu~d during periods of high acceleration and wind loading, 

I• 

however, a ·peed control circuit was incorporated into the motor power 
supply. ;;. 

Similar field meter systems using coherent detectors have often 
·I been u ed in airborne and ground field measurements because the coherent . 

detector permits one to determine polarity of tho field as well aa field 
strength. In these systems, however, only the "in phase" component of 
the atator signal is normally detected. That is, the response to the 
electric field is detected and the response to convection currents, 
which is usually nu1ligiblo at altitude• below 60 kilometers, is re­
jected. Dy using a second coherent detector adjusted to respond to 
stator signals in phase-quadrature with the field-produced signals, the 
response of the field meter to convection currents as well as electric 
fields can be obtained. Although this quadrature response of the field­
meter is not o very useful physical parameter, it does provide a ba1i1 
tor ovaluatin1 tho behavior of the field meter in the iono1phere. In 
the field meter developed for the aocond Nike-Cajun experiment, there­
fore, both the ''in phase" and "quadrature" components o! the stator 
•i1nal were detected, Separate reference 1isnal1 were 1onorated for 
each coherent detector by variable reluctance pickup~ driven by the 
rotor drive motor and me0h1ni0olly adju•ted for the proper reference 
11snal pha••• On thi1 vehicle, the field meter wo1 1110 po0ka1ed in a 
1oparate 1e0tion aft of the main Cajun paylond 01 illu1trated in Fig, 4, 
The field meter packa1e 0ont1inin1 the 1en1or, electronic», and 
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FIG. 4 FIELD-METER PACKAGE FOR SECOND NIKE-CAJUN EXPERIMENT
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lJa l lc1•ic!'I 1:-. a l::..o shown in Fi~. •l. The n •lcr •nee ~cncra Lur!'> cnn lJc !'>ccn 

llll'\.'CL l>' ln lJua1·d !rum tho Uulll mclur vunc!'I ln Fl~. ·l, 'l'wo Ucltl 

Lt·cnitth cn1111L1v1lio!:I, u-to-50 kV/m anti u-to-:,1111 kV/in nnu corn: p,,nuln..: 

. on 1tivilio in re!!ipon!!io to convection current wcr'-· n•corc.lcc.l, For the 

!iuld meter location u!!lod in thi oxporimont tho !11,ld tr(•ngth E in 

kV/m l!:1 related Lo tho vnhiclo potential Vin kV t,y E ■ ~.4 V. 

A block diagram of the field meter !:IY !it.om J. shown in Fig . 5 A 

illu~trated, the tator signal is ampli!iod by two !:leparato amplifier 

tnRe to provide the two sen~itivitios, and tho amplified !:lignal 1 

!-!UppliL'<i to the coherent deteators. The "in pho e" rofcrence dgnal 
,J 

from the variable reluctance ref rence generator is amplified, shaped, 

nnd upplied to each of the "in phase" detectors. ' The quadrature system 

is identic. l to the "in phaae'' ay11tem except for . the phoae of the 
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-qu:uh·:\lu1·u 1•u£c1·cncc signal. The pho1u1 01' lhu ruforunco 1unurator Hi1nah 

i m.lju L~ IJy adju~ lintt Lhc muchanicol pod tion o.( the pickup coil!I about 

Lhc i 1·on re!crencu a;uncrotor rotor (see Fig. 4). Prior to f Ught, the 

1•c{c1·cnce guncrator pho11e11 were very carefully adjU!lted to provide maxi­

mum di~criminotion between true fields and convection current ■. The 

f rcqul'ncy of the "in pho11e" ref.otence generator signal wa■ abo u»ed a■ 

sp t.'Cl refer n in the drive motor speed control. 

The s cond Nikc~ajun equipped with the field mete experiment wa■ 
t 

launched 20 April 1965 at 17:04 EST from Wallop■ t(land and reached an 

3pogee of 341,000 ft. The field meter ay ■tem appeared to function 

properly throughout the fli1ht. The vehicle potential deduced from the 

ficl~ meter response at altitude■ below 25 kilometer■ i ■ ■hown in r11. 8 

!or both the ascent and de■cent. The vehicle potential durin1 Nike 

burning app~ars to be quite different from the potential for thi ■ period 
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on the first Nike-Cajun (see Fis, 3). Part of thi l difference 1• 
undoubtedly due to the fact that polarity a• well•• masnitude are 

shown in Pi1. 8, while only masnitude i• shown 1n Pig. 3. It ia noted 
that the aecood rocket char1ed poaitively after aaae initial tranainta, 
then re~ersed polarity and char1ed ne1atively, then Juat before burDout 
of the Mike motor reveraed polarity a aecood time to attain a maxim\111 

(poa1tive) potential of 40 kilovolt ■. 

In tbe aeparation and coaat period between Mike burnout and Cajun 

icnition the vehicle potential remained poaitive until at about 4.5 kilo­
meter■, where the potential cban1ed over a amall ran1e in altitude 
fraa +15 kilovolt• to -20 kilovolt■. The potetial remained at a 
ne1ative potential (about 20 kilovolt•) for thereat of the ooaat period. 

Thia behavior durln1 the coaat period 1• quite different from the be­
havior of the firat Mike...r.ajun Nhich remained at zero potential throuch­

out the coast period . Althou1h the exact cau•• of the vehicle potential• 

durin1 thia period are unlmown, it 1• thou1ht that the potential durin1 
thi• period may have been influenced by the preaence of precipitation 
particle■ and, poaaibly, the manner in which burnout of the Mike motor 

~courr . A• 1• indicated in Ap ndtx B, durin1 static firin1• ■om• 

motor• r911ained char1ed after burnout while other• were diachar1ed dur­
in1 burnout, apparently by poat-burnout combuation. The firat Mike­

Cajun waa, po1albly, diachar1ed by thi• post-bumout combuat1on, while 

the aecond rocket r ... ined char1ed, If no additional char1in1 had oc-
◄ 

curred, however, the vehicl• potential would have remained oonatant (or 
decayed ali1htly) wtil Cajun isnition. It appear■, therefore, that the 
second vehicle muat also have ncountered aome i11ht triboelectric 

' 
char11n1 from atmoapheric dust and precipitation durin1 the coast period. 
Between Mike bumout and the polarity reveraal at 4.5 kil0flleter1, the 

poaitive fluctuatioo in .otential could have been produced by tribo­
electrio charain1 fraa atmo1pheri0 du1t, Pollen, and du1t1 of clay and 

or•• have been ob1erved to produce poaitive char11n1 of metal bodie1 in 
related experiment■,• The polarity rever1al at 4.7 kilometer■ may have 
been cau1ed by a thin layer of cirru• particle• (ice 0ryatal1 normally 
chars• vehicle• to ne1ative potential■), Above a k110111etera the 
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potential ,i ,,,"s net ~t.1U16{f' ai1niUcnntly until Cajun 1p1 tion. Thia 

would indic~t~ that ~~1nit1c~o~ charging activity ceaaed at 5 kilornet•~• 

and the charge ~~e v·Jhicle h111d at this altitude remained on the vehicle 

until Cajun 11n1t .t '"• ~t ;haulct be noted that th• triboelect~ic char1-
)I 

in1 rate• required are, :·~\.a-emely low, since at no time did the vehicle 

potential approach it• corona thre hold value. At the•• alti t.udea the 

011ly effective lo•• mechanis11 other than corona .l,a air conduct .lvity, 
I 

which 1• very low. 

At Cajun ipition the -20 kilovolt potential that the vehicle had 

during the latter portion of the coast period was quickly diacharged to 

&ero . Thia behavior also differs from the obaerved behavior of the 

first rocket in which the vehicle was char1ed to 2 kilovolt• dur1n1 

Cajun bumin1, but this probably results from minor differei.cea in the 

motor• (durin1 static firin1•, for example, potential• varied fr°"' a 

few hundred volts to a few kil~~Jlts from one motor to the next). In 

addition, it was not possible to accurately measure potentials leas 

than 1 kilovolt on the second rocket because of the noise level (or 

c~utator jitter) and the 1c le compression n cossary to accommodate 

both positive and ne1ative potentials. In neither case did the Cajun 

motor, burn1n1 at altitudes 1re&ter than 10 kilometer■, produce charg­

in1 that would be of any conaequenco on a ,roperly bonded vehicle. The 

results from th• ••cond rocket are interesting because they demonstrate 

that a charged vehicle can be discharged by the rocket exhaust at hi1h 

altitudes, 

After the vehicle had been diachar1ed by the Cajun motor, there 

waa no further indication of char11n1 Rctivity until the vehicle reached 

an altitude of about 25 kilometer• on descent. Below 25 kilometers the 

vehicle potential varied somewhat randomly, reaching a maximWll negative 

~otential of 14 kilovolt• at 7 .4 kilometers and a maximum positive poten­

tial of 18 kilovolts at 1.0 kilometer, A similar acquiaition of poten­

tial waa observed below lU kilometer• durin1 the fli1ht of the first 

rocket (see r11. 3), The cause of th••• potential• 1• not known, but 

it is suapected that they may alao be attributed to duat and precipita­

tion in the lower at11oaphere, A• in the ca•• of the potential• ob1erved 
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durin1 th• coaat period oa the aecond rocket, the char1in1 rates are 
eatr .. ely low, aince the potential• do not approach the corona threahold 
potential of the vehicle . 

Althouch there waa no indication of vehicle potential• capable of 
bein1 detected by the field meter at altitude• above 25 kil~•t•r■, the 
field meter did reap011d to convection current ■ produced by otner experi• 
••nta in the payload. Oil both Nike-Cajun fli1hta, the primary payload• 
were antenna breakdowu experiment ■ deaiped to determine tbe power level• 
required to produce electrical breakdown of VHP and X-band antenna• aa a 
functioa of altitude . For th••• experiment• a VHP quadrapole antenna 
and an X-band alot antenna were mounted on th• vehicle and aupplied with 
periodically varyin1 RF power . Th• period of the breakdown power cycle 
was 1 aec, durinc which the RP power waa increaaed fron aero to it ■ 
uximWI value and reduced to aero acain. Aa th• vehicle reached alti­
tudes where the ambient pre11ure waa low enbuch that th• peak RF power 
waa capable of producin1 breakdown at the antenna, a plaama waa periodi­
cally produced about th• antenna. 

Jacksoa and Kane have pointed out that a rocket-borne antenna such 
•• an electric dipole will capture electron■ from a neutral plasma auch 
aa the ionosphere .1 • When th• electron mean free path 11 1hort, com­
pared to the fr•• apace aaplitud• of o■cillation of the electron, the ,. 
antenna and ro~•t fona an a•y1111etric Lanpuir probe in which the cur-

\ rent \1 limited by the aheath area of th~ antenna. i Since the electron 
current collected when the antenna 11 positive 11 euch 1reater than th• 
positive ion current collected when the antenna 1a ne1ative, a net 
electron current 11 collected until the vehicle become■ alichtly more 
necative than the normal equilibrium potential, Aa the vehicle bec0111e1 
more ne1atively char1ed, however, the poaitive ion current to the aurface 
of the vehicle 11 increaaed. The net poaitive iOG current to the vehicle 
ia equal to the net electron current. collected by the ant~nna at 
equiHbriua. 

In the nofflal ionoaphere the electron denaity ia ao low that the 
current• produced in thia manner are quite ■mall . For an electron 
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den■ity of 105 c■-3 ao electroa temperature of I00°K, an antenna ■heath 
area of 100 cm2 , and an antenna voltage greater than a few volts, the 
electron current collected by the antenna will be only about 2 ~•mp. 1 

The neutralizin1 ion current of 2 µamp i ■ distributed over the entire sur­
face of the vehicle, ■o that the current density on the vehicle surface i ■ 
very ■aall. When antenna breakdown occurs, however, a much more den■• 
pla•ma 1 ■ produced abuut the antenna . From this dense plasma the antenna 
can collect a relatively lar1e electron current; for example, with electron 
den■itie■ of the order of 109 011-3 produced by VHF di ■char1e■, the electron 
current to the antenna could be of the order of 50 m,mp . 

At lower pres ■ure■, where the electron mean-free-path 1 ■ large 
compared to the amplitude of oscillation of the electron in the RF field, 
the noaunifol"lll electric field about the antenna can cau■e electron■ in 
th• pla1111a to ""alk" away frOffl th• antenna. Thi ■ phenomenon can be 
d•oo■ trated by considerin1 the behavior of an electron placed in the 
noouniform field of a abort cylindrical antenna . If the electron is 
relea ■ed near the ■urface of the antenna at the instant that the ne1ative 
half-cycle of the antenna field be1in1, the electron i ■ accelerated away 
from the antenna by the ■ troa1 field■ near the antenna. The further 
from the antenna the electron moves, the weaker the field (per unit of 
antenna volta1e) become■ because of the nonuniformity of the field, 
Thus when the 1ucceedin1 po■itiv• half-cycle be1in■ , the field accel­
eratin1 the electroa back toward the antenna 1 ■ much weaker, and the 
displacement of the electron toward the antenna durin1 the po■itive 
half-cycle i ■ l••• than the displacement of the electron away from the 
antenna durin1 the ne1ative half-cycle. Aa a result at the end of each 
■ucceedin1 RF cycle, the electron i ■ a little further fr011 the antenna 
than it was at the be1innin1 of the cycle, . Similar action occur■ with 
po■ itive ion ■, but becau■e of the much 1reater ma■■ of the ion ■, the 
ion drift rate is much le ■■ than the electron drift rate. 

Under condition■ of hi1h frequency and lar1• mean fr•• path, an 
a ■ymmetric antenna tend ■ to repel electron■, and if a copiou■ supply of 
electron■ i ■ 1•nerated in the vicinity of the antenna, a flux of elec-,· . 
tron• will flow away from the aatenna. The electron■ can be ■upplied 
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l>y n ocot1da1·y-c111isdon contrulh:d (mulLJ.poctor} dischorg<.: or a <lischargc.: 

in which ucon<!~ry emission is on important contributor of cluctrons. 

Undcl' very high Cit.?ld condilic.'ns, the olc:ctrons may oho be product:d by 

colli ion proc~ sus within the gos and by secondary emis ion re ulting 

from positive ions striking the antenna. Aside from the direction of 

currunt flow, however, the effect on the vohiclo 13 wimilor to that 

ob rved at higher pr ~sure during antenna breakdown . 

During the second Nike-Cajun experiment, the VHF breakdown data 

indi~ote that antenna breakdown commenced auring ascent at 18.3 kilo­

meter . At this altitude the pressure is ~till high unough (40 mmHg) 

thnt the di charge is attachment controlled, and the region of ioniza­

tion is limited to the immediate vicinity of antenna. In addition, the 

vehicle is well below the ionosphere, so that the only current flux to 

the body of the vehicle would be the current drawn from the di charge 

products. The field n,eter did° not respond to the VHF antenna breakdown 
at this altitude. , · # 

At 61 kilome.ers, the field meter's aensitive quadrature detector 

began to respond to the VHF antenna breakdown. At this altitude the 

pre sur 1 about 0.2 1-- appr xim tely the p e ure for minimum an-

tenna breakdown voltage. It is also the approximate altitude of the 

bottom of the ionospheric 0-layer. Thus at this altitude two phenomena 

may contribute to an enhanced current flux to the body of the rocket; 

the presence of ambient ionization from the ionosphere, and the growing 

r~gion of ionization produced by the antenna breakdown a ■ electron 

attachment becomes a weaker 1011 mechanism. 

Figure 7 show• the deconunulattld telemetry record of the sonsitive 

channel• of the field meter and the incident RF power to the VHF antenna 

in the region where th~ quadrature (conv ction current) reaponse of the 

field meter became noticeable. Th• period of antenna breakdown is clearly 

recognizable in the incident power record by the audden drop when the 

breakdown initiate• and the 1li1ht increa1e when the diachar1e extin­

cuishea. It 1• noted that the quadrature reaponse of the field meter ia 

coincident with the period of antenna breakdown. (The field meter data 
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FIG. 7 IN-PHASE (field) ANO QUADRATURE (current) RESPONSE OF FIELD 
METE~ DURING VHF ANTENNA BREAKDOWN BETWEEN 61 ANO 
67 KILOMETERS. (Reproduced from decommutated telemetry data.) 

wero ~mmpled at thtit nt.v uf lU nmpluw pen· ~ucunu, 1.hu• giving a stepped 

oppcaroncu to thu field motor dnta . ) 

A• lhe rocket a ltitude i nc r t.1n111etl, t hu n : i,pun111e of the field mvter 

to tho antenna breakdown increa~ed until at 73 kilometers, the amplifier• 

driving the sen•itive quodroture del.ect.or ~aturated. Prior to saturation 

d d II h ,, of the sensitive qua rature ~t uctur, tne in p O!ile response of the 

field meter wa• zoro, but upon amplifier 8aturation the sensitive " in 

phallle " detector abo began indic11t1ng an output because the same satu­

rated amplifier !ilUppUed the signal to thu 11endtive "in phase" detector 

( see Fig.~) . The output of the sensitive " in phase:t' ' detector was thus 

the result u! a di1to1 Ldd d gnal from the 111aturated a1npl1f1er rather 

than on indication of a detectable electric fiold . Af ter saturation of 

t hu sensitive quadrature detector, the insensitive quadrature detector 

was still operating in its linear region and the insenlilitive "in phase" 

detector still indicated zero·. , 
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n,c Ucld 111du1· ro"pon~u in lhu vicinity 01' 73 ki lo1noluri. 1 !ihown 
in Fi~. lt , whu&·c all !our .Ucld mc lor chonnuh ond lhu incidont VHF 
powc1· a1·e hown . Thu or row" on the field meter t rncu" indico t e the 
di1•cct1on or positive deflection for the trocci., podtivc deflection 
implying pos iti vc ion colloc tion on the quadrature chonnel!:i and pod t1 ve 
charge on lhc Vtlhiclu on the " in phose" chonnch . The coincidence of 
quodroture re»pon•c and ontenno ureakdown is 01oin obviou» . The noiHy 
:ippeorance of the 11cn ■itive " in phoae" trace i» cou1ed by the saturated 
nmplifier supplying tho !:iensitive detectors . Note that without a care­
fully phased coherent detector t he quadrature response i.hown in Fig». 7 
and 8 could mistakenly be in t erpreted as a true electric field . 

,,, 
The pea!: quadrature re1pon•• of the field meter for the antenna 

breakdown periods during which• nonzero response was observed is shown 
in Fi1 . 9 . The field meter response 11 shown in terms of o theoretical 

\ 

elec t ron current density to the stator based on E{s. (1) and (2) and the 
known respon e of the field meter to electric t1~1da, Although the ac­
tual quadrature reapon1e of the field meter depend• on a number of fac­
tors such as electron density, electron temperature, electron mean tree 
path , and spacing between rotor and stator, preliminary experiments 
with the field meter in a low pressure plasma environment indicated that 
the actual response was of the same order of magnitude as the theoretical 
response . 

As illustrated in Fig, 9, the field meter collected positive ions 
during antenna breakdown at altitudes below 90 kilometers, implying that 
the antenna collected electron• in accordance with the Jackson and Kane 
experience . 14 In the vicinity of 95 kilometers, however, the field 
meter collected electrons durin1 antenna breakdown, Thia au11eata that 
at 95 kilometer• the antenna breal~aown proceaa produced electrons and 
repelled them. Thia breakdown period luated only about 6 ••c and waa 
not encountered on descent, At thi a altitude, however, the electron 
mean fr•• path ia of the order of the antenna dimen1ion1, and con•iderably 
lar1er than the a11pUtude of oacillation of an electron in moderate VHr 
fielda . Thua if a breakdown auch aa a multipactor diachar1e occurred, 
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' 

_ _ /INSENSITIVE QUAORA~RE 
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~SEN ITIVE IN PHASE 
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/INSENSITIVE IN PHASE n 
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INCIDENT VHF POWER 

FIG. 8 IN-PHASE (fleld) ANO QUADRATURE (current) 
RESPONSE OF FIELD METER ABOVE 
73 KILOMETERS v.tiERE SENSITIVE 
QUADRATURE CHANNEL SATURATES. 
( R •Pfoducecl from clecommutotecl teleMetry clata,) 
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FIG. 9 ELECTRON FLUX DENSITY ABOVE 70 KILOMETERS FROM FIELD METER 
QUADRATURE RESPONSE. Pos itive flux dens ity reprtHnts electrons captured 
by field meter stator; n19Gt iv1 flux dens ity repr111ntl pos itive ions captured 
by f ield meter stator. 

one would anticipate that electrons would be repelled by the antenna 
nnd collected on the rocket body. 

It is of in t erest to examine the error that would have been in­
curred if the current response indicated in Fig . 9 had erroneously been 
interpreted•• the re~pon■• to a tr~• electric field. Th• ri1ht-hand 
column of Table II gives the values of vehic le potentiGl that would be 
required to produce an " in phase" field meter response equivalent to 
the quadrature reapon■e ob■erved dur·in1 antenna breakdown. Al though 
the actual vehicle potential wa ■ too low to be detected at those alti­
tude■, the maximum value that it could h~ve been without detection 11 
indicat4Kl in the center column of Table II. It 1• important to note 
that the apparent vehicle potential■ that would have been deduced from 
a field meter not havin1 a 1ood coherent detector ftre at l•a•t an order 
of magnitude too hi1h (they are probably much worse than an order of 
magnitude too hilh, 1ince it 1• difficult to conceive of tho antennA 
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'fable 11 

CO lPAIUSON 01'' APPAtU;NT VEHICLE POTENTIAL Dt:l>UCED 
FRa.l CURRENT RESPONSE 

01'' 1''IE1D ETER WITII TRUE VEHICLE POTENTIAL 

True Apparent Altitude 
(km) Vehicle Potential Vehicle Potential 

(kV) ( kV) 

60 <l 4 

65 <1 8 

70 <1 19 

75 <10 49 

80 <10 84 

8~ <10 129 

charging the vehicle to more than a few ten ■ of volts). It 4• also of 
interes t to note that the apparent vehicle potentials shown in Table II 
are compatible with the apparent field atrengths measured on the first 
Nikd-Cajun vehiclu (see Fig. 3) in thia altitude range with a field meter 
incapable of distinguishing between field and convection current . The 

apparent field strengths on the frat roc~et indicate apparent vehicle 
potentials that are continuous and somewhat lower than tho~e indicated 
in Table II, but there aro ■ome significant differences in the experi­
ments that may account for this discrepancy. On the second rocket, the 
antenna breakdown experiment functioned properly throughout the flight, 
while on the fir1t rocket the VHF antenna breakdown experiment displayed 
peculiar and unexplained beha9'1or above 20,000 ft, It 1• auapected that 

·-thi~ difference in the behavior of the VHF antenna breakdown experiment 

is responsible for the fact tnat the response of the field meter on the • 
•I fir ■t rocket wa ■ cont1nuou11 above 60 kilometer■• ,wherea ■ the quadrature 
' response of the field meter on the ■econd rock~t' wa• observed only dur-

in1 antenna breakdown period ■, 

In addition, on the tir■ t rocket the field meter waa forward of 
the antenna breakdown experiment ■ ( ■ee Fi1 , 2), while on the aecond 

rocket t he field meter wa ■ aft of the breakdown experiment ■ (see r11,4 ) , 
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·rhi~ dificl'L'llC\! in position or tlw !icl<.1 mcl1: rs moy account !or the.: 
racl lh:ll the curi·enl re ponsc o! the field meter on the.: second rock.cl 
wns ·onu.•whal 1,:i-cater than that ob erved on lhc first rockct. Decousc 
the Ucld meter on the sccond rocket was downwind !rom the VHF an tcnna 
(althou.:h displaced ouou lUO de •rec azimuthally), discho.rge products 
!1'0111 the antenna may have 1cochcd the region o! thu Held meter and 
providl.'<i on enhanced ion density over the field meter. Fr--,m the quad-, 
1·a t ure response o! tho Ueld meter shown in Fig. 9 and the maximum t ruu 

\ 

vehicle potentials shown in Table II, it is pdssible to estimate the 
minimum po itive ion conductivity o in the vi'cinity o! tho field meter, 
since 

J $ oE = 2 .4 CV (3) 

where J is the current den!ity obtained from Fig, 9 and V is the 
maximum potential that the vehicl· • could hove hod without being detected 
on the ''in phase II channels of the field meter indicated in T:ible II . 09 

The minimum values of the conductivity o deduced from Eq. (3) are shown 
in Table III aloni with th~ accepted value ■ of positive ion conductivity 
due tn ambient ion density in the ionosphere. 

l I 
A■ is obvious from the 

table, the minimum conductivity deduced from the field meter response 
i 1-to-2 ordc~s of magnitude greater than the conductivity due to 
ambient ionization. Since the conductivity is directly proportional to 
the ion density, it appear■ that the discharge products from tho antenna 
enhanced the ion density at the field meter. 

C. Other Flight Test ■ 

The only other reported in■trwnented flight te»t known to the 
author■ that 1• comparable to the Nike-Cajun experiment ■ reported horo 

ll is the fli1ht of a Vikin1 5 rocket reported in Ref. 15 and by Whipple . 
The Viking 5 waa a one-■ta1e liquid-fuel rocket u■ ing liquid oxygen and 
ethyl alcohol for the primary propellants. The primary experin1enta on 
the Vikin1 5 were iono phere and polar radiation ffieasurementsJ however, 
one of the in■trwnenta c~rried wa■ a rotatin1 vane electric field meter 
similar to the one u■ , ~ on the Mike-Cajun experiments. The rocket waH 
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Altitudu 
(km) 

60 

63 

70 

75 

80 

85 

Tu!Jlu 111 

OOMPARISON OF POSITIVE ION CONDUCTIVITY 
INDICATED BY FIELD METER w1m ACCEPTED VALUES 

Po11itive Ion Conductivity 
Minimum Indicated Accepted 

(mho/m x 108 ) (mho/m x 

4 0 . 04 

8 0.08 

21 0.1 

5 0 , 2 

9 o.s 
14 1.0 

Value 
108 ) 

launched at 1018 MST from White Sands Proving Oround, New Mexico, 

21 November 1950, and reached an altitude of 175 kilometers. 

During launch the maximum field strength measured on the vehicle 

wa• about 15 kV/m. Two polarity rever■al ■ were ob■erved durin1 the 

first ten ■econds of flight, and the vehicle potential 1radually de-
11 

crea ■fJd a ■ the vehicle gained altitude. In the 35 to 80 kilometer 

altitude ran1e, the vehicle potential wa■ deduced to be le■■ than 

55 volts. 11 From the relation between field strength at the field 

meter location and vehiclu potential, the vehicle potential corre1pond­

in1 to the maximum field ■tren,th 1• about 17 kilovolt ■, if it 1 ■ 
t 

a ■ 11umed that the vehicle and tc• plume were far enou1h above the launch 

facility that the vehicle could be con1idered to be in fr•• 1pa0• . 
,:i 

Althou1h the Vikin1 and Nike-Cajun motor■ are quite different, the 
I 

chargin1 characteri ■ ti c ■ appear to have much in common. Both vehicle ■ 

charged to potentilll ■ well below the corona thre■hold potential, ■u11e■t• 

in1 that the vehicle potential wa ■ limited by exhau■ t oonduottvtty rather 

than corona 101 ■• On both vehicle■ the 11m1t1n1 potential decr1a1ed 

with increa■in1 altitude; and on both vehicle• the potential■ at iono-

1pher10 altitude■ were very low (le11 than 1,000 volt ■). Both the 

Nike-Cajun~ and the Vikin1 were launched on clear day■, ■o that ■eriou■ 
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pl''-•cipilal i on chn 1·1e1nl( wurc nul l.·ncounlorct.1. Thu Nik u-Cajun t.lala 
indk:tlt! lhal oniu cxt.r1::111cly U~ht. chor~inl( £rum du!llt ontl prucipltoliun 
wn• vncounturod bolo-• :.!O kil0111olcr!II. In thi~ altitude rango, how~vor, 
tht: Vikin motor wait bu mint so that Ught prociplto Uon or du!llt 

charging could not be detected. , 
I .•I, 

Although it appear• that tho charging characteristics or tho slow­
burning, liquid-fuel Viking rocket are quite !llimilar to tho!lle or the 

roat-burnin;, solid- fuel Nike-Cajun rocket s, the samples available at 

thi• time are too •mall to ju•tify finn concluaion• re1ardin1 motor 
charging characteristic . ln addition, neither the Viking nor the 
Niko-Cajun very clo•ely 1imulatea the launch vehicle• currently used 
for satellite and ■ pacecraft misaiona, but it 1• doubtful that the 
chargin1 characteristic• of the larger vehicles are radically different 
from tho•• obaerved on the 1maller rocketa. Both the Vikin1 and the 
Nike-Cajun motors burn out before the vehicle• reach the ionosphere, so 
that data on en1ine char1in1 in the ionosphere are not available. Their 
behavior below the ionosphere 1u11eat1 that en1ine char11n1 will be 
trivial at t he1e altitude■ J however, this ahould be confirmed by in­
■ trwnented fli1hta. Finally . caution 1hould be exerciaed in applyin1 
data from the amall aoundin1 rocket• to jOffle of the lar1er rocket• that 
are covered with an inaulatin1 ablative coatin1 and uae dielectric 
no&&le1. The potential l1m1tin1 action of the plume 1• believed to be 
due to the ability of the outer 1urfacea of the vehicle, particularly 
in the vicinity of the no&ale, to collect a neutralizin1 current from 
the ionised exhauat . Additional experimental data frcm thia type of 
rocket are required. 
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' IV 1u:v n:w OF MOTOll CJIAltG INCi TllEOllY 

Chn q ; i n,:: Cu1·1·cnt 

As has been indicated elsewhere in th l s report , th ~ electron dif­

fusion t heory was ori1 lnall y proposed to explain qualitatively the 

char1inJ produced by ftlrcrart j et eng i ne!! . ThlA theory hu beon furthor 

de \'elopect br Aronowitz and quantitati ve charging rates have boen com­

putect . 11 • 1 1 Short circuit charging rate!! computed by Aronowitz were in 

Keneral agreement wtth the values reported in Sectlon II for the static 

firing of the first alumlnized motor . Although it ls now believed that 

these experimental data were in error because of large circulating 

currents , it ls apparent that the electron diffusion mechanism can pro­

duce currents of the same order of m~gnitude as those observed experiment­

ally . Subaequent experimental data indicated that engine char1in1 1• 

po■ ltlve about as often a■ it 11 necative , however . Although the electron 

dlffu1ion theory for negative charging ls not invalidated, some other 

mechanism mu■ t be po■ tulated to account for the positive charging. 

Several other mechanlams have been proposed to explain po1itlve 

charging . The■e include photoeml11ion from the wall■ of the combustion 

chamber and nozzle, thermonic emls1lon from the combuation chamber and 

nozzle , tribo~lectric char1tng from solid particle~ ln tho combustion 

product■ 1trlkin1 the walls, and fuel flow and atomization (liquld-

fuel motor■) . In addition , contact ionization, triboelectric charging, 

and fuel flow have been propo1ed aa additional ne1atlve charging 

mechanl1m1 . All of the1e mechani ■m■ atipulate that a charged particle 

created in the c0111bu■ tlon chamber or nozzle remains charJPd until it ls 

effectively re•oved from the influence of the vehicle. A1 ha■ been 

pointed out by Aronowitz and other■ , however, the hot ra1e1 in the 

cofflbu1tlon cha•ber and exhau1t are quite conductive, Any charre created 

in th••• ionized 1a1e1 11 th•~efore quickly neutralized, Con1ider , Cor 

example , a rocket 110tor in which the followin1 typical conditions exi1t: 
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Pl'l.'S!Hll'C 

Eke tron- lon tlcnM i ly 

Exhaust vcloclty 

Atoffllc moss number 

:m n ln10H. 

1012cn1- 3 

:woo m/soc 

2H 

·nw l.'l~l.· ta·onlc conrluctlvlty oe of' the combual1on products is 

2 ne 
0 - -e m\l 

e 

( 4) 

where n la the electron density , e and mare the electron char10 Rnd 

ma•• · and "'e 1• the electron-neutral collision frequency. Similarly, 

the ionic conductivity o 1 ls 

= ( 5) 

where M la the ion ma■■ and "'l la the ion-neutr,1 collision frequency, 
I 

It l ■ assumed that the electron den■ lty 1 ■ equal to the ion density 

( neutral plasma) and that the ion■ are aiqly ionized, U1in1 the 

typical condition■ above , 

and 

-4 a 11/::f 8 x 10 mho/m e 

-7 a
1 

-==s 9 X 10 ml,o-m 

Since th~ time constant for the xponentlal decay of char1e placed in 

a conductive medium 11 

T ~ &lo 1ec ( 8) 

the expected llf• of a charred particle in combustion 1aaea la of the 

order of 
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for 1w.:a t l \'c l y chanted par llclcs, ond 

T uo -5 10 soc ♦ ♦ 

for posltively charged particles . It ls a~Humcd that the negntl ve 
partlcle l neutralized by forcing electrons to the walls or the chamber, 
and that the positi ve partlcl ls neutrallzcd by forcin, posltlve ions 
to the walls; thus , electronlc conductlvity applies to negati ve particles 
and ionic conductivity applies to posltlve particle• . In either case, 
however , the charred partlcle ls e{fectlvely neutralized withln a !ow 
microseconds after lt 1 ■ released in the combustion gases. Slnce the 
exhaust velocity la only a few millimeters per microsecond , lt appear■ 
that even a positively char d partlcle will be discharged by the con­
ductlvity of thd 1aaea before it ha• traveled more than a few centi­
meter■ . 

On the baai ■ of thla analy1i1, it would appear that any mechanism 
whlch po1tulatea a free charge belnr injected lnto tho combuatlon ga ■e• 
and carried out by the exhaust ia invall~ . All of the mechanlsms that 
have been propo1ed would , therefore , be invalidated , except the electron 
diffusion mechanl ■M whlch relies on expul1ion of part of the po1itive 
lon ■ heath formed at the wall ■ of the nozzle . But the electron diffusion 
theory, u presently formulated , can only account for nerative charglnr, 
and there 1a now ample evidence that poaitlve charrinr, •• well aa ne1a--tive char1 inr, occur■ on rocket motors . A reappraisal of the charring 
mechan lam1 and the above analyai ■ ia, therefore , obviously in order . 

It i ■ appare1 t , for examplo , that a lower electron den■ lty in the 
combu■ tlon pl•••• would contribute to a lon1er life for charged partl­
clea lnjected into the plasma . Th• typlcal value■ 1lven above for the 
combuat lon chuber do not .apply to th• nozzle exit plane. At the exlt 
plane , th• electron den1lt~ ■ay be•• low aa 109 ca- 3. Althourh the ,, 
collision frequency wi ll alao be reduced •t the exlt plane, the net 

t ~h an1e ln electronl c and jnntc conductivity may be 1-to-2 order■ of 
' I 
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111.,a,:111t11dl•, 11w ,11.tann.• ll'Dvl'lktl h,v o pui,dllvcly c.:hari:cd partlc.:lc 
hc.•11,rt · I l ,~ 1\\'ul1·all1.l.'tl 111av lhc 1·cloro vary lrum ttovcral tenth» ol a 

111c.•lc.•1· tl1 a• 11n1d1 as a tcw mcltH'Y. Ir the porl lclv lY injochd near the 
,•x1l pl :uw. thcrclun• . ll may cll'cctively escape bolore it ls neutral­
l1.t.•1I. E,·c.•11 \\'llh such an lncrcaMo i n tlischarg ti o, however, nerative 

paa·lldl•M woultl be cf'fectlvcly discharged before they have moved more 
lhun lc.•w n11llimctcrH. lh:rncc, this con11idoratlon makes negatlve 
cha1·.,:111i,: ( h~ c.•1cct1011 ol po11lll vc ly charged partlclos ) by mechanhms 
utlll'I' than c.•lecta·on di l f'u~lon nppt'ar fe a lblc, but l t does not make 
anv of the poslll\t' charg lng mcchan1Yms acceptable . 

It l also important t o recognize that tho discharge time computed 
from Eq . ( 6) docs not take' into consideration the mot ion of the ionized 
gas . fo r a par tic le ln ;h~ combustion chamber, this motion would not 
he important . Near the rim o f the nozzle, however , all of the neutral-

' izing cu rrent must flow upstream to reach the: nozzle , If t he flow 
velocity i s greater than the drift velocity ~f the electrons or ions 
under the influence of the field produced by the charged particle , the 
par ~1 cle canno t be neutralized . The drift velocity of an ion under the 
influence ~fan lectrit' field Eis 

V - KE ( 7) 

where K ls the ion mobility g iven by K ~ e/viM. F~r a positive ion at 
t he exit plane . the mobilit y la of the order or 10- 4 , and for an electron 
at thl a location the mobility i of the order of 10-l m2/volt-second. 

n exi t velocity v meter■ per aecond in the boundary layer thua corre­
spond~ to a field lltrcngth of lO~v V/ m for positive 1on1 and 10v V/m for 
electron• . That i s , if the field 1trength in the re~ion between the 
charsed part cle and the vehicle fall• below theae value,, some of the 
char1e aaaoclated with the particle will be removed by the windatream, 

Conaider, for example , an electron or ion that i1 created near 
the rim of the nozzle . The maximum free apace field at the nozzle (on 
a neutral vehicle) la e/2nc r 2 due to the charred particle. If thia 0 

tleld 11'1 l<' H than the "wind fleld" v/K, the particle can eacape. The 
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cal.'OPC di lance r and lho "c.• cape limr " r iv con thu!t lw cumputetl a11 a 

lunc:tlon of the wind ve loci t y. Some t ypical valuc!f of escape tlistanco 

DIHI escape tlmc are shown in Table IV for wind Vl!locl tles ranging Crom 

0. 2 to 200 m/ sec ( i . e ., from 10-4 to 10-l times the t ypi cal midstream 

exhaust ve locity). It is interesting to note that the escape distance 

is generally larger than the lon mean free path at the exit plane 

( about 10-8m), but that it ls generally equal to or less than the 

Debye length abou t 4 x l0- 5m). The lat ter fact is of particular signif­

icance in the po1itive charglng mechanisms, alnce it indicate• that an 

~lectron r aches ita e■ cape distance while it is still in the positive 

ion aheath . Decauae the ■ heath ii a region partially depleted of 

electron■, t • electronic conductivity of thia re11on 1• low, and the 

discharge time is longer . Furthermore, the sheath fi,ld will accelerate 

tho electron away fro~ the aurface of tho nozzlo unle1s the emisaion 

rate is so large that the sheath is collapsed. Assuming the sheath is 

not perturbed by the electron emiaaion, the sheath field would be of 

the order of 103 volt1/m and would correapond to a wind velocity of 

100 m/■ec . The electron eacape time (riv~ l0- 8sec ) would thus be less 

than the di1char1e time ( approximately 10-6sec ) computed from Eqs. {4) 

and ( 6) ~ 1uminc midstream nozzle exit conditions. 

Table IV 

11fE ESCAPE DISTANCE, r , AND nm ESCAPE TI IE, r / v, OF ELECTRONS 
AND IONS IN THE NOZZLE WIND S1'REAM 

Po11tive Ion■ Electrons 

Wind Speed Dhtance Time Diltance Time 
V r r/v r riv 

( m/ aec ) ( 111) ( aec) ( m) ( sec) 

0.2 1.2 X 10- 6 e )( 10- 6 3.8 X 10-!\ 1,9 )( 10·4 

2 3.1 X 10 
-7 ,. 

1.9 X 10· 1 
1.2 X 10·~ 6 )( 10· 6 

20 1 . 2 X 10 
.7:,i 

e X 10·9 
3.8 X 10-e 1. \J X 10· 1 

200 3.8 )( 10· 8 1.9 X 10·10 1,.2 )( 10· 6 
6 )( 10·9 

·" 

A aimilar fflOdel can be con■tructed to con1ider the effect of tribo• 

electric charrtnr at the rim of the nozzle. In the caae of particle■, 

------.. ■;..---------•se••p~-.-.----. -~------.-.--~-----=-:-... ■--------
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h1•\\·, ,,,. ,·. 1l •~ hvp11llu .. •sl:1.t.•d lhal lht.• pa1·l1clt.· vcloclly l!-1 ossontlally 
1111di,.11·l·a111 H •lod l~· and lhal lhc parllclc pcncl1·ato~ l ho houndary layer , 
~ll'lkl•S lhl• w 11, 01111 tlcllccls ulf lh~ wall wllh llttlo change in 
q •lol· 1 l .,· . ·nwn llw cscapl• ills lance l~ llotcnn inod f' rom the wl n<.1 velocity 
ln th~ IK,untlary la ·t.•r , IJut the "escape t~mo" ls dotc nninc<.1 by the partl­
c: lt.• H•locil~·. Tabh- V lists tht.• escape distance and escape time for 
,·a1· iou. wind speeds a sumlng a particle velocity of 2000 m/ sec. A 
part tl·lo charge of 106 electronic charges wa as■umed . Because of the 
lan:~r p rt icl<.' charge , lh'o .'escapc distance l s 3 order■ of magnitude ,. 

H • greater than for el<.'ctronr or ions. Because of the higher particle .,, 
\'eloc l ty assumed, however, tho escape tlme !or negatl ve particle■ 11 

~ compa rable to the discharge time computed frpl\ midstream condition■ . 
. 
I 

Table V 

mE ESCAPE DISTANCE , r , AND ESCAPE TIME, r/vp , 
FOR PARTICLE SPEED Vp • 2000 m/■ec, 

AND PARTICLE CHAROF. q ■ 106e { NEGATIVE) 

Positive Particle Negative 

Wlnd Speed V Dl ■ tance Time Di1tance 
( 111/■ec ) ( m) ( ■ec ) { m) 

0 . 2 1.2 )( 10- 3 
6 )( 10-1 

3.8 )( 10-2 

2 ,0 3 , 8 )( 10-4 
1.9 )( 10-1 

1.2 )( 10-2 

20 1.2 )( 10-4 
6 )( 10-8 

3,8 )( 10- 3 

200 3.8 10-!> 1.9 I( 10-8 
1,2 )( 10- 3 

Particle 

Time 
( ■ec ) 

1.9 )( 10-~ 

6 )( 10-6 

1.9 )( 10-6 

8 )( 10-1 

Al~hou1h thi ■ ls only a rough analysis, it appear■ to ■upport the 
postulate that electrons emitted from the aft end of the nozzle can 
escape . It neither prove■ nor dl ■prove■ the po■ tulate that trlboelectric 
char1inc can be an effective po■ ltive charrlna m chanism. Although 
electron e•l ■ 1lon may at flr1t appear to be the more promi■ lng mechani1m 1 

it ■hould be pointed out that electron removal la po1tulated on 

(1) Tb• electron■ beln1 emitted at the rim of the nozzle, and. 
( 2) flt• emittod electron■ bein1 carried away by the wlnd■ tream 

in the boundary layer , perhaps with the aid of the ■ heath 
field , within a ■ heath thlckne■■ of the nozzle 1urface , 
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But l I an cl~c~ron ln the sheath can l,c carried away h~• the wind trcam, 

l'nnno l lhl' pos itl vc ions in the sheath aho he carrll!tl aw•~• by the 

w111tlslrcam? And lJecausc thrrc arc many more positive iom, than electrons 

in the heath, will the nel charge removed not he pos1tlve't Indeed , 

thl~ ls the basis of the electron dlffuslon theory for negative charging! 
In order for electron emiasion to lead to the removal ot negative 
chnrge , the electrons must be c11lttod ln sufflclent amounts to collapse 

the ion sheath and form an electron Nhoath at tho nozzle exit, Electron 
emission in such copious amounts ln the region does not seem to be ve ry 
likely. 

Althou1h the possibility of a charged smoke particle escaping the 

vehicle before it is diachar1ed ts still queationablo, it appears to be 
a more promi inc mechani1m for removin1 ne1ativo chargo than electron 
emis1ion . 'n\11 11 because the particles ( aro aa1umed to ) move at a 

greater velocity than the ton sheath, and becau1e each particle removes 

1 relatively larre char1e . Under the appropriate triboelectric con­
dition, , thi1 ■echanl1m could al10 be an effective mechanism for remov­
ina positive cha11e , In fact, triboelectric charging may well be 

reaponslble for both the po1itive and the ne1atl ve char1lna observed 

l n motor charr l na exper1ment1 . The el•ctron d lffu1ion mechani1m appears 
to be val id for the rem~val of po1itive charge ; but because it po1tu­

l a tes the removal of a part of the po1itlve ion sheath with the boundary 
l ay"r ga1 flow, ■heath thlckne11 is an importan t parameter in the theory . 
In motors havinr exit-plane electron densitie1 of the order of 1010cm- 3 , 

the 1h"ath thickneu 11 of the order of ~ x 10-~ meter or 0 , 2 mil. 

Conalderina the aurface ro\llhne11 of the r~zzle , one questions whether ,, 
or not the boundary l ayer; 1as~• can remove a significant portion of 
the ■ heath . 

" I,/ 
Having computed typical conductivitle• , di1char1e times, escape 

dl1tance1 , and e1cape time•, one can alao comment on aome of the other 

propo•ed charainr mechaniama . Becauae of the hirh-conductivity of the 
plasma , it waa deduced that any mechaniam fo.r re1110vin, nerative charre 

from the vehicle would have to produce the ne1ative char1e near the 
exit-plane in order for the charre to be reffloved before it wa• 
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11, • 111nll1 ✓. l' ll. Cu1l\'l•1·~l'l\' , 1111\· 111<.•l·hanlMm Lhal proclucos n<.•l(atlvc char1eo 
onl \' ln lh<.• co111busllu11 dtamlx•r connot be very cft'cctlvc ln charglng th<.! 
\l•hkl,•, h1..•1..·at1He lhc char~t.• procluccu ln Lhc combustion chamber will be 
n<.•utr:iliz<.•d IJ<.•lorc 1t ls n •movcd from the vehicle. Thus charging from 
1ul'1 l low and atomlznllon nncl photoelectric or thermionic emiaaion 
w1thl11 the combu llon ch~Ulbcr cannot be very effective sources of charrinr. 
Il alHo n1allcrs not that aomc of the emitted electrons may att.ach to 
neutral molcculc!-1 to hccome less mobile nerative ions: there are adequate 
1,·cc <.•lectrons avnllablc to upport the hig~,,:_.elect1·onic conductivity, 
and it ls because or this conductivity that fhe charge ~s neutralized. 

I 

( The ncgativc ion need not IJe driven to the chamber wall• or combined 
with a positi ve ion; it need only drive one of the very mobile free 
electron to the wall to be completely neutralized lnaofar aa ita motor 
charging capability ls concerned . ) 

One other mechanism, contact charging, that haa been proposed aa a 
contributor to the removal of positive charge, would appear to be effective 
only near the nozzle exit-plane, For it to be effective at all, tho ion 
produced by contact ionization would have to be produced at the combua tion 
chamber (or nozzle ) wall. If the ion were produced within the combustion 
ca se■ by , aay contact with a 1u1pended hot particle. no net char1e would 
be carried away by the exhaust gases, since both the posttive ion and 
the clectron-bea rinc contacted particle would be exhau1ted , If the ion 
were produced bv contact with the walls it would be created in the po1itive 
ion sheath and would only enhance the i on density in the sheath. In the 
•heath it would alao be under the influence of the sheath field which 
tend■ to force the ion back to the wall. At the aft end of the nozzlo, 
where• part or the sheath is presumably carried away by the windatream, 
contact ioniza tion ml1ht be effective in enhancing positive ion removal if 
contact ioniza tion could occur in thia re1ion, Contact ionization require■ 
a rather ■ poclal rel a tlon1hip between the contactin1 atom and the contacted 
■ urtace . '11\e remova l of po1 ltlve char1e by othor mechani am■ aeem• quite 
po11ible, ao further C<l'l■ l ratlon of tho contact ionization mech.Jnhm 
doe• not ••e• warranted . 
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IL \'ehiclc Potcmlinl 

The charging cons ictera lion thus far have been pa·e<Jica led on the 
u~ :rnn,ptlon that the VL•h lcle pott.?nlial h zero, Dccaui_,il' the ,·chicle 
potentiol lmmedlately u1■ umes a nonzero \'alue lt char~ing occurs, o more 
practical consideration may be the effect of vchlcle charging on vehicle 
potentlal. Ir the vehicle potential is limited to a few volts, for 
example, falrly lar1e short clrcu1t currents would bo tolerable; lf, on 
the other hand , the vehlcle potentlal can attaln values greater than the 
corona thre■hold potential, even relatlvely small charging rates will be 
of concer~. It ls therefore Lmportant to examlnc some techniques that 
ml1ht be used to e■ tlmate the limltatlons that can be placed on the 
vetalcle pot~nt lal, 

In the lower atmosphere , where the motion of charge carrlers (elec­
trons and ions) la controlled by colll ■ lons with neutral molecules, the 
velocity of the carrier under the lnfluence of the ~lectrlc field E about 
the charged vehlcle ls KE, where K is the mobi 11 ty of the carrier. When 
the drift veloclty due to the electric field is equal to the wind velocity 
that i~ attemptine to carry the particle away from the vehicle, the net 
velocity of the particle relative to the vehicle is zero, ond cha ; ~lng 
ceaseR. That i ■, when 

KE :: V 
w ( 8) 

;I th~ vfthlcl• potential will approach an equillbrlum value at whlch chargin" 
stops , or at which the electric field captures charge from the exhaust at 

../ the name rate that the exhau■ t expels char1e. Since the electrlc flnld , 
E at any polnt on the vehicl~ 1 ■ di rec. tly related to the ,·chicle potential, 
lt ls, in prlnciple, po■■ lble to determine the equillbr.um potential of 
the vehicle. 

The relation between the vehicle potential and the electrlc field 
stren1th can be obtained quite ea1lly by modelina techniquo■ ■ uch aR 
those de■ cribed in Ref1 . 1 and 2 . The principal diffi~ulty wlll be in 
a1certatnin1 the re~ion of the ,ehlcle at which tho field should be 
deter111lned and in evaluatlnc the vel~clty p9rtlnent to this analy1l1 , 
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Jl \"an IJ\.• µnncu1n-tl lhal tht• n•t,:lon or lnlorcHl will he the 
llw nozzh• on •«-•tnl-no1.Ell'd rockclH, and lho vcloclllcs ol 

at l entl 

concern 

ot 

are 
J . ' ' 

lhl' \'clod lll'tt ln the lmu~lary layer nnd wake aft. of tho nozzle rl111 , .. ,\ 
Doth lh<' electric r leld nd lhc 1u ve locl ty cxhibi t atronr spatial 
lll'penttencc ln the v lcln l lv ot' the noz le rlm. , In real l ty , therefore, • I .,/, 
the rlrl rt velocl ty KE and tho ga■ velocl ty "!vi' ln Eq. ( 8) ■h uld be 

I integrated over the re1lons or the nozzle where current la being captured 
~r the eloctrlc rleld an<t tho rcKlon whore char10 separation i ■ occurrlnc 
t>ecau8e of 1•• motion . For the purpose ot demonstrating the application 
or thL ■ theory , however, an errectlve electric fleld and an effective · 
111 veloclty wlll be a11 ■umed . Lettlnc the eUectl ve Held 1trencth be 
kV nnd the ins velocity in the boundnry layer be K 11 , th• equilibriwn e v sp 
potential or th• vehicle will be 

V s k gl /k K 
V Sp e (9) 

where cl is the effective exhnust velocity determined from the cravi-sp 
tntionnl conatnnt I nnd the specific impulse I , and k la the ratio ap v 
of the boundary layer velocity to the effective exhau■ t velocity, 

For the Nike-Cajun■ , the field ■ trencth at the field meter wa1 about 
3 times the vehicle potential . The field atren1th at the nozzle rim will 
be much hi1her than the field on the cylindrical 1urface••perhap1 30 tin•• 
•• hl1h. 'nlerefore , ke may be of the order of 100, The ca• velocity 
rl•P l ■ about 2000 m/■ec , but near the nozzle wall, the velocity will 
be con1 iderably le••· Let u■ a■awne that kv 11 of the order of 10·1 . 
'n\e lon mobility at the exit plane at ■ea level 11 of the order of - 4 2 
10 • /volt- ■econd , 'n\e equil ibrium potential computed fr0111 Eq. (9) 

4 u■ lnc th••• value, i ■ thu■ 2 x 10 volt■ , 'nliM order of ma1nitude 
e■ ti■ate of the equilibri\.111 vehicle potential i ■ within a factor of 2 of 
the maximwa vehicle potential■ m••■ured on the Nike-Cajun■ and Vikinr at 
low altitude ! 

Althourh the arreement between th• mea■ured values and the computed 
value i ■ undoubtedly fortuitoua , th• e■ timated value■ of ke and kv are 
believed to be repre1ent1tive . It i a noted, however, that the ion . 
aobillty waa u■ed in c011putinc the vehicle potential rather than th• 
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l· l,•l' lt·on mul>llh_v, Hncl lhl• l'll•clron mol>lllly l>i ·•·n UM.•cl, th, · vchicl • 

µoh •nllnl woulcl lx.• lhl'l•u ot•cluric ul mnsrnltucle lower, nnll, lhcrcturc lhn·c.-

01'dl'l 'l'I of mninilu<lu <llff,H•cnl from tho ml•nsut·l•tl polt•nllolH, 'MlUH ton 

mul.Hllly, a·nthcr lhnn l•h•clt·on mobility, OPIWOrH lo leod to more reali!jtlc 

\' nhwit of vehlcle potcnlinl in Eq. (9), Even though clcctron!I ore abundant 

1 n llw exhauit t gn11e11, these electrons may become o tt11ched lo gas molecules 

ln tht• mlxinit zone aft or tho nozzle rim , Thus nesrotlve charge collcctctl 

l>y n positively charged vehicle may be in the fol~ of negative ions rather 

thnn free electrons, 

At 10 kilometer■ whore tho Cajun engine ignited, the colllalon fre­

quency ls about 1/3 the sea level value, so that the ion mobility ls in­

creased by a factor of 3 and the vehlclo potential 11 reduced by n factor 

of 3 to about 7 kilovolts. Th11 ls somewhat hi1her than the observed 

,·alu., of about 2 kllovolta during Cajun burnln1, There are other dUfer­

encos l>etween the 1ea level burnln1 of the Nike and the 10 kllomotcr 

uurnin1 of the Cajun, however. The reometry of the nozzle ha1 considerable 

influence on the field 1trencth ln the vlclnlty of the nozzle; therefore 

the valuo of ke appropriate to the Nike nozzle 11 not nece11arlly opplic• 

able to the Cajun nozzle. Becau■e the Cajun la smaller ln diameter than 
' J , 

the Nike , lt would not be 1urprl ■ ln1 lf the value of ke (the field 

· trength por volt of vehicle'~potentlal) were higher for the Cajun than 

for the Nike. ( A lar1er ke would reduce the equi~lbrlwn potential.) 
I •I 

{ 

At h l1h altitudes, where the ambient mean tree path ls of the order 

or the vehicle dlmen■ ion1 1 electron■ or ion■ may be drawn directly from 

the ed1e of the exhau1t pluffle to the fflOtor c111e with virtually no colll­

~1 on1 with neutral molecule•. Ener1y conslderatlon1 can then be used 

to determine the vehicle potential, 1lnce no ener1y 11 lo1t by the Lon 

ln colll1lon1 with other fflOlecule1. The ener1y lfflparted to an ion 
2 ejected by the exhau■ t 11 •v /2. On the avera1e, however, the ion cannot 

••cape the vehicle unle11 lt1 ener1y exceerl1 eV , where V 11 the vehicle 

potential, 'nlu1 an equlllbrlwa potential 11 reached when 

eV .. 111v
2/2 

or 

V .. ■v2/2e ( 10) 
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J , , 
'· t ,· 

U1'4 llli,: an wn •nHl-4 ol :lH AJ.IU nncl lhc full cldlllUHl vuloci ly o! 2000 111/a.oc, 

lhl• '"·h1ch.• poll't\llnl clcclucl•tl la·um tq. (10) ~). only 0.~4 volt.111. U tho 
I • 

"'l'-'l.' tt·on 111n11~ wca·c UHu.t ln tq. (10) {atlac~nl t1hould not occur very 

rna,tdly nl tho11c t>1·01111u1·c1t), tho vehicle potenllal would be four order■ 
of mngnl tune lowoa·. Unfoa·tunatoly, there are no experime ntal data 

nvailnble for comparison wlth these re■ult■. 

It l• not~d that the effect of an ion ■ heath that mirht be fonned 

about the vehiclo ln tho ionosphere ha■ been nerlected in derivina 

Eq. ( 10). Becuaa~ or the extremely low vehicle potentia l■ predicted 

by Eq. (10), it ls doubtful that one could diacriminate without con• 

■ iderable etfort, between the vehicle potential produced by enrine 
charging and the normal wall potential an inert vehicle acquire■ in 
the lono■ phere. 

n aa 
/I, , 

I 
I 
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V CONCLUSIONS ANO RtCOMMJ-:HUATIONS 

It •~s point o,1t in Section l B that rocket engine charging wa■ 

~nticip~t~d to lmve one or thre~ effect ■ on vehicle performance: 

\ 1) It could cha rge the vehicle to potential■ nbove the 
corona thre■hold, thereby producing elcctroma1netic 
interference in the onboard ■y11tem■, 

(2 ) It could char1e the vehicle to potential ■ below tho 
thre1hold potential but hi~h enough to cause inter­
stage sparking between isolated stage■ or rendezvousing 
vohicle1, or 

(3 ) The rocket exhaust could act a ■ an effective di ■chargor 
to maintain the vehicle potential at a relatively low 
valuo . 

No available experimental datn indicate that the tir■ t possibility 

is very likely on rocket fflOtor■, but it 1a known to be a common effect 

of Jet encine char1in1, The difference between jet en1ine behavior and 
,· ' , 

rocket engine behavior i ■ undoubtedly due to the higher conductivity of 
,,.. 

the rocket encine exhau■ t . ' 

The experimental data indicate that effect J 2 ) will be applicable 
I 

nt low altitude■ . V~hicle potontial■ from 17-t0~40-kilovolt ■ have been 
I 

obaerved on ■mall ■oundinc rocket ■ at altitude■ below 10,000 ft. It 1a 
pre8umed that similar potential ■ (perhapa acaled up with vehicle aize ) 
will be ob■erved on lar1er launch vehicle ■ , In order to aacertain the 

validity of thta pre1umption, however, it i a recommended that a number 

of the lar1er launch vehicle■ be in■trumented with field meter ■yatema 

1imilar to the one uaed on th• ■econd Nike-Cajun 10 that vehicle poten­

tial ■ durin1 launch can be mea■ured . 

The exi,eriHntal data alLo 1ndicute that effect (3 ) will be appli­

cable at hirher altitude■, The exact altitude ran1• at which the en1ine 

become■ an effective d11char1er haa not been determined, but the Nike­

Cajun data indicate that the vehicle potential i ■ iimited to a fn 

ktlovolt ■ at altitude■ of the order of 45,000 ft . Whether the lar1er 

83 

• • • • • 

• 

• 

• 

• • 

• 

• 

• 

• 

• • • 



• 

• 

• 

• 

• • 

• 

• 

• 

• 

• 

• 

,, 

I 
''"'' '-'-' l '-'ll~lm•tt .. ,11 lll• :tM dll•l:llvc nl lhiK nlt.Hut.lc 1H not kuown . Jt I 

il4 .,ho not knn,.n ,.,u,L df,:cl modt.•rnlc-lo-hcnvy precipit.1tJ.on c.:ho racing 
.. 111 h,\\'l' on th,· Vl•hlclc potcntin\ wlwn the t.•n~ino• nro opcrotinK, 
•·m·thN' r li~ht t1:1tn nrc rcqui red to provide informot ion on the variation 
or potl'ntinl with nllitudc and on the obUity of the plume to di ■char1e 
thl.' vehicle in the presence of precipitation charging . 

Becnust.• of the conductivity o! th<: cxhoust plume, it also appear■ 
thot excessive differcnccs in potcntinl bctween section• of the vehicle 
during stagin~ cannot exi st if the upstage motor is ignited at the time 
of stngi~g. As lonK a1 the expended 1tago ii contacted by the ioni zed 
exhau1t of the 11ctive motor, the two will be electrically connected and 
nt opproximately the same potential . If sta1in1 occurs before the up• 
stage engine is iKnited, and if the vehicle is charged to a high poten-
ial, a difference of potential can be developed a• ■oparation increa■ea . 

This potential difference doe■ not a■ 1ume significant proportions, how• 
ever, unle•• the vehicle waa chnried to a vory high potential beforo 
1eparation, or unle•• the aeparated section■ are very far apart. Evi• 
dence available at pre1ent au11eata that the vehicle potential at ata1in1 
altitudes will be quite ■mall, so that the fir■t condition ia ~ot met. 
A aizeabl• potential difference under the aecond condition 1• of no 
particular con■equence because of the large aeparation between the 
~•ctions required to develop the potential difference. If ■tagin1 occura 
above 60 kilometer■, it la antic ipated that the vehicle will not have a 
significant potential before separation and that the ionosphere will 
maintain both 1ectiona of the aeparated vehicle at very low potential ■ 

regardle1a of how far apart they are removed . 

Additional experimental data are needed to ••certain the behavior 
of rocket motor■ in the ionoaphere and 1~ apace . No experimental data 
are available to the 1y1tema en1ineer from vehicle■ whoae en1inea are 
active in the ionoaphere. It ia anticipated on the baaia of laboratory 
experiment■, th ory, and hi1h altitude fliaht data, however, that vehicle 
potential ■ in the iono1phere and in apace will be extremely aull . Such . 
potential■ would probably be of l•p~rtance only to apeoial experiment■, , . 
such aa maH 1pectro11eter or 1 ion ener1y experiment ■, in which vehicle 
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pol t•nl 1.,1 af ! l•cltt lhl• 111tt'ra>n•la l ion of the c,q,crtml·nlal data. Dccaust• 
of tht' scriou!'I t·onsl'<IUl·nc,·11 lo rt.•nclczvowcinl( s1,ncccra!t of unc..terestimnlin.c 
the t'f!t'ct of cnl{i ne chnrttin.c nnd the cnt1e with v.hich the experimental 
ct:,t:, c:,n bc obtn1ned, it 11 recommended that 11tepl'I bc takon to mo111ure 
llw \'l'l1iclc potent tnl on n vehicle who1e cmcine1 opcrnto in the iono­
~phcn•. 

As indicated in Section JV, additional data are alao needed on the 
electrosta tic behnvior of some of the more,or le11 special vehicle 
conf1gurntion1 1uch aa tho1e thnt ore conted with in1ulatin1 heat 1hield1 
or nblntivc material, and tho1e thnt use insulating nozzles . No experi­
mental data are available for t ho1e vehiclea, and en1ino char1in1 theory 
i a not sufficiently developed to reliably predict the effect of theae 
!actors on the vehicle char1in1 characteriatica. The only ba1i1 for 
~vnluntinK the characteri1tica.,of the1e vehicle• that ia available at 
present 11 the fact that many

1
~h1clea of thia type have been launched 

with no evidence of ~l•ctroatatic effect• clearly attributable to en1ine 

' The 1tate of development of en1ine char1in1 theory remain• relatively 
prlmiti ve oven for metal-1kinned rocket• with metal nozzle,. At pre1ent, 
charJin1 theory ia better auited to excluding propo1ed char11n1 mechani1m1 
than it i1 to a1certainin1 char1in1 r~t•• or vehicle potentiala. It 
np~ear1 that 1everal mechani1ma for ne1ative char1in1 (po1itive chars• 
rcmovnl ) are po11ible, for example, but moat of the mechani1m1 prop01ed 
for po1ttive char1in1 appear to be excluded . Triboelectric cha r1in1 due 
t o 1olid particle• in the exhau1t appear• to be the moat prom11in1 mech­
anism for po1itive charg lns, but there i• no incontrovertible evidonce that 
thi1 11 the mechani1m . It i1 anticipated that the development of ~ncine 
char1in1 theory will benefit from further experimental data from both 
fliKht vehicle, and laboratory experiment ■ . 
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Appendix A 

MEASUREMENTS OF SHOllT CIRCUIT CURRt;NT Fltaw1 STATIC FIRINGS 

l, Sol Id F\1~1 Motot·s 

The initial exporimentY on rocket motor charging were conducted to 

measure short-circuit charging current. Since, at the time o! these 

experiments, there was limited support 10r studies of vehicle olectrifi• 

cation problem~ on rocket vehicles, the experiments were conducted on a 

"piggy back 0 bash with experimentnl studios of optical and microwave 

properties of rocket motor exhaust~ during static firings being conducted 

under Contract NAS7-l79. 1 To meosuro short circuit charging current~, 

it waa necessary only to insulate the motor from its 1rou,1.'1ed supporting 

structure and make the ground connection through a galvanometer. This 

modification of the test facility was ~nexpensive and did not compromise 

the primary experiments, Hence, although the short circuit charging 

current is perhaps not the most useful motor charging parameter, it 

appeared to be easily obtained and represented a first step toward the 

detennination of rocket charging characteristics, 

The motors used in t~eie experiments were 5-inch-diameter solid 

fuel motor ■ containing a b• •io fuel of mediwn-burni~g-speed polyurethane 
; 

and ammonjJm perchlorate 1eeded with potassium, The basic fuel mix c~n-

taincd 20 percent polyurethane, 79 percent a~oniwn perchlorate, and 
,I 

1,0 percent pota1siwn chlorate by weight. A~ . alwninized ver~ion was 

also prepared by substituting 15 percent alwninwn for a like amount of 

arr 1 onium perchlorate, The fuel was catt in a steel motor case and fitted 

witn a 0.70 inch diameter 1raphite throat and ■teel expansion nozzle, 

The motor a ■ 1embly 1 ■ illu1tratecl in Fil, A-1. The motors wer~ mounted 

with their axe■ horizontal in the te1t bay and fitted with the hard 1101• 

i1olation 1ection and the ateel diffu1er tube, Burnin1 time for thoae 

motor■ wa■ about~ secs, 
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FIG. A-1 CONSTRUCTION OF 5-INCH MOTORS USED IN STATIC FIRINGS 

For the primary experiment• conducted on the•• motora, a low exit 
plane pressure was deaired to simulate a hj~~ altitude mode of operation, 
Hence, a apecial exhaust sy1t81!1 h~J been devised so that the exhaust 
aa,ea flowed through~ 1j-inoh•l~~I ateel pipe that waa connected to 
the ,not or ~•: .• uat nozzle through an 8-inch-lon1 hard 1laaa pipe ( aee 
~·:~~ch in Fi1. A-3) ao that the exit plane presaure waa about 1,S paia . 
Both the 1las1 pipe and the 1teel diffuser pipe were approximately 
3-1/4 inchea, inaide diameter, Sin~e the 45-inch ateel pipe waa elec­
trically i~olated from the motor through the 1laaa pipe, and wa1 i1olated 
from ground, proviaion wa~ made to 1round it throu1h a aecond 1alvanom­
~ter on the recorder. Thu,, the ohar1in1 rate ■ to both the motor and 
the ateel diftu1er tube were mea1ured. 

The char1in1 current, to the motor and diffu1er tube are ahown in 
r11 , A-2 tor th pota11iW1 ••eded (non-aluminized) motor. In thi1 
illu1trat1on, •• in all illu1tration1 in thia 1ect1on, zero time 11 
taken at the be1innin1 of chamber pre1auro ri1e, 1ince there wa1 a 
variable delay of several aecond1 from the time the isnitor wa1 ener1i&ed 
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FIG. A-2 MOTOR ANO DIFFUSER CHARGING CURRENTS FROM 5-INOi SOLID FUEL MOTOR 
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unlil lhc p1•opull111n ignilud and de olopcd chambor prottsure. Ipiter 
nclivil)' w:u. accompanied by a bunt. o! erratic charging between -4 and 
-3 111cc which 111 prominent in Fig. A-:. in both the molor and tho diffuaer 
char.ring current•. Once tho i1n1ter transiont had aubsided, there wa■ 
little charging activity until about ono second before pressure hu ld-up. 
At thh timo, the motor charging current increased in the negative direc­
tion (i.e., po•itive charge was flowing from the motor to 1round through 
the galvanomoter) until the galvanometers wer, driven off acale, Aa the 
chomber pressure built up and the combustion activity stabilized, the 
motor chargini current reversed sign and varied from 10 to 60 µamp until 
a fraction of a aecond before burnout, wh n the 1alvanometer waa driven 
off scale on the positive curr~nt side (motor being char1ed negatively). 
From pressure build- up until slightly before burnout, the diffuser ap­
peared to charge at a fairly uniform rate independently of the motor. 
Just prior to burnout, however, a sharp increase in the diffu1er current 
1• noted which appear■ to be related to the increase in the motor char1-
in1 current at thia time. Th• polarities of the motor and diffuser ,,. 
char1ing current• at thia time are auch that the diffuser current could 
be interpreted aa a circulat1n1 component of curi-ent flowing through the 

./ loop formed by the galvanometers, ground, and the plasma of the exh~u•t . 1aae1 between the motor and the diffuser. It 11 alao of interest to 
note that after burnout, the motor charging current did not immediately 
return to zero, although it 1radually returned to zero several minute• 
attar burnout. 

The ■econd motor fired was one of the nluminized motor■. Since it 
waa anticipated that the aluminized motor would produce hi1her char1in1 
rate• than the nonalwninized motor deacribed above, the 1alvanometer 
aenaitivi Uea were reduced. In spite of the educed aena . . 1\ • t". the 
diffuser char1in1 current waa off acal• (over 120 µamp) durin1 m~~t of 
the motor burnin1 period, Pi1ure A-3 ahowa the motor char1in1 current 
for the alumini&ed motor. The ip1ter tran ■ ient wa ■ a1ain prominent, 
and th• initial ne1ative current in the vicinity of chamber prea ■ure 
build-up ia similar to that obtained with the nonaluminised motor■• 
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A~ w~~ nnUcipaL'--d, lhu chnr~in~ currcnlit !or lhc oluminizcd motor weru 
much hi.:hcl' lhnn £01• lhu nonnlwni nizud molur, 

Sinca tha diffu~cr currcul drove tho golvonomcter off Hcale during 
tho 111olo1· bum1n.: puriod, it wait ntJL pottdblo to comporo tho dUfuwer 
cu~rent with tho motor current, On studying the dota for the two-
"econd period prior to pres~ure build-up, however, it wa ■ observed that 
tho diffu11er current wa■ olmo11t equal in ma1nitude, but oppo■ ite in 
polarity, to the motor char1in1 current. This relationuhip is illustrated 
in Fi«. A-4 , which 11how• a roproc!uction of the ■trip chart data for the 
two-second period prior to pressure build-up. Careful study of these 
data indicate that the diffuser current 1 ■ actually about 10 percent 
greater in magnitude than the motor current. It is apparent, however , 
that the current circulating _ju the loop fonned by the galvanometers, 
ground and exhaust plasma predominates over any net charging current 
to either the motor or the diffu■er. At bumout, 11hen the diffuser 
current came back on ■cale , a 1imilar relation■~ip between motor current 
and diffuser current wa ■ ob1erved, 

Prior to firing the third motor, the galvanOffleter sensitivities were 
again reduced in an effort to obtain the diffuser charging current. 
When the third motor, which wa■ al10 aluminized, wa ■ fired, however, 
both the motor and diffuser 1alvanometer1 were driven off ■cale, indi­
cnting that curront ■ in exce■■ of 1000 1,1,a,np were produced. Although 
both galvanometer• were driven off scale within 30 msec after the be1in­
nin1 of the motor chamber pre1 ■ure ri ■e, it wa■ apparent that the motor 
current and diffu1er current were of oppo1ite polarity, rurthennore, 
the motor current wa1 ne1ative (accordin1 to the convention e ■ tabli1hed 
in thiM ■ection), rather than po1itive a■ had been ob1erved in the 
previou■ aluminized motor fir1n1. After burnout (i.e., depre1 ■ur1zation 
of the combu1tion chamber), char1in1 of the motor and diffu■er continued 
for about one ■econd at on ■cale level■, A reproduction of the char1in1 
current data for thi1 period i1 1hown in r11, A-5, It 1 ■ apparent from 
Fi1 . A-5 that the motor and diffu1er current ■ were a1ain predominantly 
circulatin1 current■ 4Ven in thi ■ po■t-bumin1 period, Oepre■■urization 
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FIG. A-5 MOTOR ANO DIFFUSER CURRENTS DURING BURN-OUT 
OF SECOND ALUMINIZED MOTOR 
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of lhc cha1111Jcr IJc.:an al 3. 1:l sec and was cumplclu nl :LUY sec a!tc:r the 
IJ~.' .:i1utin.: ur chnmlJur pru~wuru IJui ld-up. 

'fhu clu1racl'-•rhlics o! thu third motur nho c.H!!urc:d !rom thoi,,c: ui 
thu pa•cviuus two mOLor11 in that thh motor uxhil>itcd no charging prior to 
th"' IJu~inning o! chamber pre uru build-up. As is illuittrated in Fig. A-i 
and A-3 , the igniter squib produced charging activity in the earUur Ur­
in~s. nnd considerable charging activity wa• ob!lerved over one second 
be!orc significant chamber pressure was observed. 

Thu general characteri ti~• of the three motors fired in these ex­
periments are given in Table A-1. The burning timu given in the table is 
tho time between the bo1ir.nin1 of chamber preaaurization and the end o! 

T ble A-1 

MO'OOR CHARACTERISTICS 

Motor 1 Motor 2 Motor 3 
:l-27-63 4-17-63 s-11-uJ 

Fuel Baaic Fuel Aluminized Aluminized 

Burn Time (1econd1) 5.37 4.5 3,89 

Electron Den1ity (cm·3 ) <109 6.5-24 )( 109 6,5-2'1 X 109 
( exit plane) 

Motor Char1in1 Current 10-60 poi. 160-210 pol, >lOUU ne1, 
(~amp) 

Diffuser Charging Current 6-35 neg. >120 neg. >1000 pos. 
( amp) 

Max. Chamber Pre1aure 330 420 485 
(psi) 

Throat Diameter (inch) 0.70 0.70 0.70 

depresaurization. The electron den1itie1 at the exit plane were obtained 
with• microwave interferoaaeter at the hard 1la11 iaolation 1ection be-,, 

ween the motor and diftu1er. With the baaic fue l, the 1l10tron den1ity 
wa1 too low to be accurately mea1ured, but it 1) e ■ timatad to have been 

I 

between on• and two order• of ma1nitude le11 than the electron den1ity 
for the alwnini&ed motor,. Th• chamber pre11ure wa1 obtnined from a 
pre11ure tran1ducer connected to the chamber pre11ure ta~ (1ee Fi1. A-1) 
durin1 the teat. The chamber pre11ure wa1 fairly con1tant durin1 burnin1, 
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. , -. 
Si11cu only three i;lotic Urin.i!i o! the 5-inch •oli<.1-fuel rock~t 

motorlll were inade in thu •cries of tests dr.i1cribed above it waa. not 

po»i1iblc lo con~uct additional short circuit current measurement• on 

molnr• of thiw type, Arrangement• were made inatead to us• a small 

• 

• 

~thylene-oxy~~n motor to perform additional ~xperimenta in the laboratory . • 

The ethylene-oxygen motor, which was used primarily for experiment• to 

•tudy the lect rical properttes of the exhauat flame, had the advanta1e 
, 

that it could be firl:Nl and •eeded with very littlest-up time . In ., 
addition , the fuel mixture and flow rate could be varied durin1 a run, 

and the motor could be burned continuously fo1i' extended period• of time. 
I 

The ethylene-oxygen motor is inatalled in a 4 X 4 x 8 foot metal 

vacuum chamber equipped with a high-speed mechanical vacuum pump capable 

of maintaining the preasure at 10 to 20 mmHg while the moto~· ii bumin1. 

A schematic dia1ram of the ethylene-oxy1en motor and acceaaory equipment 

1• shown in Fig . A-6 . All access to the ch2mber for ga1 linea, water 

lines are throu1h a port in the ba•• of the chamber. A water-cooled 

baffle aection to cool th• hot gaaes from the flame 1• in•erted in the 

exhaust line before the 4-inch gate valve which 11 used for flow control. 

The vacuum pump, which is loca t ed outaide the buildin1, is a 200-ofm 

rotary 1a1 ballast pump, The as ballast feat ~t the pump syatem 11 

necessary becauae lar1e amounts of water vapor , .... 1. be handled. 

The ethylene-oxy1en flame uaed in the experiment reaulta from the 

thermochemical reaction 

The CO2 and H2o •ub•equently dhaaaooiate into CO, H
2

, o
2

, o and H. 

Thia di•a•aooiation•, which are endothermic, use an enormou1 amount of 

heat, which limit• the flame temperature. The ethylene 1a1 11 uaed 

beoauae of it1 relatively hi1b temperature--about 2,5oo0x--and ea•e of 

handlin1. The 1a1 flow t o the burner 11 controlled by a nullmatic 

preaaure re1ulator and Jeweled meterin1 orifice. 
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FIG. A-6 APPARATUS FOR CONDUCTING EXPERIMENTS WITH ETHYLENE­OXYGEN FLAME 
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A£l1.H' th~ ~a::;cs or~ mot.crc..'<.I t.hcy poits t.o o mi:<inl,C chamber, which 

so,•vcs aho t.o l)t'cvcnt 1' low resonances. Tho premixed gos is then passed 

to tho burner through 11 flexiblo hoYe so that tho burner can be raised 

:ind lowered whilc tho flame is burning. The burnor contains a fine mt:sh 

stainless steel screen which acts as a flame arrestor and diffuses the 

gases so that. :i uniform velocH'y exists across the burner surface. The 

ga• mixture is ignited by a •i• discharge formed about an electrode in 

the burner cavity above t he screen. The high voltage is supplied from 

a 60-cycle high-voltage transformer. 

inch diameter ori fice in top plate . 

long the life of the motor nozzle . 

., 
The flame e6austs through a 0 .75-, . 

This plate 19 water-cooled to pro-

To perform the motor char1in1 experiments , the motor waa electrically 

isolated from the grounded chamber walls by mounting the burner on an 

insulating base and supplyin1 the cooling water through pla1tic tubing. 

After the fuel had been isnited, the i rni ter lead waa disconnected so 

that the motor was not grounded. through the isniter circuit. To simulate 

the diffuser tube used with the solid fuel motors, a brass tube was 

mounted over the exhaust plume abov~ the burner and electrically isolated 

from the bumer with a section of glass pipe, Provisions were made to 

measure the charging current to the motor, diffuser, and igniter indi­

vidually or in any combination . 

The initial experiments with the ethylene-oxygen motor were at a 

vacuum-chamber pressure of 14 mmH1 with a fuel rich mixture containing 

69 mole percent oxy1en and 31 mole percent ethylene, The flow rate for 

the fuel mixture waa about 0 .09 liter• per second. Current• to the 

motor, ipiter, and ~iffuser were measured. in various coofigurationa, aa 

illustrated in Fig . A-1 . In each configuration in Fig . A-7, the magnitude 

(in microampere■) and direction of the measured current is shown adjacent 

to the part of the circuit in which the measurement wa1 made, Becau1a of 

fluctuations in char1in1 characteristics, the values of correapondin1 

current ■ in two ■imilar confi1uration1 such a1 r11 . A-1(a) and (b) do not 

agree exactly: however, the 1eneral trend• of these mea ■urementa seem 

to be conai ■tent . 
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MOTOR DIFFUSER DIFFUSER DIFFUSER 

~ ~~ I 
IGNITER IGNITER IGNITER 

t23 +23 ,, f2s +22 t• 2+ 

t, t3 

(a , (b) (c) 

DIHUS[" DIFFUSE" DIFFUSER -- -I ::~] -- --
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l· ,3 3f 

(d) (t) (f) ... ,, ... " 

FIG. A-7 MOTOR, DIFFUSER, ANO IGNITER CURRENTS MEASURED IN VARIOUS CONFIGURATIONS 

• 

If allowance is made for the fluctuations tn the currents some 

conclusions can be drawn from -the test results shown in FiR , A-7. From 

Fig . A-7(a) it ia apparent that a large circulating current flows in tho 

igniter-motor loop, aince currents of the order o, 20 ~amp flow in this 
l 

loop, while the net chargin1 current 11 only 1 ~amp . ln the courso of 

these experiments it waa noted that the current in the igniter lead was 

always of such a direction aa to ■u11e ■ t that th~ igniter waa cmittin1 

eloctrona. Since the i1niter i ■ in the combustion chamber of the motor 

where its temperature may be quite hi1h, it ho• been hypothesized that 

the i1niter waa thennionically emittin1 electron ■ into the combustion 

chamber pla1ma to produce the lar1e circulatin1 current. It ia inter­

eating to note that thi1 electron emi11ion within the combustion chamber 

produce only large circulatin1 currents and does not affect the net 
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\!htu•gin.: cur1·cn l lu lh'-! 111yl't Lein . [Thu nul chorl(inlC curron l. h 1 µamp in 

Fitt. A-7(a) . ] Thu•, on lho onu hand, the ulocl.ron111 emitl.fK.l by the iK• 

nilc1• orv not carriod out o! thu dy11tem by the exhau11t K•11te11, but, Oft 

th~ other hand, an ollumpt to mua111ure the mot.or charging current with 

lho 1.inuer airounded [u,1., a• in r111. A-7(a) and (b)), would lead to 

a motor char1in1 current on order of masnitude too hi1h. 

ln r11. A-1(b), the diffu•er wa1 di•connected and allowed to float. 

Here it 11 noted that isolation of the diffuser doe• not appear to have 

mu~h influence on th• current circulatin1 in the i1niter-motor loop. 

The net char11n1 current in r11 . A-7(b) 11 in the aame direction a1 in 

Fig. A-7. Thia again sug1ests • net collection of electrons by the 

motor arnd isniter in Fi1, A-7(b), in spite of the apparent emi11ion of 

electrons by the igniter. 

In Fi1. A-7(c), the isniter wa1 di1connected and allowed to float. 

Note that the current in t~e motor lino, which wa1 over 20 µamp when 

the isniter wa1 connected, wa, reduced to only 4 microampere1 when the 

isniter wa, di1connected, Alao of intere1t 11 the direction of the 

current• in the motor and diffuser lines in fig. A-1(c), since the 

direction of flow 1u11e1t1 that part of the current in the motor line . . 
11 produced by a circulat1n1 current in the diffuaer-motor loop, 

f 

ln r11s. A-7(d), (e), and (f), the three line current• were 
~ 

measured individually with the other Une1 dt"iconnected and float1n1. 
' . 

Mote that the isniter a1ain appear, to be emittin1 electron■, but the 

electron ~urrent 11 much lower in r11. A-7(d) than it 11 in the 0a1e1 

where an external path 11 provided for current circulation. Al10 of 

intere1t, 11 the fact that both the motor and the d1ffu1er collect 

electron• frOffl the c011bu1tion pla1ma, a1 would be predicted on the 

ba111 of electron diffu1ion theory, when actin1 individually•• in 

r111. A-1(e) and (f). In c011parin1 r11. A-7(f) with r111 , A-7(a) o? 

(c), however, it 11 noted that when a loop i1 formed by connectin1 the 

motor line to the diffu1er line, the direction of current flow in the 

diffu1er line i~ rever1ed. Thia fact tend• to reintorce the validity 

of th• au11•1tion made above that th• diffu1er current in Fi1. A-T(c) 

11 a circulatin1 ccnponent. 
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To inve!Higale thh cti-culating componenl furlhor, a variablo de 
~ia» ~upply waw in»erted in the motor-diffuYcr loop in the configuration ,., 
of Fig , A-7(c), and the current» in the motor and diffuser lineY were 
meo•urod, The re■ult ■ ot thi• experiment are •hown in Fig , A-8, The 
shape of these curves 1s intereYting in that the magnitude of the cir­
culotin1 current increa ■e■ rapidly with increasing poYitive bias vol­
tages, but is relatively independent of bia» voltage for negative bias 
voltages , Thia behavior of the circulating current with bias voltage 
■u11e»t ■ that the diffu■er is behavin1 as a sheath-area limitod Langmuir 
probe, Yince when the diffu■er is negative, it appears to be collecting 
a satu~ation ion current, while at po■itive diffuser potentials large 
elect :ron current ■ are collected, For thi ■ explanation of the circulating 
current characteristic■ to be valid, however, it must be as ■l""~~ that 
the motor is not ■heath area limited. Thia would imply that either the 
electron-ion density at the motor exit plane 1• much hi1her than it is 
in the vicinity of the diffuaer, or that the motor is capable of emit­
tin1 electron■ when it is at ne1ative potential■, That the former on­
dition is ■ati ■ fied 1 ■ indicated by electron density data obtained from 
mea■urMent■ made with a similar motor under similar fuel consumption 
rates. These data are ■hown in Fi1. A-9. The electron density at the 
nozzle i ■ an order of masnitude hi1her than the density 20 centimeter■ 

above the no&&te (the approximate hei1ht of the lower end of the dif­
fuser). lt h also probable that thermionic emi ■■ion of electrons can 
occur when t,e motor 1• operated for extended period■ of time, a ■ it wa~ 
in th••• experiment ■, since the nozzle becomes very hot under the ■e 

condition■. (A coolin1 ■ y ■t• and periodic ■hut-down are required to 
prevent exce■■ive ero■ion of the noaale throat,) 

Thu■, it appear■ that both a hi1her electron-ion den■ity and a 
capability for the eai■■ion of electron■ exist at the motor exit plane, 
■o that 1aturation currents for the moto! may be ■everal order■ of ma1-
nitude 1reater than the saturation current for the diffuaer. Thia bein1 
the ca■e, the diffu1er current characteristic of r11. A-8 i ■ probably 
the Lanpuir probe characteristic of the diffu■er in the exhau■t pla■ma, 

I• 
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• 11hl lh'-• 111111,n· l!\l l'I''-'"' cha1·:1cl'-·dslii: is ~imp ly lite uiU'uscr currunl plu~ 

a :-;111:,11 th.L-ch:u•~in~ l!lll'l'l.'Ul. 

Sin1.:c lhu (li.Uusc1· is cupnulc u{ colluclin~ curronl o{ oithor 

lh>l:tl' .i.l) wllh the pt'~i''-' t' uia s , ull'-' is inclin'-,J lu prupo~u such o !jcheme 

n~ n mclhod fol' di cltnrgin~ 1·ockcl vehicles. Thus, for cxamplu, onu 

would 1n:-1ua·t a pa•olJc inlu lhc cxhuusl t>lwnu and bias il to collect a 

ncull':lli:r.in(C current. to maintain zuro rockut. pot.cnlial. This scheme 

doc not. appear to IJo very p onising, howuvur, bocauso of tho obMerva­

tions madu in conncclion with Fi". -7 lhat the circulating currents do 

not appreciably affect the net charging current. To test this scheme 

further, the 3st with the biased diffuser was repeated with one micro­

nmmeter measuring not charging current and t he other measuring diffuser 

11 nc currcn t . The rosult.s o! this experiment. ore shown in Fig. A-10. 

It 1s noted tho t the net charging current to the system does not change 

• 
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ui1•1.•cliu11 cvon lhou.ch lhu di.Uusur currunt chnngc!-1 .Crom lhu snLurnt.!on 

vniUl' in one diructio11 lo a very la rge value in lho opi,osi lo di rec ti on. 

I l su1..'l11!'! pt·ol>nlJlc, thcrofo re , thal the ,b iasc:.-d probe scheme for disch11rg­

i11~ rocket vehiclus will be ineffective. 

The oxperimont ■ wi th tho biased diffuser are also inlereMtinK be­

caus~ of the behavior of the circulating component of current in the 

vicinity of zero bins. It is noted in Figs . A-8 and A-10 that a .slight 

chnng~ in bias voltage in thl■ region can produce a large change in cir-
1 

culoting current, and that "the direction of current flow can be reversed 
,;,· 

with a small change in b1a4 . It is believed that this characteristic 

had a bearin1 on the result• of the static firings of the aluminized 
, ..t 

motorY, in which the currents flowed in opposite directions in the two 
I 

test f1 ring• . Since the exhaust of the aluminized motors is probably 

at least as conductive as the ethylene oxygen exhaust, a change of only 

a fraction of a volt in bias can reverse the direction of flow. The 

motor-diffuser loop undoubtedly contains some bias sources as a result 

of thennoelectric junction ■ and contact potential ■ . This bias can be 

either positive or negative, depending on the circuit components used 

and the 1nanner in which they are assembled. Since the motor charging 

11pparatua was dismantlod and reassembled between the two aluminized 

motor firing•, it i1 suspected that the different directions of current 

flow observed in the two firings was caused by different bias voltages 

built into the motor-diffuser loop in the two experiments . 
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• MEASUREMENTS OF MOTOR POTENTIAL OORINO STATIC FIRINGS • 
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MJ-:,\SURl-:M.l'NTS 01 MCYl'Olt P<Yrl-:NTIAL DUlllNG STATIC •·tnlNGS 

' I ~I 
TIil' motor usl.'d t n these tests were ~ llfiilar to those used in the 

cnrlier tatic firinKs described in Appendix A. To eliminate the effects 

of conrluctinK walls or other objects in or ncnr the exhaust, the motors 

were fired in on open fielrl with the exhaust directed vertically upward . 

The motors wore mounted on a JO-inch-square aluminum plate edged with 

J-tnch-diometer tubing to eliminnte coron~ (Fig~ B-1 nnd B-2 ) . Thia 

plate was supported by eight 7-1 / 2-inch-high Teflon insulator•, which 

in turn were supported on another JO-inch-square aluminum plate edged 

with 3-inch tubing . Atop the upper plate a motor holder was fabricated 

from smooth stock anrl edged with large tubing to prevent the motor 

housing from going into corona. Fi1ure B-3 is a close-up of the motor 

holder with a motor installed . The test fixture was tested for insula­

tion strength and corona los■ by applying l~O kilovolts between the upper 

plate and the grounded lower plate. With this voltage applied, insulation 

leokage and corona lose were leu thar. 1 . 0 µ.amp . 

To mea1ure the potential to which the motor chorged the upper plate, 

a rotating vane electric field meter wos installed in the center of the 

bottom plate. Since the field strength at the surtoce of the bottom 

plate is directly proportional to the potential difference between the 

plates, a mea ■ure of thi ■ field i ■ A men1ure of the potential of the 

upper plate. U■ed in this manner, therefore, the field meter constituted 

a de voltmeter of infinite impedonce, The only electrical pnth botween 

the motor and 1round wa■ through the air or through the 7-1/2-inch•long 

Teflon in1ulator1. The field meter wa1 provided with a 1ynchronou1 

detector 10 that polarity, 09 well a■ ma1nitude could be determined. 

The minimum motor potential detectable with the field meter was ■lightly 

le11 than 100 volt1, and the maximum potentiaJ that c~uld be reliably 

measured wa1 100 kilovolt ■, The field meter re1pon1e wa ■ recorded on 

a movin1 paper recorder durin1 the firing1. 
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FIG. B-1 APPARATUS FOR MEASURING VEHICLE POTENTIAL IN STATIC FIRINGS
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Thr -otor^ were ignited by an elc( trie li^itlator InscrtPd through 

rh<> noirle. Since the igniter lends could ground the upper plnte of the 

test fixture If thev were not removed .ifter Ignition, n .’oeclnl lanyard 

wns constructed to withdraw the firing lends after ignition. The lan- 

vird and firing lends collapsed to th<- ground after ignition, so that no 

structure was in the vicinity of the rxhnust during motor burning.

A total if five 5-inch polyureth.me nnd ammonium perchlorate motors 

were fired In this series of experiments. Three of these contained only 

a 1 percent potassium seed, and the other two contained the 1 percent 

potassium nnd 15 percent aluminum. Durnlng time for the motors was 

snout 1 sec

In the mltl.Tl tests, one iiotassiun seeded motor nnd one .aluminized 

motor wire fired in a test fixture ns shown in Figs D-1 and B-2. The 

results of those tests are shown In Fig D-4 a , *liere the potential to
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FIG. B--' MOTOR POTENTIALS MEASURED DURING STATIC FIRING 

which the motor charged the upper plate of the test fixture is plotted 

as a function of time. As indicated in Fig. B-4(a), the potassium 

seeded motor char1ed to aliibtly over one kilovolt (positive) during 

the first ■econd of buming, and remained at that potential. The motor 

apparently extinguished abruptly, since the u~,er plate of the teat 
I 

fixture remained at the 1.4 kilovolt potential ' for several minut s after 

bumout (in fact, the fixtur-, remained charged until it was manually 

discharged by touching a ground wire to the upper plate) whereas on 

■ome of the ■ubaequent teat ■, ■om• of the charge wa■ dia ■ipated by smoke 

or slow po■t-burnin1 combu■tion. 

The charging characteristic shown in Fig. B-4(b) for the aluminized 

motor wa ■ even more surprising than that obtained for the pota ■ aium 

seeded motor. It had been anticipated that the ionized exhaust plume 

would tend to limit the potential to which the motor would charge, but 

it wa■ not au■pocted that the potential would be limited to such low 

value■. A■ the fi1ure illuatrate■, the motor potential was barely 

detectable at the field meter ■en ■itivity levels used in this experiment. 

(All of the char1in1 characteristic■ ■hmm in thi ■ section are direct 

r~produ0tion1 from the ori1inal data re0ordin1■.) It 1hould also be 

noted that the aluminized motor chnried to positive potentials, as did 

the pota■■ium ■eeded motor. 
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Allhuu~h lh1..• pulcntfals WL·1·c much lowt:r than hnu I, · ·n .inli c q, .11 • d, 

lhcl'L' appears lo l>u a logh.al pat.turn int~ ullirnatl: pult.:nlials. ~inc«: • 
' the alu111i11izcd mot.or i~ characterized by Ii /Krcatur l:lcctron dt.:nsity in 

the combustion chamber and exhaust, thu plume is more c,,nuuctivc and i'i 

a better discharger. Thu :-; one would expect thal th«: t.:xhau·t 1>lumc ol 

lhL' aluminized motor would limit the potential tu a lower valuL', as was 

olJsurvcd. It also appears reasonable that the scale of tht: motors an1 

cl<hnust plume shvuld have somo offect on tho potential to which tho 

111oto1·s char~u, since the effectiveness of the plume as a discharger 

depends on thu field strength about the plume. Oecau-.e the potential 

required to produce a riven field strength about the plume i less for 

a slendtr plume than for a larger, geometrically similar plume, the 

potential of the smaller motor will be limited to a lower voluo by 

charge recaptured from the plume by these fields. 

The remaining motors were u~ed to perform e~perimonts t? test the 

electron diffusion theory of engine charging and study the effect of 

fields in the vicinity of the plume in discharging the motor. It was 

reasoned t hnt if electron diffusion were the charging mec!1onism in Jet 

engines, the same mechanism should operate within the combusti~n chamber 

of rocket engines. If the exhaust plume were highly conductive, hcwevor, 

the rate of capture of ions from the exhaust might be sufficient to 

essent ially eliminate the effect of electron di(fusion ~)1nrging. How­

ever, if the exhaust were in a field-free region until the electrons 

attached to neutral molecules and some recombination occurred, the rate 

of capture of ions from the exhaust should be ~reatly reduced and the 

ability of the plume to discharge the motor should be considerntly re­

duced. To provide a field-free region about the plumo, tho plume mu~t 

be surrounded with a conductive covef so that the electro~tntic field 

line~ terminate on the cover inatead of the plume . 

Accordingly, a tube 3 feet in diameter and 10 feet hiRh way 

fabricated from 1/4-inch me»h hardware cloth ond inHtolled over the 

motor mount, The hardware cloth tube prevented static fields from 
• i ' ' reachin1 the exhauat plwne 1 yet allowed flow of oir and exhnu~t ,tnso~ 

in the exhau1t re1ion. 'th~ u~uer end of the tube wos covered with 
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h.u·Jw.u·1.•-c l\ll h , M l lha t lh c c 1\ Ii t'c vi:-.il,lc p lumc wu s wi Lhin lhu 

'-· h ·cta·"st .,Lh: :-; hicll.1 . t.:01·nca· s ul lhu :-.hiclu were eu~eu in i-1nch­

l.!i.1111clct· lulJin~ Lu pt·cvcnl cut·utrn los s, (Nu l u~ls v. e re cunuuct.ed to 

d1.•l '-• 1•111in1.• L he corona l h a·cshulu vulla~c of lhc shiel<.l, but. is estirno t~d 

lo h.wc lJc cn .:1·ualur lhan lUU kiluvull!i,) 

Two 111ut.urs, unu with t.hu pot.nl'lsium seed onu onu oluminizcd, were 

U 1·1.•d wilh tho clo!-6cd i-thiold described ol>ovu, Tho polonlioh to which 

the 111olo1·s chnrgud :iro shown in Fi_g, D-~. A~ illu!llroted in Fig. a-,(a) 

the polnssium seeded mot.or initially chorgod pod tively, reaching a peak 

put.cnti:il of 1.6 kilovolt. Within al>out 0.3 !loc, however, the polarity 

revered and the motor c harged negatively for the remainder of the 

2 
POTASSIUM SEED MOTOR 
CLOSED SHIELD 
9-21-64 or-.-~~=================-~ -2 ------__., ______ ....1,,._......, ____ -1.... ______ _J 

2 ,, 4 
(a} / 

~ 10 ~--------,---------.:...--------------

8 ALUMINIZED MOTOR 
CLOSED SHIELD 
9-22-64 

-2 ______ _,i ______ _,_ ______ ...L. __ __;;;:;;;;;:;;:;;;;:;;;:;;;;:;;;:;J 

l 4 
(b} 

Tl ME AFTER FIRING SIGNAL -11cond1 
(c) 

FIG. B,5 MOTOR POTENTIALS MEASURED DURING STATIC FIRING 
WITH ELECTROSTATIC SHIELD OVER EXHAUST PLUME 
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l>u,•nin~ p1.:t•iou, runchini,; n maximum negative polent.inl or nboul 1.l 
ki lovoll ~. The chn1•1tin5t character htic~ ~hown in Fig. D-5 (b) !or thu 
aluminized motor nro quilu tlifforent, however; the alurninizucl molor 
chn1•god po~i ti vely tor mo t o! the burning periocl, rl!aching a maximum 
potuntinl or lightly over 9 kilovolt~. Before burnout, the polarity 
1·1.•vor~od and the motor charged to a negative potential or 1.5 kilovolts. 

Before firing the third motor in the whielded configuration, the 
hardware cloth ~nd clo~ure at tho top of the shield was removed, leaving 
only the cyli.ndrical walb of tho shield. The sides of the plume were 
thu~ ~ltielded from electrostatic fields, but b cause of fringing at the 
upper end of the •hield, it may have been possible for some field lines 
to terminate on the end of the plume, A potassium seeded motor was 
fired in this open-end shield configuration to prod ce the char1in1 
characteristics sho•n in Fig. B-5(c). Th~ motor charged negatively 
throughout the burnin1 period , but the maximum potential attained only 
11bout 260 volt . 

The test ■ with the clo•ed shield ■ suggest that the dischargin1 
capability of the plume 1 ■ reduced ■omewhat if the hi1hly conductive 
part of the plume is shielded f.rom the electrostatic fields of the 
charaed motor (Section ii1-C), Tht1 tndtcatton t s particularly strong 
in the case ~f the alumini~ed motor■. The unshielded motor of Fig, B-4(b) 
ch1r1ed to only about 200 volt ■ , while the ■hielded motor of r11 , B-5(b) 
ch1r1ed to over 9 kilovolt,. The effect of 1hielding the plume 1s lea ■ 

strikin1 iu th1 ca••• of th• nonaluminlzed motor■, but even here, the 
clo•ed shi e ld appear, to have enhanced th• maximum motor potential ■ lightly , 

I • 
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