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Abstract  - Consideration i s  given t o  physical modeling of 
e lec t r ic -a rc  discharges used f o r  generation of tecbnologi- 
c a l  plasma. The approximate s i m i l a r i t y  method as  applied 
t o  t h e  modeling is  shorn. The main d i f f i c u l t i e s  encounte- 
red in general ieat ion of current-voltage c h a r a c t e r i s t i c s  
(CVC ) in dimensional complexes and dimensionless numbers 
and the results produced are  discussed. 

INTRODUCTION 

For technological 'purposes , a s  a r u l e ,  weak-stabilized a r c s  of complex 
geometry a r e  used. Mathematical modeling of such discharges runs i n t o  es- 
s e n t i a l  d i f f i c u l t i e s .  That i s  why physical  modeling i s  employed espec ia l ly  
when it i s  necessary t o  design powerful plants .  

Rigorous modeling of a r c  discharges is impossible due t o  the la rge  number 
of d i f f e r e n t  physical  processes proceeding i n  them, an account of which 
will require  the u8e of tens  of dimensionless arguments. However, the  ma - 
j o r i t y  of processes do n o t  exert the pronounced influence 011 discharge cha- 
r a c t e r i s t i c s  and they may be neglected. I n  f a c t  it is  expedient t o  take 
i n t o  consideration a few dominating phenomena (Jrom one t o  three)  bu t  it 
is n o t  always possible  t o  revea l  them a p r i o r i  s ince  the i r  r e l a t i v e  role 
changes i n  dependence on discharge conditions.  In prac t ice  , d i f f e r e n t  
arc-to-heated medium heat t r a n s f e r  processes a r e  the bas ic  ones and a re- 
searcher i s  faced w i t h  the problem t o  choose the  most important amongst 
them as  applied t o  this or t h a t  type of an arc.  

A choice of sca le  values of physical  p roper t ies  presents a complicated prob- 
lem. It is n o t  known a t  what temperature they should be taken s ince an a r c  
temperature depends on discharge conditions . Besides,  temperature-depen - 
dent proper t ies  of various media a re  d i f f e r e n t .  One more d i f f i c u l t y  is t h a t  
concerned wi th  s c a l e  determination f o r  a rc  dimensions s ince an a rc  usual ly  
occupies only a p a r t  of a discharge chamber sect ion and i t s  dimensions a l -  
so depend on discharge conditions.  The s i m i l a r i t y  of a rc  and chamber dimen- 
s i o n s  may v i o l a t e  with a change in the  dimensions of the l a t t e r .  Below the  
above d i f f i c u l t i e s  t o  have been overcome a r e  discussed ( f o r  d e t a i l s  see 
( r e f s .  1-61 ). 

GENERALIZATION OF ELECTRIC ARC DISCHARGE CHARACTERISTICS IN 
DIMENSIONAL COMPLEXES 

Generalieed arguments f o r  corlielation of a r c  discharges c h a r a c t e r i s t i c s  
may be derived Prom the energy motion. 

BVvh - v (hvT)+Q-kF .Reducing it t o  the dimensionleas form yie lds  
Thus f o r  a s t a t i o n a r y  a rc  

n;6.hoGd/Is i m,= 6~,~7'. d*/ Is i Qoe0 d4\ 1' . Here use is  
a l s o  made of the re la t ionships  G-gVd' , I-,6Edg .A8 a li- 
near  dimension m a l e  a discharge chamber diameter , d , i s  taken. The 
number a, ind ica tes  "blowingtt by a heated gas ,  ma stands f o r  conducti- 
ve heat  removal of Joule  h e a t ,  n, designates heat  removal by radiat ion.  
Present ly  these parameters a r e  a l s o  supplemented with ui,,,~g.8h' d /I 4 5 3  2 
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describing thermal turbulence processes (ref .7). With the simultaneous 
use of the numbersni,  m2 i t  may be convenient instead of one of them t o  
use the r a t i o  aJn2 

In dependenoe on discharge conditions i t  may be expedient t o  change a form 
of c r i t e r i a .  For instance for the blowing number the following modifica- 
t ions are  possible (refs.'!,8): G,h,Gd 11' (longitudinally blown a rc ) ,  
90 h: $"aL5/13 (cross-blown arc)  he6 'L4/I2 (an a rc  moving 

i n  i t s  magnetic f i e l a ) ;  poh0O;, * * @, b / l,lP"' 

Experhental  data have been correlated for  arc-to-heated gas heat t ransfer  
and heat l o s s e s  t o  cooled elements of a discharge chamber. For the f i r s t  
case usually a rc  current-voltage charac te r i s t ics  a re  correlated since they 
contain information both on energy exchange and load charac te r i s t ics  of the 
a rc  a s  an e l e c t r i c  c i r cu i t  element. We sha l l  consider the correlat ion of 
current-voltage charac te r i s t ics  (CVC) since aus t  these charac te r i s t ics  dis- 
play the specif ic  features  of an electric-arc discharge. 

The majority of works concerned w i t h  the correlat ion of arc  discharge cha- 
r a c t e r i s t i c s  i s  performed t rad i t iona l ly  us- the power approximations of 
the form: F = c n A ?  .Here F i s  the generalized function and A, are  the 
generalized ar&ments. As F 
usually used. 

Because of t h e  d i f f i c u l t i e s  encountered in the choice of scale values,  a 
larger par t  of works is performed i n  dimensional complexes. The essence of 
the idea i s  the scale values of properties remain constant for  a cer ta in  
medium and they may be matched w i t h  the experimentally determined coeffi- 
c ient  c . 
The authors of (ref.9) have revealed that  the best correlat ion fo r  longitu- 
dinally-blown arcs  i s  obtained when the blowing number i s  used a s  the e p -  
ra l ized  argument. Then for  a rc  C??G we derive the formula U d / l = c  ( G d / l $  

A good correlat ion in such form i s  obtained for  discharge chambers w i t h  a 
constant diameter. However fur ther  works have demonstrated an essent ia l  
scat ter  i n  diameter values. A typ ica l  example (ref.10) i s  shown i n  Fig.1. 

being the Peclet number Pe = Gc,,/A0d =. ns 

(free-burning arc) .  

for  CVC the generalized a rc  resistance i s  

The diameter dependence of correlated data is proportional t o  d0.36. 

A residual scat ter  i n  gas flow ra t e  values i s  observed i n  plasmatrons w i t h  
rod cathodes and two-side efflux. S tza t i f ica t ion  i n  the flow ra t e  values 
i s  explained by the conductive heat transfer e f f ec t ,  therefore or tn, must 
be used additionally. The conductive heat transfer e f fec t  i s  stronger for  
h i g h  heat-conducting media and very constricted weak-blown arcs. I n  the 
limit, for  s tab i l ized  low-flow ra t e  a rcs  the W C  correlation i s  made only 
w i t h  respect t o  a2 . A s  an example, a water-stabilized a rc  may serve (Fig.2) 

For technological purposes of a common use are  the blown arcs  where the 
number .ar i s  mostly enough t o  be adopted. S t r a t i f i ca t ion  in the diameter 
values is usually accounted for  by a rc  shunting processes described by 
the Rnudsen number Kn-I/Pd. Should a l l  residual s t r a t i f i ca t ion  i n  the 
diameter data be a t t r ibu ted  t o  shunting or not may be answered when compa- 
ring plasmatrons w i t h  smooth and s tep electrodes. I n  the l a t t e r  large-sca- 
l e  shunting does not OCCLU. Analysis of the generalized charac te r i s t ics  
from (ref.11) reveals the diameter dependence a t  small d when arc  is 
properly constricted. However, a s  f a r  a s  a diameter increases,  the depen- 
dence 
air) s t r a t i f i ca t ion  the  diameter values disappears. In  this case the dia- 
meter effect  i s  opposite t o  t h a t  i n  smooth electrodes,  1.8. with increas- 
ing d voltage falls .  Therefore, a researcher should dis t inguish between 
the conductive heat removal e f fec t  (and probably non-similarity of the arc 
and electrode dimensions) and t h e  shunting effect .  I n  the apparatus wi th  
no shunting m2 or while  for  smooth electrodes the Kn number must be 
adopted. 
For step electrodes a cal ibre  of a narrow par t  of an electrode I/d i s  of 
importance and i t  must be taken i n t o  consideration.Sometimes it is  expedi- 
ent t o  use three arguments a lso i n  plasmatrons w i t h  rear  electrodes (as  a 

becomes a mi ld ly  sloping cwve and a t  d>? cm (a 3cm long diaphragm; 
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r u l e ,  n, , a5 , Kn are  adopted) .But f o r  the heaters  of t h i s  type three a r 7  
guments a r e  the l imi t ing  number since the number of the  o r i g i n a l  dimensio- 
n a l  var iab les  is a lso  equal t o  3 ( I , G , d >. 
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Fig.1. CVC of an e l e c t r i c  a r c  n i t -  
rogen plasmatron with c y l i n d r i c a l  
e lectrodesr  a) uncorrelated cha - 
r a c t e r i s t i c s ;  b) correlated cha -I 

r a c t e r i s t i c .  1, 2 ,  3 ,  d = Icm; 
4 ,  5 ,  6 ,  d = 2cm; 7 ,  8 9, d = 4 
cm. I ,  4 ,  7, G = 2 d s ;  H ,  5 
G r 4  g/s; 3 ,  6 ,  9 , G  = 6  $ 8 .  
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Fig.2. E-I c h a r a c t e r i s t i c s  of a 
water-stabil ized arc .  a)  uncorre- 
l a t e d  c h a r a c t e r i s t i c s ;  b) corre- 
l a t e d  c h a r a c t e r i s t i c .  Channel 
diameter: 1, 1.4min; 2, 2.3; 3 ,  
3.0; 4 ,  4.0; 5 ,  7.0; 6, 11.4 

Generalizations of such kind l o s e  much of t h e i r  a t t r a c t i v e n e s s ,  A t  pressu- 
r e s  l i k e  the  atmosphere one rad ia t ive  t r a n s f e r ,  as  a r u l e ,  i s  of no impor- 
tance and it has not  been taken i n t o  consideration. 

About r e l a t i v e  s ignif icance of the c r i t e r i o n  we may judge fron! the mean- 
square s c a t t e r  of experimental points.  Unfortunately , the cor re la t ion  me- 
thod makes it possible t o  def ine only the  f i rs t  predominant number. With 
respec t  t o  addi t iona l  terms the e f f ic iency  of t h i s  method dramatically 
f a l l s  as  f a r  a s  t he i r  quant i ty  
arguments i s  equal t o  the number of i n i t i a l  independent v a r i a b l e s ,  the me- 
thod does n o t  work a t  a l l  and any s e t  of c r i t e r i a  gives the same e r r o r .  
Besides,  even with choice of the f irst  number a s i t u a t i o n  may take place 
t h a t  some i n s i g n i f i c a n t  argument w i l l  resemble by i t s  s t r u c t u r e  a complex 
of s i g n i f i c a n t  arguments. Theref ore the cor re la t ion  method i s  necessary 
b u t  n o t  s u f f i c i e n t .  In order t o  eliminate the "false" numbers, the correla- 
t i o n  method should be used alongside the  ana lys i s  of physical  processes 
proceeding i n  an arc .  

Table 1 l is ts  CVC cor re la ted  data  f o r  some t y p i c a l  gas e l e c t r i c  a rc  hea- 
t e r s .  From the Table it i s  seen t h a t  i n  s p i t e  of various plasmatron de - 
s igns  employed by d i f f e r e n t  authors , the correlated r e s u l t s  a r e  r a t h e r  
c lose.  A t  the  same time 
ved . 

increases .  When the number of generalized 

the e f f e c t  of the t e s t  parameters ranges i s  obser- 
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TABLE 1. CVC corre la t ion  of d i f f e r e n t  e l e c t r i c  a r c  heaters  in the  
di form F =  c n A i  

A r  uments C , a  grrorRef . Ir;gn2;a; values NOS. 

Y -  - Air0*7 

Device Range of t es t  parameters 
diagram 

G 
C =5;5.104 28 10 I =100-800; G t(216).104; 

1 3 = (10-40),10-3; P =105;19, 
& 

I =40*180;P tlO’;d =0.01; Gd - - C = 6;8-.104 28 10 
G = 0.0033-0.0069: a i r  ’;12 L4= 0.76 - 14 

- 19 2 C =1*8.10 d 1 =21~15.10‘~; d =O.O3;air Y -  - L1 d.44 
\JJJJ I =200-1500; G 0.19; 

n n n n w  

C =1,25*104 11 20 
& =O . 37 
% r0.38 

I =l25-qOO; B =0.085-0.29 
G =(o-141 .lo-3 

43-6) .lom3; D =O.M;air 

‘The formulae from (refs .16,17,19) have been transformed f o r  the convenien- 
ce of comparison. 
The complex O W 1  is used a s  a function i n  a l l  cases.  

GENERALIZATION OF ARC DISCHARGE CHARACTERISTICS I N  
DIMENSIONLESS CRITERIA 

A governhg temperature must be known a p r i o r i  and must n o t  depend on va - 
r i a t i o n  of other  cont ro l lab le  parameters, i .e ,  c u r r e n t ,  flow r a t e  and a 
kind of gas ,  geometric parameters. That is w h y  the attempts t o  use the 
mean-mass temperature of a heated gas 
a re  no good. Besides, the mean-mass temperature i s  e s s e n t i a l l y  lower than 
the  discharge temperature. 

Most of a rc  heaters  employ weak-stabilized a r c s  o s c i l l a t i n g  in space. In 
such arcs  temperature d i s t r i b u t i o n  non-uniformity over a column sect ion 
i s  not e s s e n t i a l  and we may use a channel model wi th  constant temperature. 
Moreover, a complicated dependence of plasma physical p roper t ies  on tem- 

t h a t  depends on discharge conditions 
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perature gives r i s e  t o  some s u f f i c i e n t l y  narrow temperature 
unstable discharges. Variat ion of cont ro l lab le  parameters, i n  the f i rs t  
turn  of current  s t rength ,  weakly a f fec ts  an a r c  temperature b u t  exer t s  a 
g r e a t e r  influence on i t s  dimensions. 

Since the s t a b l e  burning temperature of the unstable a r c  i s  specif ied main- 
l y  by physical p roper t ies ,  t h i s  o f f e r s  p o s s i b i l i t i e s  t o  f i n d  s c a l e  values 
of the temperature. The method adopted i n  (ref.21) i e  most c lose t o  th i s  
approach. In this work an assumption is made t h a t  j u s t  a t  the inf lect3on '  
point  of the  curve U = f t h )  the channel a r c  temperature s e t s  up (Fig.3). 

ranges of 

F ig .  3. Approximation of the  de- 
pendence B (h) by two segments of 
the power-Jaw curvea. 
P= IO-IMPa. I ,hydrogen; 2 ,  hel i -  
um; 3 nitrogen; 4 ,  oxygen; 5 ,  
a i r ;  6 ,  argon. 

A rise of the  temperature above t h i s  point  requires a d r a s t i c  increase of 
energy contr ibut ion and s l i g h t l y  a f f e c t s  e l e c t r i o  conductivity.  The a rc  
f i n d s  i t s e l f  as i f  i n  f r o n t  of a s teep  "mountain" t o  ascend which it must 
be s tab i l ized .  

Correlat ion of experimental CVC data f o r  oxygen, ni t rogen,  helium , and 
argon i n  a heater  wi th  smooth cy l indr ica l  e lectrodes d = 2 cm wi th  the 
use of the r e s u l t s  produced by the above method y ie lds  the expression 

10.62, UdOo/I ~3.39  ( Gd6.h.11' 9 A =3056* 
The f u r t h e r  development of works concerned with general izat ion of a r c  cha- 
r a c t e r i s t i c s  has taken the way t o  account f o r  the temperature dependence 
of plasma propert ies .  I n  order  t o  g e t  a proper information 
s u f f i c i e n t l y  narrow temperature ranges i n  which weak-stabilized a r c s  a re  
s t a b l e  (refs.22, 23), the temperature dependence of plasma propert ies  has 
been studied. For a narrow temperature range the power-law approximations 
of the form 6/O0 - (T/ To)nu are  qui te  accepteble.  The exponents 

3.10 K have been determined by using the expressions of the type: 
n6 = dlogd/dLogT 

A "floating" temperature sca le  dependent on the discharge conditions i s  de- 
termined from the dominating c r i t e r i o n  U'h'Gdl le =I. This approach is 
based on dimensionless argument transforma$ion i n t o  a funct ion,  i f  the 
known (To) value t m s  i n t o  the desired (T ) . According t o  the Buckingham 
theorem 
terms of t h  temperature dependences the expression (T'/T.)'- (Gdsb ho/l2j4 
i s  determined where 7 n0 + nh Correspondingly, f o r  the generalized func- 
t i o n  we assume Ud6'/l . Using 0*(T) ,we may get  Ud60,1~c(Gd60h.112)F 
where g = n s / ( n e +  n,) . Thus it appears t h a t  i n  the case of one domina- 
t i n g  process 

Therefore i f  the constant temperature sca le  T and t h e  charac te r  of the 
dominating process a r e  known then the generaliaed CVC may be determined 
theox-etically wi th  an accuracry t o  the constant  c o e f f i c i e n t  c . On t h e  
other  s i d e ,  assuming 8 = d we may determine To by the experimental 
value of .t . 

about those 

na(T) i 

nh;Tl ; nAT) ; n g ( T )  , ' StT) no (T) i n  a temperature range up t o  

the number of arguments reduces. Expressing the  propert ies  i n  

the argument exponent depends only on plasma propert ies .  
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Fig. 4. Temperature dependence of Fig.  5. Temperature dependence of 
the  calculated exponents of dimen- of the  calculated exponents of 
s ion less  numbers f o r  a i c  a r c  CVC: the blowing number of t h e  genera- 
1, turbulence number; 2 ,  hea t  con- l i z e d  CVC: I, a i r ;  2 nitrogen; 3, 
duction number5 3, blowlng number; hydrogen; 4 ,  argon; $, helium. 
4 ,  r a d i a t i v e  heat transfer number. 

4 3 6 7 8 9 40i4 121314 i546!?ibA9Xlk?l T,KIIOS 
o L o l ~ - 1 ~ I ~  ' 1 1  1 1  1 1  1 1  ' 1 '  ' 1  1 

Fig.4 presents  the dependences E(T) f o r  d i f f e r e n t  dominating c r i t e r i a  of 
the a i r  plasma, while Fig.5 presents the same dependences f o r  the blowing 
numbers of d i f f e r e n t  gases. Analysis of these f i g u r e s  allows some useful  
conclusions t o  be made. 

I t  i s  a known f a c t  t h a t  the unstabi l ized heavy-current a rcs  have f l a t  CVC 
U-const.  I f  the dominating process i s  known then by using V(T) one 
may determine !E0 which i n  t h i s  case is p r a c t i c a l l y  equal t o  t h a t  of the  arc .  
For the numbers containing 12, S p0.5. For instance,  f o r  the blown a i r  a r c  
T = 12300 K. Comparison t o  the experiment with a paral le l -e lectrodes a rc  
dgmonstrates a b r i l l i a n t  coincidence ( To 4 2 3 4 0  according t o  (ref.24) ). 

The present method of To determination i s  more grounded than the con- 
sidered above using the data  instead of the 
data  given i n  Fig.3 we may recommend the da ta  of Table z'produced by 
the l a t t e r  method. 

of (ref.21). Corresponding1 

TABLE 2 .  Scale  values o f .  temperature and proper t ies  of d i f f e r e n t  
gases f o r  heavy-current a rcs  

Gas 

Nitrogen I 2300 52 *2 74 910 3*20 12 *30 
Argon 16700 35*3 7.33 0 *72 43.00 
Helium 17500 56 12 1 5 5 e O O  6 ,a0 2 *55 
Hydrogen 12 300 45 *4 601 $00 5.31 0 ..go 
Air 12300 56 .O 66.2 2.03 12.60 

Comparison of t h e  former and the  new methods of T determination is 
made i n  (ref.23). Use of t h e  new values has yielded a double increase of 
t h e  accuracy of correlat ions.  

In longitudinally-blown shunting heavy-current a rcs  E 5+, const and To 
w i l l  have the value indicated above. But shunting r e s u l t s  i n  an in- 
crease of L t h a t  reduces T approximately by 1300 K. However, s ince the 
curves 
on working sec t ions  then A T  values w i l l  be roughly equal and f o r  weak- 
cur ren t  a r c s  the "distorted"O values may be used. 

The working sect ions are  the  re turn  slopes of 8 (T) peaks s ince they 
cor res  ond t o  the ascending sect ions 
(Fig.4y. Transi t ion from one working sect ion t o  another must be done by a 

F ( T )  of d i f f e r e n t  ggses coincide or have almost the same slope 

of thermal conductivity peaks h. (TI 
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jump. Amongst the working sec t ions  
CVG. For t h e  c r i t e r i a  containing I t h o s e , a r e  the segments of the  cur- 
ves S(T) being below the values 8(T)  = 0.5. 
The s i m i l a r i t y  of the p l o t s  8 ( T )  f o r  d i f f e r e n t  gases suggests an idea 
t o  use them f o r  predict ing CVC of non-tested gases. For t h i s  purpose it 
i s  necessary t o  bui ld  the p l o t  8 (T) of a non-tested gas ,  t o  compare it 
with other  similar plots and assume as the  working p l o t  the  curve Pj (T) 
f o r  the known medium. 

The above procedure f o r  a s i n g l e  dominating process may be extended t o  se- 
v e r a l  processes by using "weighIF of the process z e We,assume Faei=l. 
The value of T* is found from the  expression n A,"' 

i s  determined a t  7 'pi =I where Ipt="6;. % L /  F ~ L Z ~  . The weight may be 
calculated from the experimental exponents a; = d. ,  / F d, ( r e f  .25). 

may s i n g l e  out those with ascenaing 

=I . The value of To 
L 
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