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I. SELECTION OF CRITERIA 

Elec t r i c  a rcs  a re  now used in var ious  kinds of gas hea ters  and p lasma genera tors  employed both in 
scient i f ic  r e s e a r c h  and in industry .  Recent p rogress  in mas te r ing  the region of high t empera tu re s ,  extending to 
thousands and even tens of thousands of degrees ,  owes much to the p lasma generator .  

Hypersonic flight in planetary atmospheres can be simulated by means of plasma generators, which are 
also used to investigate the physical properties of gases and heat and mass transfer processes at high 

temperatures and flow velocities. 

However, the indust r ia l  applications of e l e c t r i c - a r c  heating are  no less  important .  Refrac tory  process ing,  
the deposit ion of hea t - r e s i s t an t  and an t icor ros ton  eoatings,  the crea t ion and spheroidizat ion of u l t r ad i spe r sed  
powders,  the thermal  reduction of var ious  meta ls  f rom ores ,  p lasma ref in ing to el iminate  undes i rab le  impur i t i e s ,  
nonoxidative heating, var ious  ehemical  syntheses  (to obtain aeetylene,  cyanogen, n i t r ic  oxide, etc. )-- this  is only a very 
incomplete  l is t  of the impor tant  p rocesses  now in use or short ly to be introduced.  All this means  that e l ee t r i c - a r c  
heating a l ready occupies an impor tant  place in science and industry ,  while its role is continuously inc reas ing  with the 
development  of h igh- tempera tu re  technology. Accordingly,  the methods of analyzing and designing electr ic  arc heaters  
a re  of cons iderable  in te res t .  

The p rocesses  that take place in an arc heater  are  complex and var ied.  The very intense conversion of e lect r ical  
power into thermal  energy is achieved in smal l  vohimes and is accompanied by the heating of the gas to high 
t empera tu res  calculated in thousands and tens of thousands of degrees ,  with alI the consequences that this impl ies :  
the rmal  d issocia t ion  and ionization of the par t ic les ,  interact ion of the charges with the e lect romagnet ic  field, high 
t empera tu re  and concentrat ion gradients  associated with mass  and energy diffusion fluxes, intensif icat ion of the ra tes  
of chemical  reac t ions ,  etc. 

In general ,  this complex of in te r re la ted  processes  can be descr ibed by a system of equations that includes the 
laws of conservat ion of mass ,  momentum,  charge and energy,  the laws of the e lect romagnet ic  field and t r anspor t  laws, 
and the re la t ions  between the thermodynamic  and kinetic proper t ies  and the pa rame te r s  of state of the sys tem.  Even if 
this sys tem is s implif ied as far as possible by d iscarding the less  impor tant  p rocesses ,  there st i l l  r emains  a quite 
complicated set of equations,  whose solution involves considerable  mathemat ica l  diff icult ies.  For  example, if we 
neglect f r ic t ion ,  mass  diffusion fluxes,  volume radiat ion,  and chemical  react ions  and take the diffusional energy 
t r anspor t  into account in the general  coefficient of thermal  conductivity,  for the s teady-s ta te  reg ime we obtain the 
following sys tem of equations : 

p (w grad) w = - -  grad P + [jB], (1) 

div p w = O, (2) 

divj = O, (3) 

pwgrad ( h +  ~ ) = d i v ( L g r a d T ) ~ , - j E ,  (4) 

rot g = bto j, (5) 

j = ~ E. (6)  

To close the system, it is necessary to introduce expressions relating the density, enthalpy, and the electrical 
and thermal eonductivities to the temperature, pressure, and the nature of the gas. 
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Even for l aminar  flows the solution of this s impl i f ied  sys tem is a ve ry  compl ica ted  p rocess ,  s ince apar t  f rom 
the mathemat ica l  diff icul t ies  there  is also the problem of de te rmin ing  the p roper t i e s  of the p lasma,  which for many 
gas mix tu res  of p rac t ica l  impor tance  a re  not known. However ,  l aminar  motion in e l ec t r i c  a rc  hea te rs  is r ea l i zed  only 
in ce r ta in  cases .  In mos t  such equipment the flows a re  turbulent and an analytic approach to the solution of the p rob lem 
is not suff icient .  In this case ,  we do not have a c losed sys tem of equations which would make it possible  to reduce the 
solution to a pure ly  mathemat ica l  p roblem.  

At the same t ime ,  the exper imenta l  invest igat ion of e l ec t r i c  a rc  equipment is also ra ther  compl ica ted  and 
expensive ,  espec ia l ly  at high powers .  Clumsy e l ec t r i ca l ,  gas and water  supply sys tems ,  compl ica ted  exper imenta l  
d i scha rge  chambers ,  which, m o r e o v e r ,  often break down in the f i r s t  unsuccessful  exper iment ,  the l a rge  number  of 
independent va r i ab l e s  that must  be va r i ed  during the exper iment ,  all  these make it difficult  to accumulate  the 
information needed for an accura te  analys is .  

Thus, the problem, arises of generalizing the experimental data in order as far as possible to save time and 
money that would otherwise be spent on research. 

The mos t  effect ive  means  of genera l iz ing  the exper imenta l  data is to employ the theory of s imi la r i ty .  
Genera l iza t ions  of this kind applicable to e l e c t r i c  a r c s  began to be developed in the Soviet Union in 1962 and a s e r i e s  
of initial r epor t s  w e r e  published in the period 1964-1965 [1 -3 ,6 ,  8]. 

The similarity criteria can be obtained by dimensional analysis or by reducing the equations to dimensionless 
form. In particular, from the system of equations presented above it is possible to obtain a series of generalized 
variables. 

From the equation of motion the following criteria are obtained: 

P0 ]oBL FI~ = 
9~176 2 ; [I~ po%2 

The f i r s t  c r i t e r ion  is analogous to the Euler  number ,  but as dis t inct  f rom the la t te r  not the p r e s s u r e  drop but 
some absolute value P0 is taken as the sca le  of r e f e r ence ,  s ince in this case  the physical  p roper t i es  of the gas depend 
to a cons iderab le  deg ree  on the p r e s s u r e .  It c h a r a c t e r i z e s  the re la t ionship  between p r e s s u r e  and iner t ia  fo rces  and 
appears  when these sys t ems  a re  commensurab le .  

The second c r i t e r ion  c h a r a c t e r i z e s  the re la t ionship  between the e lec t romagne t ic  and iner t ia  fo rces .  It plays a 
cer ta in  ro le  in the p re sence  of external  magnet ic  fields with a known induction B. At cons iderab le  cu r r en t s ,  the 
in t r ins ic  magnet ic  field (self-f ield) begins to exe r t  an effect .  Then, using Eq. (5), we can reduce  the c r i t e r ion  II 2 to 
~he fo rm 

"9 2 15 L ~to 

Po ~'o 

However ,  if both the externa l  and the se l f - f i e lds  a re  important ,  then both I1 z and II 3 must  be taken s imul taneously  into 
account.  Instead of II 3 it  is also poss ible  to use the d imens ion less  complex,  obtained f rom equation (5) : 

H~ --  ~to joL , 
B 

cha rac t e r i z ing  the re la t ionship  between the induction of the se l f - f ie ld  and the externa l  field. 

Equations (2) and (3), having only one t e r m  each and re f lec t ing  the continuity of the mass  fluxes and the cu r ren t s  
in the s teady s ta te ,  do not give c r i t e r i a .  

F r o m  the energy equation it is poss ib le  to obtain three  c r i t e r i a :  

Po ~'oho 9o ~ ;% 7'0 
F I ~  LjoE ~ ; F I 6 -  LjoE ~ ; [ I v -  L~]oEo 
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The  f i r s t  of t h e s e  t h r e e  d i m e n s i o n l e s s  c o m p l e x e s  r e f l e c t s  the  p r o c e s s  of c o n v e r s i o n  of e l e c t r i c i t y  in to  t h e r m a l  e n e r g y  

of the  ga s  f lowing  t h r o u g h  the  a r c .  S i n c e  p l a s m a  g e n e r a t o r s  a r e  d e s i g n e d  s p e c i f i c a l l y  to h e a t  ga s ,  t he  c r i t e r i o n  II 5 m u s t  
b e  one  of the  p r i n c i p a l  d i m e n s i o n l e s s  a r g u m e n t s .  

A s h a r p  i n c r e a s e  in the  t e m p e r a t u r e  of the  h e a t e d  ga s  and a c o r r e s p o n d i n g  fa l l  in d e n s i t y  a t  a g iven  flow r a t e  and  
c h a n n e l  c r o s s  s e c t i o n  a r e  a s s o c i a t e d  wi th  a c o n s i d e r a b l e  i n c r e a s e  in ga s  v e l o c i t y .  T h e  p r o c e s s  of c o n v e r s i o n  of 
e l e c t r i c a l  p o w e r  in to  e n e r g y  of d i r e c t i o n a l  m o t i o n  i s  c h a r a c t e r i z e d  by the  c r i t e r i o n  II~. Th i s  d i m e n s i o n l e s s  a r g u m e n t  
m a y  be  e s p e c i a l l y  i m p o r t a n t  f o r  the  h e a t e r s  u s e d  in h y p e r s o n i c  wind  t u n n e l s ,  e s p e c i a l I y  if the  e l e c t r i c  a r c  b u r n s  in an  
a c c e l e r a t i n g  n o z z l e .  

The following complex reflects the process of removal of Joule heat by conduction. Its influence may be 
especially important in equipment with low efficiency and low plasma velocities (for example, in long water-stabilized 
arcs, in arcs stabilized by segmented diaphragms at low gas flow rates, ete~ 

Expression (6) determines the relation between the scale values if0, E0, and J0. In practice, it is necessary to 
deal not with the current density, but with the current. They are related through the characteristic dimension I ~ jm L2. 
In this case it is usual for one quantity--either the current or the voltage--to be specified with the other left to be 
determined. By assigning the value of the current, it is possible to set Jm = J0. Then, since E/E 0 depends on other 
criteria, from (6) we obtain a dimensionless number that can be used as a function of the generalized current-voltage 
characteristic : 

[Is -- oo E L  2 
I 

The  d i m e n s i o n l e s s  a r g u m e n t s  I I l - I I 7 ,  r e s p e c t i v e l y ,  b e c o m e  

I B  

,% ~ ,  ; = - -  po Wo~-~L T ; 

[i.~ = fro I Pc :voho % L a Pc% wo3L~ 
B L  ; H ' 5 -  12 ; H'6 = 12 ; 

[i; =: ~'o~o To L2 . 
12 

T h e s e  c o m p l e x e s  a r e  c o n v e n i e n t  to u s e  when  the  c u r r e n t  and  the  ga s  f low v e l o c i t y  a r e  g iven .  In m a n y  c a s e s ,  h o w e v e r ,  
w e a r e  g iven  not  t he  f low v e l o c i t y  but  the  f low r a t e  of t he  g a s .  Se t t ing  G ~ L2p0w0, we o b t a i n  t he  new s y s t e m  of 
d i m e n s i o n l e s s  q u a n t i t i e s  : 

[I~ = P~176 . I]~ := Pc IBL3 . l-I; = fx~176 I2L~ 
G ~ ' G 2 ' G~ 

[ i ~ =  9 o /  %hoOL H i =  O3~176 
B L  ; II~ = i ~  ; p~ 12L. ~ ; 

I-I~ := IJz = ;%~o ToL 2 . .  
12 

I n s t e a d  of the  c r i t e r i a  o b t a i n e d  i t  is  s o m e t i m e s  c o n v e n i e n t ,  f o r  r e d u c i n g  the  e x p e r i m e n t a l  d a t a ,  to e m p l o y  t h e i r  
i n d i v i d u a l  c o m b i n a t i o n s ,  w h i c h  a r e  a l s o  c r i t e r i a .  T h e s e  i n c l u d e :  

n ; / n 7  n ;  r e  . . . .  ; n ; / n 7  = n:0 = ~0I~ 
PoL PoL 2 ' 
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I-I~/H; = Pe = Re Pr - ac~176 ; 
ML 

n ; / n ;  = :n; ' ,  = x0 r0  o0 ~ L~ 
G3 ", 

h0 p0~L 4 

The c r i t e r ion  12" expres ses  the re la t ionship  between the e lec t romagne t ic  and p r e s s u r e  fo rces .  It is convenient  
when the fo rces  of in teract ion between the externa l  magnetic f ield and the cu r r en t  cause a s ignif icant  p r e s s u r e  drop. 
The complex II~ re f lec t s  the "pinch e f fec t " - - the  i n c r e a s e  in p r e s s u r e  due to compress ion  by the magnet ic  field of the 
cur ren t .  The Pe number is convenient  to use  if the gas is heated at the per iphery  of the arc  column as a resu l t  of 
r emova l  of energy f rom the arc  by heat  conduction. If under such conditions the gas is acce le ra t ed ,  the c r i t e r ion  12~'1 
is used. 

The c r i t e r i on  12~ c h a r a c t e r i z e s  the convers ion  of the rmal  energy into energy of t rans la t ional  motion assoc ia ted  
with the acce le ra t ion  of the gas.  Combinations of d imens ion less  complexes  a r e  somet imes  convenient  for reducing the 
exper imenta l  data. For  example,  if the c r i t e r i a  125 and 127 a re  both important ,  the analysis  can be acce l e ra t ed  by using 
one of these complexes  and the Pe number .  

The c r i t e r i a  contain the sca le  va lues  of the physical p roper t i e s  P0, To, P0, h0, ~0, X0. However ,  not all of them 
can be se lec ted  a r b i t r a r i l y .  The re la t ionship  between them is de te rmined  by the dependence of the p lasma p rope r t i e s  
on P and T. There fo re ,  if we specify the values  of 1~ and To, we can also find the sca les  of r e f e r e n c e  P0, h0, ~0, X0. 

The sys tem of d imens ion less  quanti t ies  121-127 is ,  however ,  incomplete ,  s ince only the basic  laws a re  desc r ibed  
by sys t em (1)-(6).  To specify the problem,  it is n e c e s s a r y  to define the boundary conditions,  f rom which it is possible  
to obtain a fur ther  s e r i e s  of p a r a m e t r i c  c r i t e r i a .  In formula t ing  the boundary conditions we encounter  cons iderable  
di f f icul t ies .  Of course ,  if the t empe ra tu r e ,  p r e s s u r e  and veloci ty  at the boundaries  a re  cha r ac t e r i z ed  only by some 
individual value and this given quantity can be combined with a scale  of r e f e r ence ,  then no additional pa r am e t r i c  
c r i t e r i a ,  apar t  f rom the geomet r i c  re la t ions  cha rac t e r i z ing  the mul t id imens iona l i ty  of space  L i / L ,  appear .  But if a 
s e r i e s  of c h a r a c t e r i s t i c  values  a re  given (for example,  the t empera tu re s  at the boundaries  of the sys tem T i, the 
p r e s s u r e s  and ve loc i t i e s  in var ious  sect ions  P i ,wi ) ,  then among the d imens ion less  a rguments  it is n e c e s s a r y  to 
include the p a r a m e t r i c  c r i t e r i a  

- T~ . P~_ ~'i or  . 
T o '  Po ' ~Zo , , 

Apart  f rom the method of s i m i l a r i t y  based on the reduction of the sys tem of equations to d imens ion less  fo rm,  the 
method of dimensional  analys is  is also used for de te rmin ing  the sys tem of c r i t e r i a  r equ i r ed  for genera l iz ing  the 
c h a r a c t e r i s t i c s  of e l e c t r i c  a r c s .  In this case ,  the number of d imens ion less  a rguments  is de te rmined  f rom 
Buckingham's  pi theorem.  

In [6], in which dimensional  ana lys is  was employed,  the quanti t ies impor tant  for  the p rocess  were  assumed to be: 
the m a s s e s  of the molecu les  of the s ta r t ing  gas,  the m a s s e s  of all the pa r t i c l e s  fo rmed  as a resu l t  of the rmal  
d issocia t ion  and ionizat ion,  the d issocia t ion  and ionization potent ials ,  the excitat ion potent ials ,  the col l is ion c ro s s  
sec t ions ,  the e lec t ron ic  charge ,  the speci f ic  heat  of the s ta r t ing  gas,  the magnet ic  pe rmeabi l i ty  and Bol tzmann 's  
constant ,  the veloci ty  of the gas admit ted to the d i scharge  chamber ,  the cu r ren t ,  the t empera tu re s  of the chamber  
wal ls  and the gas flow, the p r e s s u r e ,  the magnet ic  field s t rengths ,  the e lec t rode  fall potent ials ,  the cathode work 
function, and also the geomet ry  of the d i scharge  chamber .  

When only two c h a r a c t e r i s t i c  d imens ions  w e r e  taken, it was found that the p roce s s  is de te rmined  by m + n + q + 
§ 23 p r i m a r y  independent quant i t ies ,  where  m is the number of potentials  taken into account,  n the number  of pa r t i c les  
of di f ferent  spec ies ,  and q the number  of col l is ion c ro s s  sect ions  taken into account.  In the case  of four fundamental 
units m + n + q + 19 c r i t e r i a  a r e  obtained. Thus,  the total number  of d imens ion less  a rguments  runs into the tens.  
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However, when dimensional analysis is used, it is necessary to employ unusual skill and considerable intuition 

in selecting the quantities important for the process and determining the form of the dimensionless complexes. This is 

quite a difficult problem even when the number of fundamental quantities is small and becomes incredibly more 

complicated as it increases. 

II. GENERALIZATION OF CURRENT-VOLTAGE CHARACTERISTICS ~N DIMENSIONAL 

COMPLEXES 

System of equations (1)-(6) was obtained with a number  of s implifying assumpt ions .  Therefore ,  the 
d imens ion less  complexes der ived f rom it a re  only par t  of the total sys tem of c r i t e r i a  and their  use pe rmi t s  only an 
approximate ref lec t ion  of the s imi l a r i t y  of the processes .  However, even the sys tem of complexes obtained is quite 
c lumsy.  Yet if we take into account the other d is regarded  p rocesses ,  the number  of d imens ion less  a rguments  mus t  
inc rease  considerably .  

To a considerable extent, the number of effects that play an important role depends on the number and range of 
variation of the primary quantities. The number of necessary criteria varies correspondingly. However, increasing 
the number of generalized arguments sharply complicates the experimental determination of the laws involved and 
renders difficult the choice of a suitable approximating expression and the application of the formulas obtained. It may 
even prove that the difficulties of approximation do not permit an improvement in the accuracy of the formulas with 
increase in the number of variables, so that a great deal of experimentation is done in vain. 

The narrower the range of variation of the primary quantities, the easier it is to neglect a number of less 
important processes. Accordingly, from this standpoint, it is desirable to restrict (within reasonable limits) the 
region of variation of the characteristic quantities. It is then possible to neglect a number of criteria. For example, in 
the absence of external magnetic fields it is possible to disregard the complex H2, and if the current is small, the 
complex II 3 as well. At small pressure gradients in the arc column the pressure forces may prove to be 
incommensurably small as compared with the inertia forces, so that the criterion IIl can likewise be discarded. If the 
variables I12, II 3 are also neglected, the force interactions are no longer taken into account at all. In exactly the same 
way, in flow-through arcs it is possible to neglect the effect of the criterionll 7 , and in stabilized arcs at small flow 
rates the criteria IIs, II 6. However, even for a small region of variation of the primary quantities, the choice of 
suitable criteria, starting from physical considerations, is a rather difficult matter. At the same time, expansion of 
the range of the investigated parameters and experimental determination of the important processes involves 
considerable time and expense. Clearly, this is the reason for the slow progress in generalizing the characteristics of 
plasma generators obtained experimentally. 

i ~ i i i i i 
50] l i I -  ~ g Z t  2 ] L i  

i00 I50 200 z < f 2 3 ~ z ~  -~' 

Fig. i. Current-voltage characteristics (a--ungeneralized b-- 
generalized) of a linear plasma generator with vortex air 
stabilization (d = 1 cm; U,V; I,A): i) G = 1.01 g/sec; 2) 
1.15; 3) 1.26; 4) 1.4-1.6; 5) 1.183; 6) 2.05. 

The first successful attempt to generalize the characteristics of an electric-arc heater was made in [I]. 

Starting from the definition of a plasma generator as a gas heater, by dimensional analysis the authors obtained 
the criterion 115 and generalized the current-voltage characteristics of heaters with vortex air and nitrogen stabilization 

in the form II 8 =f(Ils). 

An example of the general izat ion of data f rom [2] is presented in Fig.  1. Here, as the general ized function we 
have taken the complex Hi = UL~0/I. Clear ly ,  the general izat ion is  quite sa t i s fac tory .  
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It should be noted that the genera l iza t ions  were  ca r r i ed  out for each of the gases  separa te ly  in dimensional  
complexes  cor responding  to the d imens ion less  c r i t e r i a ,  but not containing the physical  p rope r t i e s .  This c rea ted  
diff icul t ies  in de te rmin ing  the sca les  of r e f e r e n c e  for the e l ec t r i c  a rc .  If they a re  taken with r e spec t  to the t empe ra tu r e  
of the cold gas and the p r e s s u r e  in the d i scharge  chamber ,  which would be quite natural ,  s ta r t ing  f rom the known 
boundary conditions,  the e l e c t r i c a l  conductivi ty is a lmos t  equal to zero.  However,  the t empe ra tu r e  of the a rc  column, 
at which the p roces s  takes  place,  is not known in advance,  s ince it  i t se l f  depends on other  c h a r a c t e r i s t i c  quanti t ies .  
However ,  if we take the sca les  of r e f e r e n c e  a t  some sufficiently high t empera tu re ,  where  the e lec t r i ca l  conductivity 
has a sui table  value,  it may turn out that for d i f ferent  gases  this t empe ra tu r e  cor responds  to d i f ferent  points of the 
field and s i m i l a r i t y  does not exist .  

The authors of [1] used the fact that the sca les  of r e f e r e n c e  a r e  constant for  a given gas and c a r r i e d  out the 
genera l iza t ion  in dimensional  complexes ,  without de termining  the specif ic  value of ~0 and h0. Dimensional  complexes  
were  also used in subsequently published work.  

/ / /i 
i 

~0 

o a a l l  

~0 * ---3! 

~0 ~ 

b I ~  

Fig.  2. Cur ren t -vo l t age  c h a r a c t e r i s t i c s  of an e l ec t r i c  
a r c  moving in a i r  ( a a n d b  see Fig. 1). (E, V ' m - 1 ;  I, 

/00 200 300 4,00 500 

A; w, m ' s e c - 1 ;  1) w = 2 0 0 m . s e c - 1 ;  2) 150; 3) 100; 
4) 50. 

Another  fea ture  of [1] is the r a the r  na r row range of var ia t ion  of the p r i m a r y  quanti t ies .  For  example ,  the data 
of Fig. 1 r e l a t e  to only one value of the e lec t rode  d iameter .  In subsequent studies this l imi ta t ion  was gradually 
o v e r c o m e ,  in [3] e l e c t r i c - a r c  dev ices  with sharply  different  s tabi l izat ion conditions were  cons idered  and the 
c h a r a c t e r i s t i c s  of each were  genera l i zed  by means  of a s ingle argument .  In par t icu la r ,  i t  was shown that the c u r r e n t -  
vol tage c h a r a c t e r i s t i c s  of w a t e r - s t a b i l i z e d  a re ,  obtained in [4], a r e  sa t i s fac to r i ly  genera l i zed  in the dimensional  
complexes  Ed2/I - I /d ,  which co r re sponds  to the d imens ion less  c r i t e r i a l  r e la t ion  II 8 = f ( I I  0 .  This  was to be expected, 
s ince a lmos t  all the energy is ex t rac ted  f rom the s tabi l ized a rc  in the radia l  d i rect ion by heat  conduction, while not 
much gas flow energy is  r emoved  through the ends of the diaphragm.  In the case  of a t r a n s v e r s e  flow over  the a rc ,  
on the other  hand, the cu r r en t -vo l t age  c h a r a c t e r i s t i c s  a re  sa t i s f ac to r i ly  genera l ized  in the fo rm IIB = f(II~'), but in this 
case ,  by condition, the d i ame te r  of the a rc  column is not given, s ince it depends on the p r i m a r y  quanti t ies (current ,  
gas veloci ty) .  The re fo re ,  the data of [5] w e r e  genera l ized  in the d imensional  complexes  E / I  - I2/w. F igure  2 shows how 
the c h a r a c t e r i s t i c s  of an arc  in a t r a n s v e r s e  flow a re  genera l ized .  It is c l ea r  f rom the f igure  that in logar i thmic  
coordinates  the genera l i zed  cu r r en t -vo l t age  c h a r a c t e r i s t i c  has the fo rm of a s t ra ight  l ine.  The re fo re  i t i s  conveniently 
approximated by a power function. The express ion  corresponding to Fig.  2 has the fo rm 

E/I = 3550 (P/w) -~ (7) 

The units and ranges  of var ia t ion  of the quant i t ies  a r e  given in the f igure .  

It is not poss ib le ,  however ,  to obtain such a s imple  re la t ion for the data p resen ted  in Fig.  3, s ince the 
c h a r a c t e r i s t i c  is not a s t ra ight  line. It cons i s t s ,  as it were ,  of two segments  meet ing at the point I /d  ~- 2 �9 104. The left  
par t  co r responds  to the descending branches  of the cu r ren t -vo l t age  c h a r a c t e r i s t i c s  shown in Fig .  3a and is s t eeper  
than the r ight  par t ,  cor responding  to the ascending branches of the E I - c h a r a c t e r i s t i e s .  

The following fo rmula  was obtained for the left  segment :  

(s) 
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The units  and ranges  of var ia t ion  of the quanti t ies  a re  given in the f igure.  For  the ascending branch a power-law 
approximation is not convenient .  But select ing a sufficiently s imple  approximation of another type is very  difficult.  
Accordingly,  g rea te r  accuracy  can be achieved by using the graph. 

to  0 .,, 
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Fig. 3. Curren t -vo l tage  charac te r i s t i c s  
of wa te r - s t ab i l i zed  arc  (a and b see Fig. 
1) (E, V ' m - 1 ;  I, A; d, m): 1) d =  0.14 
cm; 2) 0.23; 3) 0.33; 4) 0.40; 5) 0.70; 

6) 1.14. 

In [6] it was shown that the relation 118 = f(117) is also suitable for generalizing arcs stabilized by a cooled 

segmented metal diaphragm, if the gas flow rates are not large. The characteristics of a stabilized arc burning in an 

argon medium [7] have been generalized in the form Ed2/I =f(I/d). In [6] it was also shown that there is an 

interrelation between the criteria II 3 and II 4 represented in the form LpO.~w/]~ o.5 and I/LH, respectively. The data of 

[5] were used for the generalization. 

Other authors have also generalized the current-voltage character is t ics  of blown arcs  in the form 118 = f(II~'). In 
[13] plasma generators with self-regulating and fixed arc lengths were investigated. At I = 40-180 A, G = 3.3-6.9 
g/sec,  d = 1.0 cm, and I = 0.3-7 cm and constant ratios of the air  flow rates through the gaps it was found possible to 
disregard all the generalized arguments other than 11~. The data presented in the figure yield the following formulas : 

Ud = 6.8 �9 104 (9) _ _ _  ( F 1 - ~  

for a plasma generator without an interelectrode insert and 

( Ud 3.7. 103 (10) 
I 

for a heater with an insert. The units in these formulas are [m], [kg/sec], [A], and [V]. 

When an insert is used, the characteristics fall less steeply and the arc voltage is higher. 

In [14] the arc characteristics were calculated analytically on the assumption that the gas is heated as a result 

of turbulent mixing. The analysis showed that the number 118 depends on 115. The calculations are in good agreement 

with experiments using air, nitrogen, hydrogen, and helium. In [15] a similar calculation was made for an arc burning 

in lithium vapor at pressures of 5-1000 N/m 2. In this case experiment revealed a certain stratification of the II 8 = f(IIs") 
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curves  depending on the gas flow ra te .  Accordingly ,  in the p resence  of a broad range of var ia t ion  of the cha rac t e r i s t i c  
quanti t ies it  is n e c e s s a r y  to take other  c r i t e r i a  into account as well .  

In genera l iz ing  the c h a r a c t e r i s t i c s  of a p lasma genera tor  with a se l f - r egu la t ing  a re  length, the authors of [6] 
proposed taking into account,  in addition to the energy  re la t ions  of the fo rce  of f r ic t ion ,  the phenomenon of e l ec t r i ca l  
breakdown of the cold l ayer  adjacent  to the e lec t rode .  For  this purpose,  i t  was proposed to introduce into the 
genera l i zed  formulas  the Re and Kn numbers ,  which in dimensional  fo rm a re  r ep re sen ted  as G/d and 1 /Pd ,  
r e spec t ive ly .  

For  a p lasma genera tor  with a fixed arc  length the c r i t e r i o n  d/a has been introduced, where  a is the length of the 
s tabi l iz ing d iaphragm in which the arc  burns .  If the re  a re  s eve ra l  points of gas admiss ion ,  then the pa r am e t r i c  c r i t e r i a  

Gi /G a re  also introduced [26]. 

For  s impl ic i ty ,  however ,  the authors  of [8] also used individual combinat ions of the above-ment ioned  c r i t e r i a .  
In pa r t i cu la r ,  for genera l iz ing  blown a r c s  in dimensional  fo rm instead of the complex I2/Gd they propose the use of I /d  

or  I /G.  

As shown above, the complex I /d  co r r e sponds  to the c r i t e r ion  1/117. It is  convenient  for genera l iz ing  the 
c h a r a c t e r i s t i c s  of s tabi l ized a rc s  at ve ry  smal l  gas flow ra tes  and for swept a r c s ,  if the energy is r emoved  f rom the 
column by heat  conduction. The authors of [8] used this complex for l a rge  flow ra te s ,  bu t t r ea t ed  it no tas  ad imens iona l  
par t  of the c r i t e r i on  1/117, but as par t  of the combination of d imens ion less  quanti t ies (Re/FIs) ~ . S imi la r ly ,  the 
combination (1/ReFIs) ~ gives in d imensional  fo rm the complex I /G.  In this connection,  i t  should be noted that the re  is no 
d i f fe rence  between the c r i t e r i a  Pe and Re in dimensional  fo rm (both give the complex G/d). But the rat io  Pe/115 = 1/117 
has a pe r fec t ly  defini te  physical  s ignif icance.  For  swept a rcs  its use is complete ly  jus t i f ied,  whereas  the rat io Re/115 
does not c h a r a c t e r i z e  any physical  model .  In exact ly  the same way, the product  ReII~ (or, m o r e  co r rec t ly ,  PeII 5) is 

convenient  to use if the degree  of influence is the same. 

When the p r i m a r y  quanti t ies a r e  var ied . in  the r angeI  = 30-200 A, d = 0 .6-3 .5  em,  Gair  = 4 .1 -2 .4  g / s e c ,  and 
P = 10 N / c m  2, in the case  of r e v e r s e  polar i ty  (the outer  e lec t rode  is the cathode) we obtain the re la t ion 

/ G ~o.3 / I "~0.2451g(l/d)--2.312 

which, however ,  the authors  p resen t  not in the given form,  but in the fo rm of the usual empi r i ca l  equation with 
isolat ion of the complex I /d :  

/.] = 1 , 3 .  104G~176176176 ~ (11') 

Genera l iza t ions  of the cu r r en t -vo l t age  c h a r a c t e r i s t i c s  in the fo rm ~ -  = f ( I  G - ~ - ;  Pd; ~ -  } gave somewhat  be t te r  

I G ) . However,  s ince  no new c r i t e r i a  have been introduced,  and the same resu l t s  than in the fo rm Ud = f  " Pd 
I ga-; d '  

th ree  c r i t e r i a  (IIs ,Re,Kn),  have only been combined,  the improvement  in the r e su l t s  is evidently at t r ibutable  to the 
super io r  choice of an approximat ing express ion ,  s ince the analysis  in the fo rm II~ = f ( I I  5,Re, Kn) was c a r r i e d  out by 

means  of a power- law approximat ion.  

The insuff iciency of the c r i t e r i on  11b has also been demonst ra ted  in a number  of other  invest igat ions ,  whose 
authors ,  however ,  p roceed  by introducing new d imens ion less  a rguments .  The authors of [9-11] a s sume  that, apar t  
f rom the c r i t e r ion  115, i t  is n e c e s s a r y  to take into account the re la t ion between the d i ame te r  of the a rc  column and the 
e lec t rode  d i ame te r .  However ,  s ince the d i ame te r  of the a re  column is not known, they a s sume  that the c ro s s  section 
of the arc  column is propor t ional  to the power r e l eased  and inve r se ly  propor t ional  to the energy removed  f rom the 
sur face  of the are  by convect ive  heat  t r ans fe r .  Actual ly  (if w e  a s sume  not R h = const,  and p = const) ,  this co r responds  
to the swept model ,  in which the arc  is t r ea ted  as a sol id:rod,  whose e l ec t r i ca l  r e s i s t ance ,  h e a t - t r a n s f e r  coeff ic ient  

and t e m p e r a t u r e  drop do not depend on the a rc  burning conditions: 

412 t/ao (d') ~ := a, d'l aA t. (12) 
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H ence ,  wi th  the  above  a s s u m p t i o n s ,  we ob ta in  I2/(d') 3 = c o n s t .  Subs t i t u t ing  the  va lue  of d '  in the  r a t i o  d / d '  g ives  
2 

the  d i m e n s i o n a l  c o m p l e x  IT~d, w h i c h  has  a l so  been  u s e d  f o r  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 s w e p t  a r c s .  

Analysis of the experimental data of [12] led to the relation 

2 

./2 I -~ I3 ,,-I.o (13) 

fo r  a p l a s m a  g e n e r a t o r  wi th  a rod  ca thode  at  I = 5 - 1 2  A, G h y d r o g e n  = 0 . 4 8 - 1 . 6 3  g / s e c ,  d = 1 - 3  c m ,  and  

2 

(14) 

fo r  a p l a s m a  g e n e r a t o r  wi th  a tubu la r  c a t h o d e .  

The above method of generalization calls for some comment. First of all, it is not possible to use as a 
generalized argument the ratio of the are and electrode diameters d/d', since the diameter of the are column is not 
known in advance and depends on the arc burning conditions. Consequently, d/d' is not a criterion, but simply a 
dimensionless number, which can be used as a generalized function, but not as an argument. The transformations 
make it possible to obtain a complex in which all the variables are known (I,d), but, as before, this complex is only 

part of a dimensionless number, and not a criterion, since it follows from (12) that in dimensionless form the number 
must contain such quantities as ~ and At, which are not physical properties of the gas and depend on the arc burning 
conditions. 

Since the authors eliminate d' by means of relation (12), they in fact use two energy complexes IZ/Gd and 12/~/d, 
reflecting two directly opposite are models--flow-through and swept, i.e. , the actual process is in fact '~deeomposed ' 
into the two limiting cases. The assumptions regarding the constancy of the electrical conductivity, temperature drop 
and heat transfer coefficient are very rough, since as the current changes so do the velocity of the gas sweeping over 
the arc, the temperature and the electrical conductivity. 

In [16], generalizations of the characteristics of a plasma generator with a cooled segmented diaphragm 
operating, however, at relatively large gas flow rates, showed the expediency of using the criteria II~, Re, and I/d. 
The following formula in dimensional-dimensionless complexes was obtained for argon: 

Ud = 5 8  ( 12 ~ - o , a ~  ,' I ' ~  

I T )  " 

The Reynolds number was calculated from the viscosity for the cold gas. The regions of variation of the 
parameters where: G = 1-6 g/sec, I = i00-i000 A, I = 2-18,era, d = 1.8 cm. 

It should be noted that in the given case there is no special need to write the Re number in dimensionless form, 
since II 8 and II~' are dimensional, the more so in that the Peclet rather than the Reynolds number may be involved. 

Investigations of a plasma generator with a self-regulating arc length operating at an underpressure in the 
discharge chamber (P = 32-760 mm Hg) showed [17] that it is necessary to use the Re number. For the regions P = 
= 32-755 mm Hg, I = 16-160 A, G = 0.432-2.5 g/see, d = 0.8 cm the following expression was obtained in the above- 
mentioned units : 

3 

Ud : 1 �9 10 ~ P.,e -o,~. 
_ _  (' " ~--~ 

I ~ Gd] 
(16) 

In this formula, the Reynolds number is calculated from the mass-averaged parameters of the heated gas, which is 
convenient when the temperature at the plasma generator outlet is given. Otherwise this expression is difficult to 
employ. 
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As may be seen f rom Fig.  4, the genera l iza t ions  based on (16) a r e  good. However ,  it should be kept in mind that 
he re  the c r i t e r i on  II 5 and the number  Ha a re  r ep re sen ted  in dimensional  fo rm and the physical  p rope r t i e s  ~0 and h 0 
r ema in  constant ,  whereas  P0 in the Reynolds number  va r i e s  together  with the t e m p e r a t u r e  of the heated gas.  If, 
however ,  the express ion  is made comple te ly  d imens ion less  or comple te ly  d imensional ,  the genera l i zed  cu rve  becomes  
s t ra t i f ied .  Consequently,  the genera l iza t ion  of the cu r ren t -vo l t age  c h a r a c t e r i s t i c s  of a p lasma genera to r  with the sca le  
values  r e f e r r e d  to the m e a n - m a s s  p a r a m e t e r s  is evidently not a successful  solution of the problem.  

-S-!l l - - 0  

Fig.  4. Genera l ized  cu r ren t -vo l t age  c h a r a c t e r i s t i c s  
of a vacuum plasma genera tor  with vor tex  gas 
s tabi l izat ion (P = 32-755 mm Hg; I, A; U, V; G, 
g . s e e - t ;  d, era): 1) P = 32-47 mm Hg; G = 0 .432-  
0.446 g - s e e - l ;  2) 56 and 0.44-0.449; 3) 95 and 
0.439-0.444;  4) 755 and 0.436; 5) 50-82  and 
0 .873-0.883;  6) 101-105 and 0.878-0.880;  7) 750 
and 0.878-0.885;  8) 775 and 1.460-1.480; 9) 755-  

766 and 2.47-2.50.  

Moreove r ,  genera l iza t ion  using sca le  va lues  r e f e r r e d  to the gas p a r a m e t e r s  at the outlet  is a lso inconvenient  
when the gas is heated to low t e m p e r a t u r e s  : the e l ec t r i ca l  conductivity may then be equal to ze ro .  F u r t h e r m o r e ,  the 
outlet  p a r a m e t e r s  a re  affected by the d imens ions  and configuration of the outlet  par t  of the p lasma genera to r ,  whose 
var ia t ion  has a lmos t  no influence on the a rc  c h a r a c t e r i s t i c s .  

In coaxial  p lasma gene ra to r s  with magnet ic  rotation of the arc  it  becomes  n e c e s s a r y  to introduce the c r i t e r i o n  
Hz. This can be seen f rom [18], where  the c h a r a c t e r i s t i c s  of a coaxial  p lasma genera to r  a re  genera l ized  in the fo rm 
II a = f(I ls ,  II~, 5/G),  where  6 is the i n t e r e l ec t rode  gap. It should be noted, however ,  that for p lasma genera to rs  it is  
usual ly  the gas flow ra te  and not the veloci ty  that is given; accordingly ,  it would be m o r e  convenient  to use not the 
c r i t e r ion  II2, but If" 2" 

In genera l i z ing  the cu r r en t -vo l t age  c h a r a c t e r i s t i c s  of a p lasma genera to r  with a se l f - r egu la t ing  a re  length 
additional di f f icul t ies  a re  introduced by the e l e c t r i c a l  breakdown of the l ayer  of cold gas adjacent  to the e lec t rode .  In 
the f i r s t  a t tempts  at genera l iza t ion  [1] this effect  was not taken into account.  It was assumed that the thickness  of the 
layer  and the breakdown vol tage depend to a cons iderab le  extent on the heating of the gas on the previous  sect ion of the 
e lec t rode  and, consequently,  a r e  also de te rmined  by the-cr i te r ion  115. In [6] the Knudsen number  was introduced to 
allow for the breakdown effect .  The author of [19] went even fu r ther  in this d i rec t ion .  Start ing f rom the exis tence  of a 
re la t ionship  between breakdown vol tage and gas t em pe ra tu r e ,  he proposed using only one c r i t e r i on ,  c h a r a c t e r i z i n g  the x 
breakdown effect .  The genera l i zed  c h a r a c t e r i s t i c s  were  r ep resen ted  in the fo rm:  

Aopd~pGTo 

V~ x / 

(17) 

For  purposes  of a power - law approximat ion in dimensional  complexes  the following express ion  was used for the 
genera l iza t ions :  

U = c (Gdp / I )  '~ . (18) 
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For  o rd ina ry  polar i ty  (the outlet  e l ec t rode  is the anode) c = 1140, c~ = 1.41, for r e v e r s e  polar i ty  c = 1230, ~ = 

= 0.33, and for a two-s ided  p lasma gene ra to r  c = 1660, c~ = 0.33. The exper iments  were  conducted at I = 10-250 A, 
Gai t  = 0 .5-30 g / s e e , d  = 0 .5 -2  cm. The units of the quanti t ies in formula  (18) a re  G, g / s e e ;  d, em;  P, bar ;  I, A; U, 
V. 

In the investigated range of variation of the primary quantities the above method gave fairly good results--the 
error did not exceed =k28% (Fig. 5). However, the representation of the basic process (the heating of the gas) in veiled 
form seriously reduces the value of the method. Moreover, the choice of ionization potential as a scale value assumes 
that the effect of the breakdown processes is more important than the heating of the gas. This view is not consistent 

3.O 

with the genera l  t rend of r e s e a r c h .  

<m.. 
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Fig.  5. Genera l ized  cu r r en t -vo l t age  c h a r a c t e r i s t i c  of 
a dc p la sma  genera to r  with vor tex  a i r  s tabi l iza t ion 
(U,V; G , g / s e c ;  d , c m ;  P , b a r ;  I ,A) :  1) d = 2 cm;  2) 

1.5; 3) 1.2; 4) 1.0; 5) 0.8; 6) 0.5. 

Other  inves t igat ions  [20-22] show that many fac to rs  affect the arc  length in p lasma gene ra to r s  with vor t ex  gas 
s tabi l izat ion : the ra t io  of a re  and e lec t rode  d i a m e t e r s ,  the turbulence of the flow, the radiat ion of the a rc ,  ex terna l  
magnet ic  f ie lds ,  e tc .  Hence,  depending on the operat ing r e g i m e  of the device  the voltage may both i n c r e a s e  and 
d e c r e a s e  with i nc r ea se  in p r e s s u r e  [21]. At the same t ime,  if al l  the other  d imensional  complexes ,  apar t  f rom Pd, 
a re  equal,  the genera l i zed  function depends m o r e  s t rongly  on d than on P. The re fo re  the Knudsen number  is c l e a r l y  
insuff icient  for taking into account the complex of p r o c e s s e s  affect ing the a re  length [20]. However ,  no additional 
c r i t e r i a  have been proposed and the authors  of [20-23], together  with the complexes  I2/Gd; G/d,  introduced into the 
fo rmulas  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  the miss ing  unknown c r i t e r i a .  In pa r t i cu la r ,  in 
[20] the. following formula  was proposed for  geome t r i ca l l y  d i s s i m i l a r  p lasma gene ra to r s  with vor t ex  air  s tabi l izat ion:  

Ud 1.04. lO s {' 12 'l-~176 o.aa 
I ~, Gd ] t d j ' (19) 

This was obtained by genera l iz ing  the exper imenta l  data in the range of var ia t ion  of the p r i m a r y  quantit ies:  I = 100-800 
A, G = (2-6) �9 10 -3 k g / s e c ,  d = (1-4) �9 10 -2 m. However ,  such an express ion  is valid only when the d i ame te r  of the 
inner  e lec t rode  exceeds  the d i ame te r  of the the outer  cyl indr ica l  e l ec t rode  by a fac tor  of not l e ss  than 2 (D/d > 2). If, 
however ,  D/d < 2, this p a r a m e t r i c  c r i t e r ion  must  also be taken into account.  

The diff icul t ies  of genera l iz ing  the exper imenta l  data when the c h a r a c t e r i s t i c  quanti t ies va ry  over  a sufficiently 
broad range have compel led  many inves t iga to rs  to abandon the theory  of s im i l a r i t y  a l together .  A number have turned 
to ord inary  empi r i ca l  fo rmulas  or  complexes  that a re  not par t  of d imens ion less  c r i t e r i a  [8 ,9 ,24 ,25] .  For  example,  
the authors of [24] propose  the fo rmula  

5620 ( 
U -  10 ~176 \ Id ] 8, (20) 

obtained for  I = 200-1200 A; Gnitrogen = 2 -10  g / s e c ;  Gair  = 1 .01-13.25 g / s e c ;  Goxygen = 4-13.8  g / s e c ;  dan = 1 -2  
c m .  

The left-hand side of this equation is simply the arc voltage, and not part of a dimensionless complex, while the 
complex on the right-hand side is not part of any dimensionless criterion. 
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The usual empi r i ca l  fo rmula  for  p la sma  genera to r s  with vor tex  ni t rogen s tabi l izat ion U = f ( I ,  G) is presented ,  
for  example ,  in [25]. 

The return to empirical formulas, however, cannot satisfy investigators convinced of the fruitfulness of the 
methods of approximate similarity. Efforts to find the basic processes affecting the characteristics of arc heaters and 
the corresponding criteria continue. Of considerable interest in this connection is reference [27], whose authors 
propose that, apart from shunting, the length of the arc is affected by a number of other processes leading to the 
deceleration of the velocity of the radial segment in the gas stream. In this case, we get a transverse flow over the 
part of the arc near the electrode accompanied by a pressure drop [22]. In this connection, the authors of [27] propose 
using the Euler number for taking into account the force interactions. Since the scale of reference was assigned in the 
form of the known absolute value of the pressure, in fact, the criterion HI, which is a generalized argument, was used. 

For  a p lasma genera to r  with a i r  s tabi l izat ion at I = 100-850 A; G = (6-8) �9 10 -~ k g / s e c ;  De = (2.0-3.5) �9 10 -2 m; 
dan = (0.8-2.0) �9 10 -2 m (the cathode is the inner cup-shaped e lec t rode ,  the anode the outer  cyl indr ica l  e lec t rode) ;  P -- 
= (1.06-10.1) �9 105 N / m  2 the following formula  was obtained: 

( P )-~ \~ G ~~176 UD = 5,62. 108 } (21) 

The sca t t e r  of the exper imenta l  points did not exceed • o r ,  d i s r ega rd ing  the complex G/D, • This : 
study comple te ly  neglected the phenomena of breakdown of the e l ec t r i c  layer  of gas,  whose exis tence  has been proved 
by a number  of inves t iga to rs  [28-30].  Consequently,  the authors  of [27], while re ta ining the or ig inal  viewpoint 
regard ing  the dependence of shunting p r o c e s s e s  on other  fac tors  (heating p r o c e s s e s  and in te rac t ing  forces) ,  were  able 
with a smal l  number  of c r i t e r i a  to gene ra l i ze  the exper imenta l  data obtained over  a quite broad range of var ia t ion  of the 
p r i m a r y  quanti t ies .  The use of the c r i t e r i on  PD4/G 2 made it possible  to e l iminate  the pa r am e t r i c  c r i t e r ion  D/d  
introduced in [20] and f ree  the genera l i zed  fo rmulas  f rom the e lec t rode  d i ame te r  d, which does not enter  into any of the 
complexes .  At the same t ime ,  the re la t ion between the exponents of P and D in the c r i t e r ion  H 1 is in be t te r  a g r e e m e n t  
with the r e su l t s  of exper iments  than in the Knudsen number.  

However, it Should not be assumed that the authors of [27] completely succeeded in proving the primary influence 
of the force interactions and the dependence of shunting on heating. This is clear if only from the fact that the accuracy 
of the generalizations of the same experimental data in dimensional complexes corresponding to the criteria IIs, Re, 
and Kn is approximately the same as in the complexes corresponding to the criteria H~', Re, II~'. Generalizations in 
dimensionless form would apparently clarify the situation, since the physical properties in the criteria II~ and Kn are 
essentially different. 

Ill. GENERALIZATION OF CURRENT-VOLTAGE CHARACTERISTICS IN DIMENSIONLESS 
CRITERIA 

As already pointed out in the first section, the generalization of the current-voltage characteristics in 
dimensionless criteria is a complicated problem owing to the impossibility of selecting a scale value of the electrical 
conductivity under the boundary conditions. 

So far only one method of selecting the conductivity scale has been proposed [31]. The idea consists in typing the 
point at which the physical properties are equal to the scale values to some definite part of the arc column. It is not 
possible to use the maximum temperature along the axis of the Column, since this temperature itself depends on the 
arc burning conditions. It is possible to be more definite about the temperature at the boundaries of the arc, since the 
beginning of the sharp increase in electrical conductivity is known for each gas. It is particularly easy to define the 
point of completion of ionization, beyond which the sharp growth of electrical eonducitivity as a function of temperature 
(or enthalpy) is replaced by a flatter section of the curve. For heavy-current arcs, whose characteristics are 
determined basically by the inner part of the column, where ionization is essentially complete, this point is actually 
located on the boundary of the arc column. 

In [311 the a = f(h) curve in logarithmic coordinates were approximated by two straight lines: an initial interval 
of rapid growth of electrical conductivity--vertical line, and a second sloping interval. The jog was taken as the scale 
point. In this way (Fig. 6) the values of (r 0 and h 0 for certain frequently used gases were determined at atmospheric 
pressure. These values of cr 0 and h0, together with the exponent of the function a = a0(h/h0) n, approximating the sloping 
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p a r t  of the  c u r v e ,  a r e  p r e s e n t e d  in the  t a b l e .  T h e  v a l u e s  of a0, h0, and  n d e p e n d  s l i g h t l y  on  p r e s s u r e .  

t r 1 /$1 o 

2 5 I0 20 50 /00 200 500 10002000 h 

Fig. 6. Approx imat ion of the re lat ion cr = f (h)  
at atmospheric pressure (o, ohm -i �9 cm -i ; h, 
kJ/g): 1) argon; 2) oxygen; 3) nitrogen; 4) 

helium; 5) lithium; 6) hydrogen. 

In [31] t h i s  m e t h o d  w a s  u s e d  to g e n e r a l i z e  t he  c h a r a c t e r i s t i c s  of  a d c  p l a s m a  g e n e r a t o r  w i th  v o r t e x  g a s  
s t a b i l i z a t i o n  f o r  a r g o n  ( 4 - 1 2  g / s e c ) ,  h e l i u m  ( 1 - 4  g / s e c ) ,  o x y g e n  ( 4 - 8  g / s e c ) ,  and  n i t r o g e n  ( 2 - 6  g / s e c ) .  In the  
e x p e r i m e n t s  the  c u r r e n t  v a r i e d  f r o m  200 to 1200 A,  t he  d i a m e t e r s  of the  anode  and  c a t h o d e  r e m a i n e d  u n c h a n g e d  and  
equa l  to 2 e m .  

C o r r e c t  to 30%, t h e  r e s u l t s  a r e  a p p r o x i m a t e d  by t he  f o r m u l a  

Ud Oo 

I 

I 12170 h0 )--0,62. = 3.39 _ - \ Gd 
(22) 

H o w e v e r ,  a s  m a y  be  s e e n  f r o m  F ig .  7, t he  s lope  of the  g e n e r a l i z e d  c h a r a c t e r i s t i c  d i f f e r s  c o n s i d e r a b l y  f r o m  t h a t  of  the  
c h a r a c t e r i s t i c s  of o t h e r  g a s e s ,  t h e r e f o r e ,  in  t h e i r  i m p r o v e d  f o r m u l a ,  the  a u t h o r s  p r o p o s e  t a k i n g  t h i s  in to  a c c o u n t  and 
a p p r o x i m a t i n g  the  e x p e r i m e n t a l  d a t a  w i th  t he  e x p r e s s i o n  

]2 ~--b 
Uduo / E. '~ "~ '. (23) 

w h e r e  l = - 0 . 8 4 ;  m = - 1 . 0 ;  a = 1620;  b = cnP ( E i / k T ) q .  H e r e ,  c = 0 .05,  p = 0.34 and  q = 0.4.  , 

V a l u e s  of t he  C o e f f i c i e n t s  in the  P o w -  
e r - L a w  A p p r o x i m a t i o n  of the  R e l a -  
t i o n  B e t w e e n  E l e c t r i c a l C o n d u c t i v i t y  
a n d E n t h a l p y h < h 0 ~ = 0 ,  a t  h > h o  ~= 
~o(h/ho)") 

,Stabilizing ohm_X.cm - Medium kJg.1 n 

Hydrogen 
Helium 
Lithium 
Nitrogen 
Air 
Oxygen 
Argon 

14 
63 
13 
27 
29 
34 
40 

4O0 
80 
35 
46 
44 

1.38 
0.514 
1.12 
1.2l 
1.19 
0.81 
0.48 

As may be seen from this expression, apart from the criterion II~ ', it was necessary to use the exponent n and the 

criterion Ei/kT , which reflect the physical properties of the gas. The use of the latter criterion cannot be considered 
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successful, since it is not obtained directly from the simplified system of equations (i)-(6). Apparently, the authors 
were also somewhat hasty in deriving the dependence of the slope of the characteristic on the nature of the gas. 

The method of se lec t ing  the sca les  of r e f e r e n c e  proposed in [31] was employed in [32,33] for  genera l iz ing  the 
cu r r en t -vo l t age  c h a r a c t e r i s t i c s  of geome t r i c a l l y  d i s s i m i l a r  dc p lasma gene ra to r s  with vor t ex  s tabi l izat ion of  the arc  
with argon,  ni t rogen,  a i r ,  hel ium, oxygen, and hydrogen. In a development  of [27] the genera l iza t ions  were  c a r r i e d  out 
in the fo rm II~ =f(11~', II~',n). General iza t ion of the exper imenta l  data at I = 13-860 A, Gargon = 1-12  g / s e c ,  Ghelium = 
= 0 .25-4  g / s e c ,  Ghydrogen = 0 .5-3 .0  g / s e c ,  Gai r = 0.35-18 g / s ec ,  Gnitrogen = 2 -10  g / s e c ,  Goxygen = 8 .5-30 g / s e c ,  
D = 1 - 4  cm (inner cup cathode) and d = 0 .8 -4  cm (outer cyl indr ical  anode) led to the express ion  

UDno 12 , ) -o .~3 i / ~  ~ pD ~ n -o.4 
~- -- 0.429 ( GDc~oho ( 3 0.254 . (24) 

, , ~' Po G , 

The accuracy  of the formula  is r a the r  low, the sca t t e r  of the exper imenta l  points reaching =L100% (Fig. 7). However ,  
this is not its pr incipal  disadvantage.  If we confine ourse lves  to the invest igat ion of one par t i cu la r  geomet r i c  
configuration of the d i scharge  chamber ,  na r row the region of var ia t ion of the p a r a m e t e r s  and se lec t  the most  suitable 
approximat ing exp res s ions ,  the e r r o r  can be reduced to an acceptable  level .  The possibi l i ty  of using the c r i t e r i on  111 
for genera l iza t ion  purposes  is doubtful per se.  In the hea te r  e lec t rode  the p r e s s u r e  drop is  due mainly to the 
acce le ra t ion  of the gas in the region of contract ion of the channel near  the radial  sect ion of the arc  and the acce le ra t ion  
of the flow as it is heated along the e lec t rodes .  However ,  flow over  the radial  section of the column is possible  only if 
it is r e s t r a ined  by cer ta in  fo rces .  In this case ,  i t  is convenient to introduce into the genera l i zed  formulas  c r i t e r i a  
re f lec t ing  these  p r i m a r y  p roce s se s .  However ,  the acce lera t ion  of the gas during heating is poss ible  in pr incip le  even 
if the p r e s s u r e  does not change. And in fact  this is what happens-- the c r i t e r i o n  is suitable for  analyzing the 
exper imenta l  data at v e r y  smal l  p r e s s u r e  drops in the d i scharge  chamber ,  which contradic ts  its essent ia l  nature .  
Apparently,  it is somehow re la ted  with o ther  c r i t e r i a  re f lec t ing  the p roces s  of acce le ra t ion  of the gas during heating. 

.q v V 

too 

(o 

f 

/ V 

l I xoV~v 
Vr Vx~ �9 

, (+1 

f 

o' - -  f 

x - -  2 

�9 - -  3 

A _ _  5 

V - -  6 

:T&~ W 
& WVA ~x 

V x ~ x  
V o & x  x ~ 

,o -~ to -~ /o-' Iy~,~o~0 

Fig.  7. Genera l ized  cu r r en t -vo l t age  c h a r a c t e r i s t i c  of 
a dc a rc  hea te r  with vor tex  gas s tabi l izat ion:  1) a i r ;  
2) argon;  3) ni t rogen;  4) hydrogen; 5) hel ium;  6) 

oxygen. 

A=UD% / ( V  �9 Po PD'~ ) 

An at tempt  to e l iminate  this shor tcoming  by r ep lac ing  the c r i t e r i on  II~ by the complex II~, r e f l ec t ing  the p roces s  
of acce le ra t ion  of the gas due to Joule  heating,  has been made by Zhidovieh and Yas'ko.  At the same t ime,  to take into 
account the t e m p e r a t u r e  dependence of the p lasma proper t i es ,  instead of the exponent n they introduce the enthalpy 
factor  h0/hin. This made it possible  to reduce  the sca t t e r  of the exper imenta l  points to • without r e s t r i c t i ng  the 
range of var ia t ion of the p r i m a r y  quanti t ies .  An example  of the genera l i zed  cha rac t e r i s t i c  is p resen ted  in Fig.  8. Here  
one can dis t inguish two regions  of different  s teepness .  The lef t -hand region cor responds  to the descending (U~I-~ 
and the r ight-hand region to the ascending ( U ~ I  ~176 branch of the cu r r en t -vo l t age  cha rac t e r i s t i c .  Of course ,  in the 
la t te r  case  the i n c r e a s e  would be g r e a t e r  if the length of the a rc  did not grow shor t e r  as the cu r ren t  inc reased .  

The decending branch can be approximated by the expression 

916 



JOURNAL OF ENGINEERING PHYSICS 

UDao = 4 ~ )  \ ~ ]  \ hin ] (25) 

Correspondingly,  for the ascending branch 

UDao ( I  ~ )-~ ( P P* D~ )~ (_~i~)-~ 
8 , 3  - -  ~ �9 (26) 

I GD r ao 

The accuracy of these formulas is already sufficient to permit their use in engineering calculations. However, 
the error could be reduced considerably more by selecting more suitable approximating expressions. Among other 
things, this is indicated by the fact that the exponent of the criterion II~ varies from 0.1 to 0.2 in the investigated 
range (more than four orders). Its mean value of 0.15 was taken in the approximation. The degree of influence of the 

enthalpy factor also varies. 

, �9 - -  / , 

o - -  Z 

- -  3 
fO$ �9 

l~ I 

t0  tO_ a fO_ z rZ//GD~oh ~ 

Fig. 8. Generalized current-voltage characteristics 

of electric-arc heater with vortex gas stabilization: 
1) air; 2) argon; 3) hydrogen; 4) helium. 

UD % / (I'~'D a "~o.is ( ho t -0.33 

It should also be noted that instead of one of the complexes II'~ and II~ it is bet ter  to use their  rat io.  This 
cons iderably  faci l i ta tes  the cor re la t ion  of the exper imental  data,  s ince dur ing the exper iments  the d imens ions  of the 
d ischarge  chamber  and the gas flow rate  a re  kept fixed, while the cu r r en t  is var ied.  It is therefore  des i rab le  that the 
cu r r en t  should enter  into only one of the c r i t e r i a .  With this subst i tut ion instead of (25), (26) we obtain 

~ 12 \-o.66( ) - o . ~ (  ho ~-o.33 
# oD , 1 ' ( 2 5 ' )  I 

Ud ao 8.3 

Since p = p0P/P0, in dimensional form, when P0, h0, and P0 are constant, the criteria II'~ and Ill' 2 completely 
coincide. For a certain given gas at constant heater inlet temperature the h0/hin are also fixed, and Eqs. (25 ~) and 
(24) coincide. Hence it is clear why the criterion II i ' is suitable for generalizing the characteristics even in the absence 
of pressure drops. It does, in fact, characterize the processes of acceleration due to heating of the gas. In 
dimensionless form, with account for the equation of state, the ratio Illz/n ~' is equal to Cp0/R. This leads to an 
important difference between monotonic and polyatomic gases. However, the use of the exponent n in Eq. (24) 
smoothes over this difference somewhat. 

Express ions  (25') and (26') re la te  to heaters  with se l f - regula t ing  arc length. Therefore ,  it  is not c lear  whether 
the accelera t ion  of the gas affects both the arc column in the longitudinal flow and the length of the arc in the t r a n s v e r s e  
flow over the radial  section or whether the effect extends only to one of these sect ions.  To answer this question, it is 
neces sa ry  to c a r ry  out special  exper iments .  It is a l ready clear  that this involves cons iderab le  diff icult ies,  s ince as 
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shown  in [34, 35],  t he  s t r e n g t h  of the  e l e c t r i c  f i e ld  v a r i e s  a long  the  l e n g t h  of t he  a r c  c o l u m n  and  the  l aws  of v a r i a t i o n  
of the  c u r r e n t  h a v e  not  been  e s t a b l i s h e d .  N o n e t h e l e s s ,  b y m e a n s  of a g e n e r a l i z a t i o n  of 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 h e a t e r s  w i th  a f ixed  a r c  l e n g t h  i t  is  p o s s i b l e  to s o m e  e x t e n t  to d e t e r m i n e  the  e f f e c t s  of the  
a c c e l e r a t i o n  of  t h e  ga s  on the  c h a r a c t e r i s t i c s  of the  co lumn .  

T h e  a u t h o r s  of [36] h a v e  i n v e s t i g a t e d  t he  c h a r a c t e r i s t i c s  of a s e g m e n t e d - e l e c t r o d e  h e a t e r  a t  I = 3 0 0 - 3 0 0 0  A, 
d c = 1 . 0 - 2 . 0  c m .  The  a r c  had  a f ixed  l e n g t h  la  = 7 . 0 - 1 5 . 4  e m  and  was  a i r - s t a b i l i z e d ,  G = 0 . 4 - 1 5 . 0  g / s e c ,  P = 0 . 0 0 5 -  
0.3 k g / e m  2. G e n e r a l i z a t i o n  of the  e x p e r i m e n t a l  d a t a  gave  the  fo l lowing  e x p r e s s i o n :  

I ! 

t--z- = 5 \ - ~ j j  CdT] " 
(27) 

Obviously, by combining the last two numbers, we can obtain the dimensional complex G/d2c corresponding to the 
criterion: 

Vd~ ( 12 /--0'4 ( ~ ~--0"33 
la-- ~ -  = 5 \ - ~ - ~  ] \~-K2 ] . (27')  

This complex enters into t he  generalized formula to approximately the same power as in expressions (25'), (26'). 

Of course, we cannot conclude from this that the acceleration of the gas affects only the arc column, since, as 
pointed out above, the exponent of the given criterion depends strongly on the heater operating regime. 

It should be  noted that the complex G/dc does not enter into expression (27'). This is as it should be, since in 
segmented electrodes the entire channel is occupied by the arc, through which the gas is blown. Therefore, the Peclet 
number, reflecting the heating of the gas by the heat flux, has no significance. In expressions (25) and (26), on the 
other hand, since they cover experiments with a weak flow over the are, it is desirable to introduce the Pe number. In 
this case, the accuracy of the formulas should increase. 

To sum up, we may conclude that the process of generalization of the current-voltage characteristics of electric 
arcs in gas flows is still far from complete. We still lack generally recognized reliable formulas. The use of the 
methods of approximate similarity requires great skill in selecting the principal dimensionless arguments. As 
experimental data have accumulated, investigators have tried out various criteria corresponding to their particular 
conception of the phenomenon. Some of these attempts must be acknowledged to have been unsuccessful; others, on 
the other hand, are quite promising. It is reasst~ring that it has already proved possible to establish a number of 
important criteria and to some extent circumvent the difficulty of detemining the scales of reference of the physical 
properties. On this basis, fairly simple generalized current-voltage characteristics have been obtained for arcs in a 
variety of gas flows. The accuracy of these formulas still leaves something to be desired, but could be raised by 
improving the methods of approximation and introducing certain additional criteria. 

N O T A T I O N  

I--current 
U--voltage 
E--electric field strength 
j--current density; 
w--velocity, 
G--gas flow rate 
P--pressure- 
B--magnetic induction 
T--temperature 
p--density. 
(r--electrical conductivity 
h--enthalpy 
Cp--specific heat at constant pressure 
~u--magnetic permeability 
k--Boltzmann's constant; 
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R--gas constant; 
L--characteristic dimension ; 
II1-1112, Re, Pr, Pe, Kn, Eu--criteria; 
D and d--diameters of the electrodes (large and small) or of the arc; 
/--length (of electrode, arc, interelectrode insert, etc.); 
M--molecular weight. 
Subscripts : 0--scale of reference; c--cathode; a--arc ; in--heater inlet; i = I, 2 ,3 , . . .  
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