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We demons t r a t e  that the use of c r i t e r i a  ref lec t ing  the p r o c e s s e s  of gas  acce le ra t ion  makes  it 
poss ib le  to genera l i ze  the v o l t - a m p e r e  c h a r a c t e r i s t i c s  (in d imens ion less  form) of e lec t r i c  
a r c s  swept by var ious  gases .  We have der ived a genera l i zed  c h a r a c t e r i s t i c  for  an e l e c t r i c -  
a r c  hea te r  opera t ing on hydrogen,  hel ium,  a i r ,  and argon. We discuss  methods of r a i s ing  
the accuracy  of the genera l ized  c h a r a c t e r i s t i c s .  

A number  of r ecen t  invest igat ions have demons t ra t ed  the inadequacy of a single energy  c r i t e r ion  12 
/GD~0h 0 to genera l i ze  tile v o l t - a m p e r e  c h a r a c t e r i s t i c s  of swept e lec t r i c  a r c s  [1-5]. In addition to this 
c r i t e r ion ,  it was  p roposed  in the genera l iza t ion  (in d imens ion less  form) that use  be made of the complexes  
G/D,  PD, I2/~/D, L /D,  and D/d.  Never the les s ,  it was imposs ib le  to r e so lve  the p rob lem ent i re ly ,  and 
the authors  of [5] complemented  the complexes  with introduction into the fo rmula  of the e lec t rode  d i ame te r  
d which, in the i r  opinion, r e p r e s e n t s  some,  as yet ,  unknown c r i t e r ion  (or even s eve ra l  c r i t e r i a ) .  

An in teres t ing  a t tempt  to find such a significant c r i t e r ion  is made in [6], Bearing' in mind the effect  
of the force  in terac t ion  of the length of the a rc  in hea t e r s  with vor tex  gas s tabi l izat ion,  the authors  in t ro -  
duce tim d imens ion less  complex pPD4/G 2 (the analog of the Enler  c r i te r ion) ,  which cor responded  more  
closely to the exper imenta l ly  der ived  re la t ionship  between the p r e s s u r e  and the g e o m e t r i c  d imensions  than 
did the Knudsen number .  By means  of the complexes  I2/GD, G/D, and PD4/G 2 it was poss ib le  to g e n e r -  
al ize the c h a r a c t e r i s t i c s  of a geomet r i ca l ly  nons imi la r  e l e c t r i c - a r c  hea te r ,  with the influence of the G/D 
complex weak. This  method of de termining  the r e f e r e n c e  sca les  for  the physical  p r o p e r t i e s ,  p roposed  in 
[7], was  subsequent ly  developed in [8, 9], where  the c h a r a c t e r i s t i c s  of a geome t r i ca l l y  nons imi la r  hea te r  
was genera l ized ,  this hea te r  opera t ing on hydrogen,  hel ium,  ni t rogen,  a i r ,  oxygen, and argon.  

Despi te  the effect  achieved,  a number  of cons idera t ions  compels  us to doubt the expedience of using the 
c r i t e r i on  pPD4/G 2 to genera l i ze  the c h a r a c t e r i s t i c s  of e l ec t r i c  a r c s .  The Euler  c r i t e r i on  appea r s  in substant ia l  
p r e s s u r e  d i f fe rences ,  and the c r i t e r i on  p PD4/G 2 should play no ro le  in the  case  of weak AP. Neve r the l e s s ,  it is 
a lso  effect ive in the  case  of smal l  p r e s s u r e  d i f fe rences  a c r o s s  a d i s c h a r g e  chamber .  Apparent ly ,  this  s implex  
is a ssoc ia ted ,  in some way, with other  significant  c r i t e r i a .  Here  it makes  sense  to check the effect  of 
va r ious  d imens ion less  a rguments .  This  appl ies  p r i m a r i l y  to the c r i t e r i on  cha rac t e r i z i ng  the expenditure 
of Joule heat on the acce l e ra t ion  of the gas  in the e l ec t r i c  a rc .  

This  c r i t e r ion  can be der ived  f rom the energy  equation 

V/2 
pWgrad -~- = ]E. (1) 

Bringing this equation to d imens ion less  fo rm and bear ing  in mind that I ~ j D  2, and that G ~ pWD 2, we de-  
r ive  the s implex  p212D3/o'o G3. 

Use of this c r i t e r ion  to p r o c e s s  the expe r imen ta l  data der ived  in [8, 9] instead of the complex pPD4/G 2 
gave r e su l t s  that were  not bad. F igure  i shows the genera l ized  c h a r a c t e r i s t i c  of a geomet r i ca l ly  nons im-  
i l a r  a rc  hea te r  opera t ing on hydrogen,  he l ium,  a i r ,  and argon. The cur ren t  s t rength  var ied  f rom 20 to 920 
A; the hydrogen flow r a t e  was 0.5-3 g / s ec ;  that of hel ium was 0.5-4 g / s e e ,  while that  of a i r  was 6-18 g / s e c ,  

Insti tute of Heat and Mass T r a n s f e r ,  Academy of Sciences of the Be lo russ ian  SSR, Minsk. T r a n s -  
lated f rom Inzhenerno-F tz i chesk i i  Zhurnal ,  Vol, 16, No. 3, pp. 521-525, March,  1969. Original  a r t ic le  
submit ted  June 10, 1969. 

�9 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York, 
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without 
permission of the publisher. A copy of this article is available from the publisher for $15.00. 

367 



/ 0  2 

t0  

(-~ 

o ~ f  
x 2 
A 3 

1+1 v 

Fig. 1. Genera l ized  v o l t - a m p e r e  c h a r a c -  
t e r i s t i c s  for  an e l e c t r i c - a r c  hea ter  with 
vor t ex  gas s tabi l izat ion.  1) air ;  2) argon; 
3) hydrogen; 4) helium; A) (UDo 'o /1 ) / ( I2p  2 
. D3/o.0G3) o.ts(h 0 / h i n  )-o.33; B) I2/GD o'oh o. 

/0 

and that of argon was 1-12 g / s e c .  The d i a m e t e r  of the inside b e a k e r - s h a p e d  cooled cathode var ied  f rom 
14 to 35 ram, while the d i am e t e r  of the outside cyl indr ical  node var ied  f rom 8 to 20 ram. The ra t io  of the 
cathode d i ame te r  to that  of the anode va r i ed  f rom 1.43 to 4.37. 

The exper imen ta l  data were  genera l i zed  in the fo rm of the re la t ionship  

UO~o = f , , . �9 (2) 
I %0 3 bin 

The dec is ive  values  of ~0 and h 0 were  taken f rom [7], with the densi ty calculated for  a t e m p e r a t u r e  c o r r e -  
sponding to the values  of cr 0 and h0, subsequently r e f e r r e d  to the p r e s s u r e  in the d ischarge  chamber  acco rd -  
ing to the fo rmula  p = p0(P/P0). Unlike [8, 9], we have introduced the enthalpy factor  h0/hin r a the r  than the 
exponent of the approx imat ion  curve  ~ = ~0(h/h0) n to account for  the d i f ference  in the t e m p e r a t u r e  r e l a t ion-  
ship with r e s p e c t  to the physica l  p r o p e r t i e s  of the individual gases .  

The sca t t e r ing  of the expe r imen ta l  points with this genera l iza t ion  method is substant ia l ly  l ess  than 
when we use the c r i t e r i a  pPD4/G 2 and n (*40% as opposed to *60%). As a resu l t ,  we find cer ta in  s igni -  
f icant quanti tat ive re la t ionsh ips .  In p a r t i c u l a r ,  the points in the f igure pe r t a in  to two segments  which a re  d i s -  
t inguished by different  s lopes .  The slope of the c h a r a c t e r i s t i c s  with r e s p e c t  to the axis of a b s c i s s a s  
amounts  to 0.81 to the left  of the point I/GD~0h 0 = 2" 10 -2, while to the r ight  of the point it amounts  to 0.63. 
This fact  p laces  in doubt the e a r l i e r  [7] conclusion regard ing  the inequality of the angles of inclination for  
the c h a r a c t e r i s t i c s  of va r ious  gases .  Indirect ly ,  to some extent,  it indicates  the val idi ty of the choice of 
the c r i t e r i a ,  s ince the quanti tat ive re la t ionsh ips  should not a l t e r  the i r  f o rm as a consequence of the c o m -  
posi t ion of the med iumwhen  the phenomena wr i t ten  in d imens ion less  fo rm a re  s imi l a r .  

For  the lef t -hand por t ion  of the c h a r a c t e r i s t i c  we have U ~ I -~ Consequently,  the lef t -hand seg-  
ment  co r re sponds  to the descending b ranch  of the v o l t - a m p e r e  c h a r a c t e r i s t i c ,  whereas  the r ight-hand seg-  
ment  pe r t a ins  to the ascending branch.  To be sure ,  the inc rease  is quite insignificant,  and this is a con-  
sequence of the reduct ion in a r c  length with increas ing  cur ren t .  Unfortunately,  the r ight -hand segment  
is shown only by the argon points ,  s ince in opera t ion with other  gases  the a r c  was drawn into the gap in 
this region of operat ing r e g i m e s .  

The sca t t e r ing  of the exper imen ta l  points is a r e su l t  of var ious  fac tors .  In addition to the expe r i -  
mental  inaccurac ies  and the effect  of change in the geome t r i c  configurat ion of the d i scharge  chamber ,  a 
substant ia l  ro le  is also p layed by the a p p r o x i m a t f o n e r r o r s .  In pa r t i cu l a r ,  the effect  of the enthalpy fac tor  
v a r i e s  with d i f ference  values  for  the c r i t e r i a  I2/GDcr0h0 and I2p2D3/cr0 G3. The ro le  of the l a s t  c r i t e r ion  de -  
pends a lso  on a number  of fac to rs .  If  I2p2D3/~r0 G3 < 2 ,  the exponent for the descending branch  in the s i m -  
plex amounts  to 0.1, while for  I2p2D3/croG 3 > 20 it is doubled. Here  we a s sume  an ave rage  value equal to 
0.15. Since the subject  c r i t e r i on  v a r i e s  by more  than 4 o rde r s  of magnitude,  it has  a significant  effect  on 
the accu racy  of the genera l ized  cha rac t e r i s t i c s .  We can reduce  the e r r o r  by se lec t ing  more  appropr ia te  
approx imat ion  exp re s s ions  or  by p r o c e s s i n g  the exper imenta l  data  sepa ra te ly  for the va r ious  regions  within 
whose l imi t s  the extent of the influence of each of the c r i t e r i a  is more  or l ess  constant.  In this case ,  i t  
is advisable  to provide  a s epa ra t e  exp res s ion  for the r igh t -  and lef t -hand segments  of the c h a r a c t e r i s t i c s  
shown in the Fig. 1. 

For  the descending b ranch  we have  the genera l ized  fo rmula  

I I~ ~-o~81 ; l~p203 \o.ls ho -03s 
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The ascending b ranch  is desc r ibed  by the express ion  

V oo = 8 3  ( i2  -003 [ (ho/-03  (4) 

The a rc  shunting p r o c e s s e s  a re  not accounted for with any specia l  c r i t e r ion  in expres s ions  (3) and (4). With 
this  approximat ion  method, the effect  of these  p r o c e s s e s  l ies  within the l imi t s  of accu racy  for  the fo rmulas .  
Thus,  as follows f rom the above,  apparent ly  the immedia te  p r i m a r y  p rob lem is improving  the methods of 
approx imat ion  and the p roeefues  for  the se lec t ion  of the r e f e r e n c e  sca l e s  f for  the phys ica l  p r o p e r t i e s .  However ,  
the use  of additional c r i t e r i a  can a lso  reduce  the e r r o r .  For  example ,  if the gas  is heated inthe outside por t ion  of 
the a rc :  by the heat  r e l e a s e d  f rom the a r c  as a r e su l t  of heat  conduction, which may be the case  at low cu r r en t  and 
l imi ted  gas flow r a t e s ,  and in the case  of l a rge  e lec t rode  d i a m e t e r s ,  it is advisable  to introduce two d imens ion less  
complexes  in the place  of the criterionI2/GDcr0h0, i. e . ,  I2/cr0X0T0 d2, by means  of which we take into aecotmt the r e -  
mova l  of the power  r e l e a s e d  in the a r c  column as a consequence of heat  conduction, and Pe = Gcp0/XoD, which c h a r -  
a c t e r i z e s  the heat ing of the gas  by the heat  flow. Although the number  of independent v a r i a b l e s  in this case  
i n c r e a s e s ,  the na ture  of the p r o c e s s  will be re f l ec ted  more  accura te ly  and the accuracy  of the fo rmulas  
mus t  cor respondingly  inc rease .  

One of the s teps  to improve  the genera l iza t ion  method involves the sepa ra t e  invest igat ion of the d e s -  
cending and ascending b ranches  of the v o l t - a m p e r e  c h a r a c t e r i s t i c s .  To e l iminate  the additional effect  of 
length, which is found in the case  cons idered  above,  it is a good idea to examine the intensity of the e l ec -  
t r i c  field r a t he r  than the voltage at the a rc .  Thus,  in p a r t i c u l a r ,  we can de te rmine  whether  or  not the g a s -  
acce l e ra t ion  p r o c e s s e s  affect  only the length of the a rc  or  whether  the intensity of the e lec t r i c  field in the 
a r c  column is a lso  affeeted.  Unfortunately,  as shown by cer ta in  invest igat ions [10, 11], s ignificant  diff i-  
cul t ies  a re  encountered he re ,  and these  a r e  caused by the change in the gradient  of the voltage over  the 
length of the channel.  However ,  to de t e rmine  the effect  of acce l e ra t ion  on the c h a r a c t e r i s t i c  of the a rc  
column we can use  the data f rom r e s e a r c h  on hea t e r s  with nonsel f -adjus t ing  a re  lengths.  

The c h a r a c t e r i s t i c s  of a p l a s m a t r o n  with a segmented  e lec t rode  have been studied in [12], and the 
segmented  e lec t rode  makes  it poss ib le  to opera te  on the ascending branch  with a fixed a r c  length. The 
initial  quant i t ies  va r i ed  through r a t he r  wide l imi ts :  I = 300-3000 A, d e = 1.0-2.0 era; / a r c  = 7.0-15.5 cm; 
P = 0.05-0.3 kg/cm2; Gai r = 0.4-1.5 g / s e e .  

The authors  we re  unable to gene ra l i ze  the resu l t ing  v o l t - a m p e r e  c h a r a c t e r i s t i c s  by using known 
c r i t e r i a .  However ,  following [5], they a lso  introduced the e lec t rode  d i ame te r  d c as a " r ep re sen t a t i v e "  of 
the unknown c r i t e r i a .  The c h a r a c t e r i s t i c ,  genera l i zed  in d imensional  complexes ,  was  found in the fo rm 

=5 ( / / 12 (5) 

Here  the cu r r en t  is e x p r e s s e d  in a m p e r e s ,  the voltage is e x p r e s s e d  in vol ts ,  and the remain ing  quant i t ies  
a r e  e x p r e s s e d  in the above- indica ted  units. 

If we use the c r i t e r ion  p~I2d3c/Gacr0, we can br ing  expres s ion  (5) to the fo rm 

Ud~c ---5 ( P ~-o.s6r (pdac~O,,or (5') 

/arc I ~G~ c ] ~- -~]  �9 

The re su l t  shows tha t the  p r o c e s s e s  of gas  acce l e ra t ion  actual ly affect  the c h a r a c t e r i s t i c s  of a longitudinally 
swept a r c  column, while the complex G/d,  converse ly ,  has  no s ignif icance whatever .  This  was to be ex-  
pected ,  since p l a s m a t r o n s  with segmented  e lec t rodes  opera te  on the pr inc ip le  of a swept a r c ,  and the Pee le t  
number  p lays  no role .  We w e r e  also able to e l iminate  the e lec t rode  d i a m e t e r  which is not included in the 
complexes ,  as well  as being able to reduce  the number  of independent va r i ab l e s  to two. 

In studying e l e c t r i c - a r c  h e a t e r s ,  during the course  of the expe r imen t s  it is convenient to keep the 
d imens ions  of the d i scharge  chamber  constant ,  as  well  as the gas  flow r a t e ,  changing only the cur ren t  
s t rength .  The s imul taneous  use of two c r i t e r i a  I2/GDcr0h0 and I~p2Da/cr0 G3, both of which contain the t e r m  for  
the cu r ren t ,  t he re fo re ,  substant ia l ly  compl ica tes  the p roces s ing  Of the exper imen ta l  data. Proceeding  
f rom this ,  in p rac t i ca l  t e r m s ,  in the place of one of the cited genera l i zed  a rgumen t s  it is convenient  to use 
the ra t io  G2/D4p2h0, while for convenience in calculat ion it is be t t e r  to take the square  root  of this las t  c o m -  
plex. 
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Compar i son  of the resul t ing  complex with the c r i t e r ion  pPD4/G 2, as used in [6] to genera l i ze  the volt 
- a m p e r e  c h a r a c t e r i s t i c s  of a p l a s m a t r o n  with a i r  s tabi l izat ion,  demons t r a t e s  that if considera t ion is given 
to the re la t ionship  p = p0(P/P0) the v o l t - a m p e r e  c h a r a c t e r i s t i c s  coincide in dimensional  fo rm,  since P0, 
P0, and h 0 a re  constant  in value for a given gas.  The re fo re ,  in these  genera l iza t ions  p rac t i ca l  provis ion  is 
made for  the acce l e ra t ion  of the gas  as it is heated in an e lec t r i c  a re .  It thus becomes  c lear  why the gen-  
e ra l i za t ions  were  sa t i s f ac to ry ,  even in the case  of smal l  p r e s s u r e  d i f fe rences  a c r o s s  the d ischarge  c h a m -  
be r .  

In d imens ion less  fo rm these  c r i t e r i a  a re  dist inguished by the fac tor  Ph0/P.  Bear ing  in mind the 
equation of s ta te ,  we can br ing  the d imens ion less  complex to the fo rm Cp0/R. Consequently,  these c r i -  
t e r i a  a re  dis t inguished only by  the values  of the r e f e r ence  sca les  for the molar  heat capaci t ies .  Accord -  
ing to [7], for  the gases  invest igated he re ,  we find the following scale  values for  the ave rage  re la t ive  heat  
capaci t ies :  for hydrogen Cp0/R equals 10.2; for hel ium it is equal to 2.88; for a i r  it equals 15.8; and for 
a rgon  it equals 2.5. 

It is found that Cp0/R changes by half  an o rde r .  For  b ia tomic  gases  it is cons iderably  g r e a t e r  than 
for  monatomic  gases .  The genera l iza t ion  of the v o l t - a m p e r e  c h a r a c t e r i s t i c s  in d imens ion less  fo rm,  in- 
volving the use of the c r i t e r ion  pPD4/G 2, t he re fo re  must  r e su l t  in substant ia l  d i f ferences  with r ega rd  to the 
kind of gas.  However ,  by introducing the c r i t e r ion  n, we can smooth out these d i f ferences  to a cons iderable  
extent  [8]. Never the le s s ,  the s ca t t e r  was cons iderably  g r e a t e r  than in the case of genera l iza t ion  by means  
of the c r i t e r ion  I~p2D3/%G 3, which in the case  of the s imul taneous  use of the complex I2/GDcr0h 0 is equiv-  
alent to the s implex  G2/D4p2h 0. 
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is the voltage; 
is the current ;  
is the gas  flow rate ;  
is the flow velocity;  
is the cu r ren t  density; 
is the density; 
is the e l e c t r i c a l  conductivity; 

N O T A T I O N  

is the enthalpy; 
a r e  the e lec t rode  d i a m e t e r s  (major  and minor);  
is the p r e s s u r e  in the d i scharge  chamber ;  
is the a r c  length; 
is the intensity of the e l ec t r i c  field; 
is the heat  capaci ty  at constant  p r e s s u r e ;  
is the gas constant .  

S u b s c r i p t s  a n d  S u p e r s c r i p t s  

0 is the r e f e r e n c e  scale;  
c denotes the cathode; 
a denotes the anode; 
a r c  denotes  the arc ;  
in denotes the inlet to the heater ;  
a i r  denotes a i r .  
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