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Und rs anding o · phenomena o curt ing in lhc column of c ri · 
ar s ha progressed on id rably 111 th .. 1· • n t years. 0 f impor Urn ·e 
in lhis nt - xt wore th vu1,,•ous so· utions of the ons rvat1on qua­
t ion , in lud ing th n rgy bnlanc equa lion of the ar . M t pro­
g1 ss h s b n mid for ylindrically-symm tri al nrcs wi hout flow 
and for flow arcs in th fully d v lop d flow region. Th res ar 
oft n cool d by Lh rmal conduct.ion only. Th n rgy balan 1n his 
c,,.s i : 

o-E2 + .i 9.. [r K dT] = 0 ._ 
r d.r dt 

(1) 

Sev ral a~~rQx1mat analy ical solution for this equation hnv 
b en pr ni d , 2 , , , . Alo succ ssf~l ch cks of th the ry agnjnst 
de t · 1 d measurements ha v b · n made ( , 3 J • 

Th energy bala.n 
cat d, wh n radiation 
natur hav a y i b 
tr at ct<7 , 5 , 1 >. 

quation of qui 
anno be n -· glect 

n pr .s nt d but sp 

nl arc is mor 
elution 

a es hav een 

An w degr o compl ily aris s, g n -ral flow i ld is 
i .mpo d on an arc. In th i case the ·on ~ r , Lion qua tion or n r-
gy, ma and mom ntum hav to be solv d imultan ously. Alo, th 
energy balan qu. tion is till mor · compli t d by · h, addi ion" l 
terms of conv ct on an pansion. 

This complex non-1111 ar sc L f qua lion ha been solv d num 1·­

ical l y n a ·omput r(B) . But also analy · ,. 1 solut.ions ha - b n 
r por ed upon (9, 1 ) . On ind , how v l', the al th -or tical ar 
work is cone rn d w.i h h laminar cas only. Such restra · nt. · 
und tand bl in vi h fnct tha lam·n r situation i 
difficult nough and ha not y · t b en tr at , d xhaustively . In ad .i­
tion , it can b argu d tha p1·actical pla ma d vie s ar oft n , ork-
ing in a d nsity an mp 1' Lui· r,. ng · , wh r turbulent ef t ar 

x.p t d o be o . m.inor 1mpor an c. 

Th 
stima e 

cons · ant 
For this 
and 

A i 0 1 symbo 

r, can b ch To 
magni ud of R ynol numbers in 

pl m. with pr - s ur b 'Wen 
f Hans n (11) and Burho1·n ( 1.2) or 

h lubr.: di m t r = 1 cm was 

is g iv n .. L lh b g inn 1 g o 1 h · xt. 

1 

1 
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2. METHODS 

n th. 
or he se 

ab u t th 

2.1 En ·gy 

·h. tr r as ning is pr s nt d, whi h s of im orl.n 
tion of lh xp rim)nts. A ob ckground informa ion 

m th d is dis us d. 

L nc 

Of p,. r l icu 1 r 1mpor tan · for h 1 c ion of th param tr 
r th r g n 1· 1 n rgy -of h xp rim nL i an amination of 

baL n riua Lion for flow r This UL Lion migh b wri n: 

(2) 

I includ L rm or 
bul nt ondu Lion, h 

xpan ion, nd th rad ' 

1 trial input, fr mol· ul.1· Lnd tur-
1 d low t rm nam y ·onv tin nd 

L rm. 

Wi hin th scop o this inv s igati n 1 w r m r-
t d in he urbul n t rm . For th is r a on · L i d ir 0 

look for such ar ondi ti n , in whi ·h s many of h olh r t 
pos ibl ligibl or only smnl orr ctions. 

and b t -rms ar th r fol' dis uss din mo1 
Th radiation 

d tail n 
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2 . 1 . Rad i at ion 
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2.1.2 F ow T rms 

a ·ur 
out by 

2.1.3 

rms, n m · ly 
ld numb r, 

ow. 
dep ndency o 
gradi n 

10\ Tub Experim 

H w 

It is 

nL 

nv lion nd 
p nd n l on 
v r b th 1 , 
propo1•ti n 
b 

xp. ns ion, r in imi lar 
u h impor l, n l ar par am t rs 
wt rms ar al o, in 

o lhe d riv tiv s of m-
rnd i n t , lh t an 

r tain Reynolds numb rs high 
ondition w lh m 11 t mp r­

a ob n pint d 
flow r gion oJ an 
low t rms do no 

ur n l is n ry to 
mp r, ur gr is, by m of th 
trical ondu tivity, oupl d 

Ba d on th fOl goin discus ion p ram t l' for the arc ppa-
r tu· hav b n 1 C d. A pra a s of th pa. Ill rs is: 

Tub r = 1 cm 

Tub L n h t - I 0 cm 

Ga Pr· ur p -- I m. 

Gas V lo i y V = 3 . 10 m/s c . 

Arc Curr n I - 2 A 

Ga Kind Air 

on r in d quacy in pr p d 
t of 20A is mu 00 low to 

h a 

Bu 
l ' w s 

fun · tions 
plasma-

V n Ill wha 
n only a sllor 

n b his mp ra tur • 
0 

2.2 of ' 1 a i:, Jr m nt 

Ju V 1 p d Jlow r gion th flo rm , nd 
h n g iglbl 

' 
a di u · ion 0 Lh • m a·ur1ng 

m n m wha · im 1 r n i·gy ba , nc h.n E (1) 
nam 



whi h in 
h al lo 

.i cl_ rrK.dT1 + j_ 
Td:rL d.r -r 

(3) 

h t rms for th 1 t1·i a input nd 101· h • radi. 1 
th rmal and b turbulen 'On uction. 

This quati n ha be n thor ughly di cu·s d [or th laminar 
in whi h h lurbul nt t rm an also b n gl c ct(2). In his as 

....... ~ ::.: ; , th l t r, n f 1· Q_ t th tube wa 1 was 1 un ( 2 ) to b p r 
'ffi : 

In this 
p L'U Ul' 

a giv n 
p ralur 

(To 
== I.£ = s-n:f J_ Kd.T 

0 

quati nth factor J vari onl slowly with the axis 
TO • Th h a t tr a n8 f · r th \ a 11 i h n c [or a g a 

th rmal condu ·tivity K(T, nly .. function o th axi · 
T0 or th ar . 

m­
h 
m-

IJ low j turbul nt, th ha tran fer o th wal swill 
b in r a ov r h mount cifi db Eq () for th laminar ar ·. 
This m an , if b th arc .. nd axi l mp rature of th ar 'l l' 

th am in th turbul n l a , h t the l L1· ical 
gradi nt oj h hat or h laminar ar . 
H n , a compari on o 1 gradi n of ar sin bo h laminar 
and turbul nt fl w· can for lh 1gnificanc of th 
tenn for turbul n m x.ing. 

of th radi, l hat tran port di u d 
abov may 
ing in an 

h , maur 
pjciur 
clo 

h o r, 11 • igni ic nc of Lurbul nt mi -
x m1na ion of r .. din a1· · prop rll can ·ho~ 

in whi .h p, 1· 

tr t th i 
·ondu · l iv 1 } 

u · 
th tu1·bul n mixing i To illus-

r a n t o h 1·ma 1 
in th el p d flo w r gion. 

pu 1·po I i l 1 · u · · u 1 or m mb r 
is: 

ajn th lamin-
Th "laminar" n q.~y 

cr-E2 j_ s!.. r cl:] =O 
t' r 

In l gr 10n ov •r h r·ad1ll!:'.> )' lo 1·, y l lds: 

Th' 
i 11 r 

'f 2R E crfr)r f' 

0 

~rrn lur lu1·ln1 Ii 11 

th• 1· ·pr ' •·11tat1011 

21\ l cl.. J ~o 
Jr r 

1•ondu · l11J1 1~ l ' nl. l1v•l wr1tt •n 
>I 1' • 1 ''s mi. tllb 1 ngth th <H'Y· 
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Th s qu ion 
pla ma within a y 

th th 1 trial pow .r input int. h 
r o radiu 1 i qual o h ha flux ou 

of the surfa of hi 
mal ondu tivi y l.<, 

ylind r. Solving this qua · n fo1· th ·h r-
s: <. 

E1 l <r(c)-rdc 
0 

( ) 

mol cul r th rm" 1 c nduc · i vi ty 't"' can a cording to hi equa · ion 
alcula · d, i h cl c •rical gr din E th oc 1 el ct1ical 

onduc iv i y cr(r) th mp ra u graciien dJ ar known. Tl 
dl"' 

r quir d d t an b ob ain d by m 
di r bu ion T(,) h el tri al 

uring h radial emp ratur 
gradi n nd he re current. 

du 
1.f w 

tivity 

m a 
th 
th 

ur . 
d no · 

con i r 

0- CII 

h w 1 

il~e,.A 
Tl"lc. 'v'e 

known pr ssion r h 1 c trical con-

rmin h el c ron ve o i y dir ct y 
the Saha uation. Th valu 

n b th lit r-

(7) 

erv, · hat 
measur 

otal arc curr n 

th h p o 
Eq (7) 
it may 
e va u 
ck on o tb 

ctr i a 1 

Th 
can b m " 

hr ugh 

In th is 

'fh 't' • r 
JU a rn · sur 

in rat 

v th rm~l conduc h 
in a imila · mann r. ~ · ·ng 

formal d rivation whi h l 

E.' fCJ'"(rh c 
( +k) = _...u_O--

r, [r d~L 

pr of 
with E (3) . . 
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som 
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mor? s 1 r ou · pr· I J. •mH t 
h rm l n u · i v L y · or d in g 
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to Eq (8). from h very fa lh, t th t mp ra tur 
flu tuat in flow. To understand th implications of 

luc tu us f · rs n ide1· tha h t mpera tur s ar 
ured p tro copi·ally with a photogr~phic t chniqu . With su h 
chniqu av rag values of the brigh n of sp tr· l 

can b rm.in d. Unfortuna ly,, the brightn ss of spe Lral 
d p nds in g noral in non-lin ar wa th t )mp ra tur . For 

reason, as an be n, av rag brightn do not truly r pr -
av r,g t mp ratur . Th d viation d pend on th nmplitud 

flue ua ion ,nd is sm 11 only or mod rat flu·Luations. 
is, how v r, · or all radiat·on Jrom · hcrm 1 p a·ma, a c ·rt n 
d t mp ra ur rang in which bri.ghtn, s i propo1· ional o t m-

pera tur. In this rang th tim b igh n s an r pr s nt 
· be verage t mp ra tur - . 

3. APPARATUS 

In ord r top rform th 
had to b d veloped. Som bav 
described in more detail. 

prim nts, scv ral p c - s of equipm n 
unu ual f atur nd ar lh reJor 

3.1 Plasma Pre-Heater 

As di cuss ct in 2.1.3, a pl,sma pre-heater i 
c pable of trans£ rring a ~ow r of bout l 1W to 
pre sur and to hea the gas ·o t mp rature o 

Tl re r pla mag ner known which can 
duty(lS,19,20) · however, non were avail 
gation. lo, mos· plasma g in us oda 

r quired whjch i 
ga of 10 .tm . 

h 01·de1· of 1 , 0°K. 

orm th 
fo1· thi 

apa.bl 
pr arming or mu h longer p im 
experiment . I is for thi long 

ary for th 
opera i nal tim, · hat 

th arcin chamb rs of · h conv ntion, 1 pla 
cool d copp r wal s, a featur whi h mak s th 

xp nsive. In contrast t thi , other devi e · 
high ·· emp ra u1 , l ik shock u do not need 

h y op ra on y for durat·on f w mil i 

or 
new, 

prim nt can b - pr ·. rm d jn tim s 
a on w er- oolin of th walls was 

nd in xp nsiv p asma 

3 .1.1 Des· n of Ablation Typ Pa ma G n r tor 

Th d 
Figur 2. 
m • . 'L r i a 1, 
A plasma · 
I a v s · h , 1· • · n g 
-le ·trod.. . 

plasma g 11 r,i..or 
c r1c arc burn in a 

and h ~ Led up 
n i r ly J. th 
ugh an 

rod •s ~ r • hollo 
., inks . Th h 

' h \ y • 'par.. ·• r bun 1 1 c 1 • s from 

g n r tors have wat r-
d la bora t and 

g -neratlon of 
ooli.ng, b · u . 

oJ 
and , 

1ng 

h• 

h ~ arcing ·hamb 1 r p1· 11 ssu1•p igll lso Lh · eonn 
r1 ·al pow >r • J'' bol d lo th •m. 



Figu'r 2 - Sch m tical Arrangem n · of th Abl ion Typ 
Pl sm G ne·ator 

B s'd s th main nozz e th 
in the l ctrodes. They allow a 

r ar 
mall 

two 
flow 

m 11 uxiliary 
of pla ma from 

11ozzl 
tb ar 

du·t throu h he hollow 1 to · v mb · n . Thi flow wil 
in ff c ·. minirniz tb amoun 
j tC.21). 

1 trod ma.t ri 

In 3 an xplod d vi w of a parti ula 
ad·ly xchangabl cylind r 

xiglas block, to whi h · h h 
exchangabl du ' S of D 

and th auxiliary 
a •bin m wire, conn c in 

1 in th main 

shown . 
which 

rm 

gur hows as ·1 p 
oJ th g n ra r in ac i r • Ar 
j t ar r adily r cogn·z d. 

ur fa · igh ly m di · d v r ion 
ma · n j ·· and th two auxiliary 

D r.in is Dup I t pl i. w i h ~ 0 r u o f rm 1 l ( CH 2 0) n . 



igur 3 - Exp od d Vi w of 300 KW Abl t ·o n Typ 
Pla m~ G n ra r. Pl .xigla Chok has 

no Bor in thi Parti ul r D ign 

i r u1 • rj -

Arc, and 
1:t ~a 1 H ·>gniz d. 

c.: 



3. 2 F ow Tub nd As iat d Equ pm nt 

Tb low ~ub ss ntially a s ack of opp r pl t 
ral b r o · 1 cm. Th p t s ar 1 ri ally ·nsulat d 

0 h ~~ei-~~3,;~J1
a~d 

;::,pa rs. Su h a trca d arcr' was 
by Ma ha in b n utiliz d in he li 

iv ly. 

As was ment· ned 1 on ya duration of about 
n d d o p rform th xperim n . For this r 
capa i y of ·he opp r pla · n b us d · o ab orb h 
flux from the arc nd the ·a wa r-cooling sy 
pl ts can b lim'n t d . Thi s'mpli ·ty o th low 
mi a high d gr o fl xib i ·y n d sign. 
in anc b r -actily e ch ng d agains n won 
lso measuring equipmen such as probe 

to th arc column . The opp r pl s 
o th pla hn b n found ·o be of 

1 c ric l grad n (25) . 

Figur 5 
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of h a mbly of he coppe 
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s wi lh a ll-

from 
fir t 
re tlll' 

a h 
buil ex n-

h n 
at 

s in a 
Fin 
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ss 

rur 5 - Tub . Copp r o· ' l' 

2" Pl ' ·g la b . 
mm , In d of 1 mm Th . 1n 

l' ular D 'gn 
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4. EXP RIME TS 

4.1 P rf rmanc - of Plasm, G n r, tor 

Fo · he bla ' on yp r. or, whi h w, d 
in 3.1, ma ur m n of vo curr n har c ri •t ' s ro in 
r te p rformed. It wa ound th t th ol ·a - u1T nt ch ra r-
i an r dily b in lu nc d by chang n: 

1 
ssur 

In following ction, data r 
mad · • n op ra tin pr s u o 1 a tm. 
pl xiglas and D lrin. Figur • 9 hows, for 
i ti s n rator with 4" long p 
d , er . The cur r n t w var i d fr om 

a h rat 1istic min'mum around 250A o~ 
ris mark dly at hi hr urr n s. h vo a f 
3/ " du tis alway h gh r h n ha of th al' in 

0 J I 11 

........ .,,... 
1/) 

_,,..... 

..,_J 400 
.--i 
0 ) " 
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,. 

~ 20 ..., 
rl 
0 

100 

~ 
0 I I I I 

2 JO 40) ·oo 00 
111'1' , n l I ( rnp) 

b 

l'C 

and 
ar in h · 

/ 2 due . 

j 

1 (J ( J 

i ur 9 - Cu 1 
Typ 

ri ti~ oJ Abla ion 
or Dis har 1 lng in 
h l'' 

1/ 2' 



In igur 1 l' ul ·ofma·u1·~mn 
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ar"' plott .d for a p l 1 .·1-

l so th i s · Lll · ' h a~ a fa l l -
inl,{ and a rising p l'L th• minimum how 'V •r i · dr:. sli•ally !::>h1ft to 
high 1· curr n • round 100 A. 1 imum po 
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r j npu int. th j · g "'n ·-
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o l mp r atu t·c> rn •asur •rn 'n s 1 th· .. r · or Lh ' .J ol th' p la ..,m.1 
1 ' n rat 1· hav y b ' n p•1•form•d. n ---s imate of U1' [lt'r '11\])'l'a ur 
how v•1·, c.n b • mad, 1f we LI ':>' an, p1·0.'ima 'iorm1la( 2 lJ [ or tl1• a1·· 
L mp ralur • as ·1 1un ·Li n o(' .i· • ·u 1·1· nL, ,1 · ri "\ l g1·adi •tit an I due 
1·ad1us, nam•ly: 

(7) 

w,s d 1·iv•d l'rom t.h~ ·u1-r nl 1ranspH·t qual1un This lormula 
assuming a high d 
lribu ion . d/2 i• 
E th • • 1 · tr i , 1 

of 1onjz,tion an!, p, 1·,b li · l mp•l'aln·· dis-
du ·t radiu · in ·m, 1 i s th in .unp ., 

d i. ' n l i n V / 'm n d T h ' t 111 p u r • i 11 , l 1 v LIL 

For :1. ·t1rr n L o J 
duct-r,dius of . 7 

OA, an 1 · l l ' i ·al g- radi nt ot •10 / ('ul ; ll I ' cm ( I " ) ' Eq (7) g i 'S n , X l ' t •mp n ll l' l' 0 j ~ 

T0 1:1 1!:>,000° ( ) 

Thi s va lu i p oi· anoth 'r 1· a~on. Th ' o l tag• 
·hara ' 1· lS Li 

Th i :-s i n d i , 
o J lli 

lha L 
r 1·1s•s mal'k dl hj~h ·u1T'lll !-i . 

' i n i.za 10n i.· hi rh and t h 1 ·-
1·1 al ·onducL1v1tr 1n r 

in:r•as?. Fr his r 
] r t h C • ll lT n t h, 

1th .. 1urth •r l•mp r~tu1·• 
g ra.di n L ha Lo 1n 'J' •a~· 

In thi · c nl• ti m,y inl rs ing to 
111 LI) ( ! U ·r ut-v 1 tt g ·h:: ra ri · .1 • • J' .. 11 

Lh~ L th · m In I mum· 

, .r · • l 2 1J , 1 ··0 o • ur· 1n lh 11 1~hbt 1·hoo · ol 15 
s :bJl1.1..•I 

.2 o tag · Gradi nt · in Flow Ar ·s 

i ·uss • i 11 2. 2, h 1 l g 1·, , ar •s 1 n 1.11 , 
J l ow 1· 1 g 1011 ·an a nw: !.:>urc r 1· th ... I I 1 c J •11t· 

i l '• rt.a in J)l' •cau tion s ; 1· ak •n. 

' l h 1· ' 1 1· ' m ; . u 1· 

ub• ,r•s of 37 ·m l •ngt h 
•11l1; L ,llong lh flow 

o f h 111.·ulal d 
s "' 1' v •d a ":i 1· 1) s. 11 v 

1C"al vol lag• d1vid•1·. o l 

po t · n 1. l 
20 m/s '' . 
V O 'i 

l'' ~ull s Jct· m ,sI1·•m•n 
d. Tl ] cw•r cu1· Jl1 

~ 1·c in • f 1 w J i c ld · 1 
l1 • da L 

F 1· h •s • m asu l' 'Ill •11 ls 
·omp r 1:::.. • lh • ! low u b 

ma d \' 1 t h HI 'n -

S J11 ', l' 11 Ji O.'U( • ,Lt 

lJ.!;Ul' ' l' l '')l'''-,'llL th • 
ha •l e1 t I sma ll 1· lhan 
lo1·, 11a1· ·1 11 flo 

Th' ablat1 11 p • p J asma g 'n ra >1· had in t.ll •s , 111 1', l !-iill J ' •rn •n > 111 -
s,• 1· Ls ma 'o f dry-1 · •. 

Th· m • h l t ,. m •asu1•inµ; th ! I le V('lo(.;1 t 1 ·s i s cit> ~ · 1·1b, l 111 ,,. · 
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High sped pictu ·es r 1 o u d .o det rmin th -
'ties in h ub For ·b erminations i · wa assum d that t 

1 om of h r ng r k nks in th irr gular re hLpe w r n t 
d by w v mot·on b1t by mor o · 1 ss irr ular motions of 

gas ma s. igur 7 show , s an e 
I 

the flow v lo i ty along 
high-sp d flow ar of Figu 15. are som what ca · r-

ing. But in spi of this, i app ar flow v locity do 
no r ach on.s ant value bu · is st · 11 rowinb v n at th nd of th 

low tub ; a point which is o importanc · or · h dis us ion of h 
xp rm nts in Section 5. 
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4. EstimaL• oJ Ar 'I mp r, ur s 

It was shown in S ·Lion 2 . 2, thrit th axis l 'rnp ratur • should 
be k pt ·uns ant, if laminar ,nd "Lui·bul nL" ar s ar ·ompar)d, Ho\lt-
'V r, no mp ratun .. m a·ur · m nts 11av 1.), •n p,,rform din Lhi · in sl1-
ga ion, ex t tha L an ~s ima t of an upp r li1111 for th • xis Lemp 1·-

a Lur • f of Figur 16 was made. Thu, · t1mat• is b,s d 
lb sp ob rv, tion, tha l lh s a1· ·s had a band !:::>J) 

and no A ording t this, th• ar t mp ra Lures w 1· 101,,1, ~1· 

Lhan 1 

A hint r garding th ons an·y of the arc t •mp r, tur • in 
h laminar nd "turbul n t" ·an b akn 1rom th fa tha l h 

brightn s wa about th bo Lh s, wh )' as i l chang•d 
1·ably with th ar c urr 

F l' Lh l' a o n i l \ a 
e n - in th axi l mp ratur 

on lud d, h, t th r 
oJ th lamj nar a nd th 

a · no big di 11 1· -

"turbul nt" arcs. 

5. DISCUSSIO OF EXPERI E TS 
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6. SUGGESTIO S FOR U'URE WORK 
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7. APPENDIX 

7. 1 S •h 1 i 1· n L igh S ur • 

Applj , ion l Lh n 
inv s 1g tion 1 high "mp r·atur 

wl11 •h i s mu ·h br1gh 
n l . 11 V • Li ga Li n ( 2 
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