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It is shown that the current-voltage characteristics of linear, geometri- 
cally dissimilar axe heaters with vortex nitrogen stabilization can be 
generalized by means of a single expression. 

In a r c  hea t e r s  t h e  t h e r m a l  and e l ec t r i c a l  effects 
are  c lose ly  re la ted .  Heat t r a n s f e r  be tween the a r c  
and the s t ab i l i z ing  gas has a s t rong  inf luence on the 
e l ec t r i c a l  p r o c e s s e s ,  while, in  i ts  tu rn ,  the heat  
t r a n s f e r  depends on the a rc  bu rn ing  condit ions.  

A theore t i ca l  examina t ion  of th is  complex p ic tu re  
is e x t r e m e l y  difficult .  The re fo re , i n  some r ecen t  
s tudies  [1-4]  an a t t empt  has been  made  to develop 
methods of ca lcu la t ing  a r c  hea t e r s  by g e n e r a l i z i n g  
the i r  c h a r a c t e r i s t i c s  by the method of approx imate  
s im i l a r i t y .  The s i m i l a r i t y  c r i t e r i a  a r e  de t e rmined  
f rom those p r o c e s s e s  on which the effect in ques t ion 
chiefly depends.  As f a r  as e l ec t r i c  a r c s  a re  con-  
cerned,  the bas ic  p roces s  is  that  of heat  t r a n s f e r  
between the a rc  co lumn and the surrounding" medium.  
The p r inc ipa l  c h a r a c t e r i s t i c  c r i t e r i o n  for  this  p r o -  
cess  is  the n u m b e r  Ku = Gda0h0/I 2, which is eas i ly  
obtained f rom the a rc  ene rgy  ba lance  equat ion [2]. In 
many ins t ances  th is  c h a r a c t e r i s t i c  c r i t e r i o n  alone is 
used  in  gene ra l i z ing  the c u r r e n t - v o l t a g e  c h a r a c t e r -  
i s t i cs  of s tab i l ized  a r c s .  In pa r t i cu l a r ,  it i s  used in 
connect ion  with ce r t a i n  types of l i n e a r  h e a t e r s  with 
vor tex gas s t ab i l i za t ion  [1, 2]. 

The gene ra l i zed  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  of 
such a h e a t e r  has the fo rm 

Ud %/1 = f (12/Gd ~o ho), (1) 

or in d imens iona l  fo rm for  some specif ic  gas 

Ud/I = [ (l'2/Gd). (la) 

In e x p r e s s i o n  (la) ,  as d i s t inc t  f rom e x p r e s s i o n  
(1), the c h a r a c t e r i s t i c  va lues  of the physica l  p rop-  
e r t i e s  (-0 and h 0 a r e  a s s u m e d  constant .  The Re and 
Kn n u m b e r s  were  a lso  used  in [3] for  g e n e r a l i z i n g  
the c h a r a c t e r i s t i c s  of a r c  hea t e r s  with vor tex  gas 
s tab i l iza t ion .  

The data p r e sen t ed  in [1-3]  r e l a t e  to a r c  hea t e r s  
with s i m i l a r  d i scha rge  c h a m b e r  geomet ry .  P r a c t i c a l  
r e q u i r e m e n t s  often lead to d e p a r t u r e s  f r o m  the inves -  
t igated geomet ry .  

To a s c e r t a i n  the effect  of a r c  hea te r  g e o m e t r y  on 
the c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  we conducted ex-  
p e r i m e n t s  on a l i n e a r  h e a t e r  with vor tex  n i t r ogen  
s tab i l iza t ion .  The appara tus  was s i m i l a r  to that de-  
s c r i bed  in [5]. The closed e lec t rode  was the cathode, 
the open e lec t rode  the anode.  The appara tus  was so 
des igned that any combina t ion  of e lec t rodes  1, 2, and 
4 cm in d i a m e t e r  could be obtained. 

~ne effect of the absolu te  va lue  of the d i a m e t e r  
~was inves t iga ted  on appara tus  with iden t ica l  anode and 
cathode d i a m e t e r s  (D = d), i . e . ,  at e lec t rode  d i a m e -  
t e r s  of 1, 2, a n d 4  cm. 

The c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  of the d i s -  
charge c h a m b e r s  were  r eco rded  at d i f ferent  gas f low- 
r a t e s  (2, 4, and 6 g / sec ) .  The r e s u l t s  of the e x p e r i -  
ments  a r e  shown in Fig. l a .  

As can be seen  f rom the graph, the a rc  vol tage 
depends bo th  on the gas f lowrate  and on the d i a m e t e r  
of the d i scharge  chamber .  It i n c r e a s e s  s t rong ly  with 
i n c r e a s e  in gas  f lowrate .  The i n c r e a s e  in a re  vol tage 
with i n c r e a s e  in d i scharge  chamber  d i a m e t e r  is l ess  
pronounced.  

An i n c r e a s e  in the ins ide  d i a m e t e r  of the e l e c -  
t rode leads to a fal l  in  gas veloci ty  and hence to a 
dec rea se  in the vol tage grad ien t  in the a rc  column. 
If the arc  length were  to r e m a i n  constant ,  the a rc  
vol tage would fal l  in p ropor t ion  to the gradient .  In 
rea l i ty ,  the a rc  vol tage does not dec rease ,  but in-  
c r e a s e s .  This can only be a t t r ibuted  to e longat ion of 
the arc .  

A change in a rc  length as a funct ion of the d i s -  
charge condi t ions  is a c h a r a c t e r i s t i c  fea ture  of l i n e a r  
g a s - s t a b i l i z e d  a rc  hea t e r s .  The r e a s o n  for  this  ef- 
fect  is  that in  such equipment  the l i n e a r  d imens ions  
of the a rc  depend on the condi t ions  of e l ec t r i c a l  
breakdown of the cold l a ye r  of gas adjacent  to the 
e lec t rode .  Other  th ings  being equal, as the e iec t rode  
d i a m e t e r  d e c r e a s e s ,  the f r ac t ion  of the channel  c ro s s  
sec t ion  occupied by the arc  i n c r e a s e s .  The heat ing 
of the l aye r  of gas nea r  the wall  is co r re spond ing ly  
g rea te r ,  and the breakdown voltage lower.  Accord -  
ingly, as the e lec t rode  d i a m e t e r  dec reases ,  the a rc  
shor tens l  and the voltage d e c r e a s e s ,  the fall in vo l t -  
age p redomina t ing  over  the i n c r e a s e  in e l ec t r i c  
f ield in tens i ty .  Varying  the e lec t rode  d i a m e t e r  leads  
to a s t r a t i f i ca t ion  of the gene ra l i zed  c u r r e n t - v o l t a g e  
c h a r a c t e r i s t i c  (Fig. lb).  

In o r d e r  to take into account  the p roces s  of b r e a k -  
down of the l a ye r  of gas in the reg ion  of the e lec t rode  
w a l l  it  i s  n e c e s s a r y  to in t roduce c r i t e r i a  c h a r a c t e r -  
iz ing this  effect.  In [3] i t  was proposed to use  the 
K n u d s e n n u m b e r ,  whose r ec ip roca l  at cons tant  t e m -  
p e r a t u r e  in d i m e n s i o n a l  fo rm is propor t ional  to the 
product  of the p r e s s u r e  and the c h a r a c t e r i s t i c  d i m e n -  
s ion 1 /Kn ~ Pd. Consequent ly ,  in accordance  with 
P a s c h e n ' s  law, the breakdown voltage depends on the 
Knudsen n u m b e r  U b = f(Pd) .  However, the use  of this  
c r i t e r i o n  p re supposes  that  the dependence of the a r c  
voltage on the d i a m e t e r  and p r e s s u r e  is the same .  
This is not conf i rmed  by e xpe r i me n t s  on a rc  h e a t e r s  
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with vortex gas stabilization: the arc voltage depends 
only weakly on the pressure when the other criteria 

are constant~ Apparently, the arc length depends not 
only on the breakdown conditions but also on a num- 
ber of other processes which cannot be reflected in a 
single criterion. If a single gas is employed, when 
the generalized formulas are reduced to dimensional 

form, it may be assumed that the diameter repre- 

sents the dimensional parts of the corresponding com- 
bination of certain criteria reflecting the influence of 

the breakdown conditions on the arc characteristics. 
The dependence of the complex Ud/l on the elec- 

trode diameter can be obtained by constructing the 
graph (Ud/I)/(12/Gd) -b =f (d), the value of the expo- 

nent b being taken equal to 0.69 in accordance with 

the data of Fig. lb. It was found that this relation is 
well approximated in logarithmic coordinates by a 

straight line, which in linear coordinates corres- 

ponds to a power-law relation. The value of the expo- 

nent n, found by the method of least squares, is 

0.358. 
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Fig. i: Nongeneralized (a) and gen- 

eralized (b) current voltage char- 

acteristics of a linear arc heater 

with vortex nitrogen stabilization: 

i, 2, 3) at D= d = 1 cm and g = 2, 

4, 6 g/see, respectively; 4, 5, 6) D = 

= d=2 cm, G=2, 4, and6g/sec 7, 

8, 9-D= d= 4, G= 2, 4 and 6. 

Thus, with allowance for the effect of the electrode 

diameter with D = d, the generalized current-voltage 

characteristic of a linear arc heater with vortex nitro- 

gen stabilization assumes the form 

6'd,! = 1.37. I() ~ (12Od) -~' G~~d~ (2) 

The devia t ion of the e x p e r i m e n t a l  points  f rom the 
approx imat ing  curve ca lcula ted  f rom Eq. (2) does not 

exceed 10%. 

Further analysis of experiments conducted on dis- 
charge chambers with different electrode diameters 
in Ud/Id TM -- 12/Gd coordinates revealed the exist- 

ence of differences due to inequality of the cathode 

and anode diameters. 
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Fig. 2. The complex Ud/Id~ 
/(I2/Gd) -b as a function of the 

rat io of electrode diameters.  

The dependence of the general ized current-vol tage 
characteristic on the ratio of electrode diameters was 

determined in the same way as the dependence on the 

electrode diameter. 
It is clear from Fig. 2 that when D/d < 1 the di- 

ameter ratio has a much stronger effect on the com- 
plex (Ud/Id ~ %/(I2/Gd) -~9 than when D/d < i. Api 

parently, this is because an increase in the diame- 

ter of the closed electrode has only as slight effect on 

the elongation of the arc, whereas a decrease makes 

the entry of the gas into the closed electrode much 

more difficult, which leads to an appreciable short- 

ening of the arc. If, in order to obtain a convenient 

formula, one uses a single power-law approximation 

over the entire interval of variation of diameters in- 

vestigated, the exponent is found to be equal to 0.2. 

In this case, instead of (2), we obtain the expres- 

sion 

Ud/I = 1.26- 10 ~ (D/d) ~ (I ~ Gd)-~ d ~ (3) 

If the curve  is approx imated  not by one, but by two 
s t ra igh t  l ines  (the f i r s t  f rom D/d = 0.25 to D/d = 1, 
the second f rom D/d = 1 to D/d = 4), the exponent 
ca lcula ted  by the method of l eas t  squa re s  is 0.34 for  
the f i r s t  in te rva l ,  and 0.07 for  the second. 

For  D/d < 1 the f o r mu l a  a s s u m e s  the fo rm 

5'd/I = 1.41. I0 a (D/d) ~ (t"/Gd)-~ ~ (4 

and for  D/d > 1 

L'd/l  ~ 1.45.105 (D/d)-~176 d ~ (4a 

The s c a t t e r  of the expe r imen ta l  points  is g r e a t e r  
for D/d < 1 than for  D/d  -> 1. These d i f fe rences  can-  
not be a t t r ibu ted  to e r r o r s  in the m e a s u r e m e n t s  or 
nonc o r r e sponde ne e  between the approx imat ing  ex-  
p r e s s i o n s  and the actual  laws. They a re  a cer ise-  
quence of the fact that in he a t e r s  with D/d  < 1 the 
are  bu r ns  uns tab ly  with sharp  su rges  of c u r r e n t  and 
voltage. This ins tab i l i ty  is due to in tens i f i ea t ion  of 
the flow f luc tua t ions  in the closed e lec t rode  when i ts  
d i a m e t e r  is l ess  than that of the open e lec t rode .  In 
this ease the a rc  spot is not r ead i ly  en t r a ined  into th, 
i n t e r i o r  of the e lec t rode ;  the a rc  shunt ing f requency  
is low; and the a re  s tays  for  long per iods  at the end 
of the e lec t rode  c lose  to the gap. Apar t  f rom unstabl ,  
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burning,  this  l eads  to local  ove rhea t ing  of the e l e c -  
t rode  su r f ace  in the shunting zone and to in tens i f i ed  
e l e c t r o d e  e ros ion .  

Unstable  burning and rapid e l e c t r o d e  w e a r  in 
equipment  in which D/d  < 1 show that  the use of such 
equipment  is undes i r ab l e .  Cons t ruc t ion  of g e n e r a l -  
ized c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  fo r  colf f igura-  
t ions in which D/d  < 1 in the f o r m o f  the r e l a t ion  
Ud/Id  0-3G = f ( I 2 / G d )  r e v e a l e d  a d i f f e r ence  in gas 
f lowra te s  due to the ef fec t  of the Reynolds  number .  
The re fo r e ,  in o r d e r  to i n c r e a s e  the a c c u r a c y  of the 
g e n e r a l i z e d  f o r m u l a s  fo r  the d i s c h a r g e  c h a m b e r  con-  

f igura t ions  in ques t ion  i t  is  poss ib l e  to in t roduce  the 
Re number .  
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Fig. 3. Exponent c of Re number 
and coefficient a in Eq. (6) as 
functions of the ratio of electrode 

diameters: I) data of [5], 2) experi- 
mental data of authors. 

When D = d, the influence of the Re number is on- 
ly slight. However, as the ratio D/d increases, it 

becomes increasingly important. Figure 3 presents a 
graph of the exponents of the complex G/d, which in 

dimens iona l  f o r m  (~0 = const) is p ropo r t i ona l  to the 
Re number ,  as a funct ion of the r a t io  of e l e c t r o d e  

d i a m e t e r s .  

The f i g u r e  shows that the e f fec t  of Re n u m b e r  
depends s t rong ly  on the d i a m e t e r  ra t io .  The g r e a t e r  

D/d,  the s t r o n g e r  the ef fec t  of the Re number .  How- 
ever ,  when D/d  > 2 the exponent  of G/d  a c q u i r e s  a 
constant  value.  T h e r e f o r e  a p o w e r - l a w  approx imat ion  
can only be used  fo r  conf igura t ions  in which D/d  > 2, 
it be ing pos s ib l e  to neg lec t  the ef fec t  of D / d  in this 
r ange  (Fig. 3). The f o r m u l a  b e c o m e s  

Ud [ --  1.{)4.10 s (G/d) -~ (l~,Gd)-".SO cl <:~5. (5) 

When D/d  = 1 - 2  i t  i s  poss ib l e  to use  the f o r m u l a  

U d. I = a ( 6 / d )  - c  ( f'-/Gd) -b  d ~, (6) 

in which the coef f ic ien t  a and the exponent c can be 
taken f r o m  the data of Fig.  3. As before ,  the expo-  
nents of the d i a m e t e r  and the complex  I2/Gd a r e  taken 
equal to n =  0.36; b = 0 . 6 9 .  

The a c c u r a c y  of the e m p i r i c a l  f o r m u l a s  is in -  
c r e a s e d  somewhat  by in t roducing  the Re number ,  and 
the dev ia t ions  f r o m  the approx ima t ing  cu rve  do not 
exceed  50%. 

In ca lcu la t ions  involving a l ower  d e g r e e  of a ccu -  
r a c y  Eq. (2) is the m o s t  sui table ,  s ince  it  contains  
a s m a l l e r  m i m b e r  of v a r i a b l e s .  In the range  D/d  = 
= 1 - 4  the dev ia t ions  of the e x p e r i m e n t a l  points  f r o m  

the cu rve  ca lcu la ted  f r o m  (2) a r e  l e s s  than 30%. 
Since the c h a r a c t e r i s t i c s  of a r c  h e a t e r s  with a i r  

s tab i l i za t ion  a r e  s i m i l a r  to those  of h e a t e r s  with n i -  
t rogen  s tab i l iza t ion ,  f o r m u l a s  (2) and (5) can a lso  be 
used  fo r  ca lcu la t ing  h e a t e r s  in which a i r  i s  used  as 

the working medium.  

NOTATION 

I is the current, A, U, are the voltage; V, U b are 

the breakdown voltage; G is the gas flowrate; d is the 
diameter of open electrode; m, D are the diameter 

of closed electrode; # is the viscosity; P is the pres- 
sure; Kn is the Knudsen number; Ku is the Kutate- 
ladze number; ff is the characteristic value of elec- 

trical conductivity; h 0 is the characteristic value of 
enthalpy; b, c, n are the exponents; a is the pro- 
portionality factor, m -0.3G. 
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