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Resu l t s  a re  given of a ca lcula t ion  conducted on the b a s i s  of a t w o - t e m p e r a t u r e  p l a s m a  model  
for a cy l ind r i ca l  a r c  in a channel with the blowing through of a gas .  It i s  shown that  the gas  
venting l e a d s  to the appea rance  of a cons ide rab l e  sepa ra t ion  between the e l ec t ron  and gas  
t e m p e r a t u r e s  near  the wall of the p l a s m o t r on  and in the cathode zones .  T h e ' p o s s i b i l i t i e s  of 
the t w o - t e m p e r a t u r e  model  a re  analyzed from the point of view of an approx ima te  ca lcula t ion  
of the e l ec t ron  t e m p e r a t u r e  in a r c  and induction p l a s m o t r o n s .  It i s  shown that the e l ec t ron  
t e m p e r a t u r e  can be e s t ima ted  from s imple  r e l a t i o n s h i p s  with at l e a s t  10~ accu racy  for  induc- 
tion and 15-20% accuracy  for  a r c  p l a s m o t r o n s .  

1. S t a t e m e n t  o f  P r o b l e m  a n d  B a s i c . . E q u a t i o n s  

Calcu la t ions  for a r c  and induction p l a s rno t rons  made on the b a s i s  of  an equi l ib r ium p l a s m a  model  
make  it poss ib le  in a number  of c a s e s  to obtain p a r a m e t e r s  r a t h e r  c lose  to the expe r imen ta l  va lues  [1-5]. 
However,  da ta  which have been obtained r ecen t ly  indicate  that at a t m o s p h e r i c  p r e s s u r e  under condit ions of 
forced blowing of cold gas  through a p l a s m o t r o n ,  the equal i ty  of the e l ec t ron  t e m p e r a t u r e  T e and the t e m p -  
e r a t u r e  T of the heavy p l a s m a  component (atoms and ions) can be s ignif icant ly  d i s tu rbed .  

The data obtained in [6-8] for  an argon p l a s m a  in the je t  of an induction [8J and an a r c  p l a smot ron  
[6, 7j a re  e x a m p l e s  of this .  

The r e s u l t s  of these  works  show that the quantity T e - T in a dense  p l a s m a  depends  on the flow r a t e  
G of the p l a s m a - f o r m i n g  gas  which i s  blown through the p l a smot ron .  

The separa t ion  between the e l e c t r o n  t e m p e r a t u r e  and the gas  t e m p e r a t u r e  in a dense  p l a sma  cannot 
be explained within the f r amework  of an equi l ib r ium model  in which the equal i ty  T e = T i s  postula ted.  

It is  known that the t r a n s p o r t  effect ,  which p e r t a i n s  to forced venting in a s t a t ionary  dense  p l a sma ,  
can lead to a d i s tu rbance  in the local  t he rmodyna m i c  equi l ib r ium [9], which i s  a s sumed  to be undis turbed 
if the following condit ions are  sa t i s f ied  (neglect ing radia t ion) :  ]) equal i ty  of the t e m p e r a t u r e s  of all the 
p l a s m a  components  ( thermal  equi l ibr ium) ex i s t s ;  2) the p r inc ip le  of de ta i l ed  equi l ib r ium in r e a c t i o n s  of 
the i o n i z a t i o n - d i s s o c i a t i o n  type (ionization equi l ibr ium)  i s  sa t i s f ied;  3) the Maxwell ian ve loc i ty  d i s t r i b u -  
tion and the Bol tzmann equi l ib r ium in exci ted  l eve l s  a re  p r e s e r v e d .  

Below we examine  a p a r t i c u l a r  case  of a nonequi l ibr ium prob lem,  usual ly  cal led the t w o - t e m p e r a t u r e  
model ,  in which it i s  a s sumed  that the t r a n s p o r t  effect  does  not lead to a s ignif icant  d i s tu rbance  in ioniza-  
tion equ i l ib r ium,  the veloci ty  d i s t r i bu t ion  function r e m a i n  s Maxwell ian,  and the d i s t r ibu t ion  of exc i ted  lev-  
e l s  r e m a i n s  a Bol tzmann d i s t r ibu t ion .  

t lowever ,  it i s  a s sumed  that the t r a n s p o r t  effect  can lead to a di s turbance  in t he rma l  equ i l ib r ium,  
i .e . ,  give r i s e  to a spli t  between the t e m p e r a t u r e  of the a t o m i c - i o n i c  gas  and the e l ec t ron  t e m p e r a t u r e .  
The examinat ion  of this  model  x~411 be conducted on the example  of an argon p l a s m a  of p = 1 arm at t emp-  
e r a t u r e s  up to 12,000~ where  ignor ing r ad ia t ion  st i l l  does  not in t roduce  a s e r ious  e r r o r  into the ca lcu la -  
tion. Of all  the t r a n s f e r  e f fec ts  leading to a d i s tu rbance  in the t h e r m a l  equ i l ib r i t tm,we  will examine  only 
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forced convection (blowing of the gas along the axis of a cylindrical  channel) and the thermal conduction of 
the p lasma under the effect of radial  tempera ture  gradients.  

This is a very important  case in plasTna technology, since the principal problem of almost  any techno- 
logical plasmotron is the effective heating of the greates t  possible amount of supplied gas (gas arc  heaters).  

Let us adopt the following system of energy distribution in the p lasma for the analysis  of this case. 

All the energy o-E 2 of the e lec t r ic  field is t r ans fe r red  to the electron gas, which has a tempera ture  

T e �9 

The electron gas t r ans fe r s  the fraction 3/25 rn e k(T e - T) of the energy through collisions to the atoms 
and ions which have a tempera ture  T, and the remaining energy is expended in radiation and is t r ans fe r red  
to the walls through electron thermal conduction [U r and div (~'e grad Te), respect ively] .  

The energy given up by the atoms and ions is expended in heating the cold gas supplied to the channel 
(pVzCp~T/dz) and is t ransfer red  to the walls through a t o m i c - i o n i c  thermal  conduction [div (2,ai grad T)]. 

This two- tempera ture  plasm a model will be de scribed by the following sy stem 0 f differential equa- 
tions: 

an energy balance equation for the electron gas,  

~E~ = ~ / . ,6 , , , .~  ( r~  - r )  - -  1 - -  ~ '  ~+~ ' ( x ,~  . " i  + u, 
�9 r d r  \ ' d r  i 

(1.1) 

an energy balance equation for the atoms and ions, 

Ovz I ~ (rE ~ )  3/25vn~k ( T e -  l") ~1.2) cppPz ~;z r 

an equation of motion of the a t o m i c - i o n i c  gas, 

PUz -Oz = --;- ~I, rp" Or ] ~z (,1.3) 

Maxwell's equations 

rot H = j, rot E = -- 900H / Ot (1.4) 

Keeping in mind the continuity equation and all the equations relat ing the nonlinear trams'port coeffi- 
cients with the t empera tu res  T e and T, we obtain a closed system of equations which descr ibe  the proposed 
plasma model. 

Here and below, n e is the electron concentration, v is the frequency of collisions of the e lec t rons  
with atoms and ions, k is Bol tzmann 's  constant, 5 = 2m/~vI is the fraction of energy lost by an electron in an 
elast ic  collision, (r is the e lect r ical  conductivity of the plasma,  E is the e lec t r ic- f ie ld  intensity, H is the 
magnet ic-f ie ld  strength, U r is the fraction of radiant energy in W/crn 3, Xe is the thermal  conductivity of 
the electron gas of the plasma,  p is  the plasma density, v z is the velocity of the plasma motion along the 
axis, # is the plasma viscosi ty,  p is the static p re s su re  in the plasma, Cp is the heat capacity of the p las-  
ma,  h is  the thermal  conductivity of the a t o m i c - i o n i c  gas in the plasma,  P0 is the magnet ic  permeabil i ty ,  
j is  the current  density,  I is the total arc  current ,  R is the radius  of the plasmotron,  g is the static weight, 
m e is the electron mass ,  and b is P lanck ' s  constant. 

2 .  P r o p e r t i e s  o f  N o n e q u i l i b r i u m  P l a s m a  

Under the conditions of the problem being considered,  when it is  assumed that the t ranspor t  effects 
do not lead to much disturbance in the ionization equilibrium, the p lasma composition for the two- tempera-  
ture system is  usually computed on the basis of the Saha "unequal t empera ture"  equation. 

A somewhat different equation for the law of m a s s  action as applied to the ionization react ion of the 
two- tempera ture  system is obtained in [10]. For  instance, for the ionization of a monatomie gas it has the 
form 
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,, ,, ,' 2 r a n  k l '  ,*1: .. ~ , ! ' .  ,. / ll~ " , T I T  e a e a i  e e , . I 1 

no(t-%a) = '~'a (, h-" I e x p [ - - ~ , )  (2.1) 

In the derivat ion of (2.1) in [10] the p lasma Ks considered to be an ideal gas consist ing of two quasi-  
independent subsys tems  an e lec t ron and an a t o m i c - i o n i c  gas, which have different t empera tu res  (T and 
Te). The tempera ture-main ta in ing  mechanism of each subsys tem is not specified and the interaction 
energy of each subsys tem with its own " thermosta t"  is assumed to be smal l  on the average compared with 
the energy of the subsystem itself.  It is shown in [10] that it is more  convenient to use Eq. (2.1) than the 
Saha equation for a two- tempera ture  sys tem.  

The heat content (enthalpy) of the pla~-na in the case of t empera tu re  nonequilibrium is calculated on 
the basis  of the usual equations taking into account the difference between the t empera tu re s  of the e lect rons  
and the a t o m i c - i o n i c  gas. The calculation of the heat capacity ct) = dPJaT of a nonequilibrium plasma must  
be conducted with allowance for the equation connecting the t empera tu re  of the atoms and ions with the 
tempera ture  of the e lec t rons ,  so the heat capacity mus t  be calculated while solving a concrete  individual 
problem, where the connection between T and T e is established. 

The thermal  conductivity of the a t o m i c - i o n i c  gas ~,= ~a- 3~i and the thermal  conductivity of the e lec-  
tron gas ~e enter  separately into the energy balance equation for the different p lasma components. Here 
ks' ~'i' and ke are  the so-called contact thermal  conductivities.  The thermal  conductivity ~I caused by the 
t rans fe r  of ionization energy,  starting with t empera tu re s  for which it plays a significant role,  is added to 
the e lectron conductivity in the balance equation for the e lec t rons  (in diatomic gases  the thermal  conductiv- 
ity of dissociat ion is added to ~). Using data on the composition of a two- tempera ture  plasma one can cal-  
culate the thermal and e lec t r ica l  conduet ivi~ on the basis  of the usual equations. 

The resu l t s  of the calculation of n e for a two- tempera ture  argon plasma for  different T and T e, cal- 
culated from the Saha equation and from (2.1), are  presented in Fig. 1 [solid curves  for Eq. (2.1), dashed 
curves  for the Saha equation]. The values of n e calculated from the Saha equation and from (2.1) can differ 
by more  than two o r d e r s  of magnitude. 

3.  C a l c u l a t i o n  f o r  A r g o n  A r c  in C y l i n d r i c a l  C h a n n e l  

To make it possible to compare the resu l t s  obtained with experiment ,  Eqs. (1.1)-(1.4) were solved 
numerical ly  for an e lec t r ic  arc  in a channel for  the conditions under which the me asurements  of the e lec-  
tron and gas  t empera tu res ,  the m a s s  flow ra te ,  and the ve loc i ty 'over  the c ross  section and the length of the 
are  column were conducted in [11]. 

The channel rad ius  (R = 1 em), the total a rc  current  (I = 160 A), and the total argon flow rate  (G = 
1.2 g/see), which cor responds  to the flow rate averaged over  the c ros s  section (~z = CV'nR2 = 0.38 g/cm 2 
. see), are  given in the problem, and the dis t r ibut ions  of e lec t ron tempera ture  Te(z , r) and a t o m i c - i o n i c  
temperature T(z, r) and of  the voltage fieht E(z) along the length of the channel are determined.  

In the system (1.1)-(1.4) we are eont"ined to solving only two equations, (1.1) and (1.2), for which we 
make two assumptions plausible under the conditions of [ l l j :  Pv(r) ~ const = 0.38 g/cm 2. sec and E(r) 
- cons't. These a~sumptions do not introduce large e r r o r s  into the analysis ,  while they great ly  simplify 
the solution of the whole problem. 

Equations (].1) and (1.2) are f i r s t - o r d e r  nonlinear differential equations, one of them in partial  de r -  
ivatives. To solve the system it is  necessa ry  to set four boundary conditions and one initPal condition. 
Two of the boundary conditions 

0 7 ' , .  r = 0  c ) / '  r ~ 0  

are standard in problem s of cylindrical  symmetry ,  and we assign the gas t empera tureTI  r =R = 300~ at 
the water -cooled  wall of the pla~,znotron as the third boundary condition, The initial condition (or boundary 
condition for the z coordinate) is  T(r)l z= 0 = 300~ To determine the e lectron tempera ture  at the wall 
(setting the fourth boundary condition) we make use of the assumption that all the energy aE 2 of the e lec t r ic  
field in the zones near the walls  is expended only on heating the heavy, p lasma component, i.e.,  Eq. (1.1) is 
converted into the algebraic  equality 

o E  2 -= 3 / zSvn~k  (Y~  - -  T )  (3.1) 
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f rom which  one can d e t e r m i n e  Te( r )  f rom the g iven  T(R) and E. In th i s  equa t ion  the e l e c t r i c - f i e l d  i n t e n s i t y  
i s  found f rom the g iven  to ta l  c u r r e n t  I and the d i s t r i b u t i o n  or(r) f rom O h m ' s  law: 

R 

I " - 2 ~ E  f~ (r)rdr 
0 

(3.2) 

The  n o n l i n e a r  c o e f f i c i e n t s  of  Eqs .  (1.1) and (1.2) depend  s t r o n g l y  on the v a l u e s  of  T and T e,  which a r e  
unknown. T h e r e f o r e ,  in o r d e r  to beg in  ~ l v i n g  the s y s t e m ,  a s  we l l  a s  se t t ing  up the four th  bounda ry  cond i -  
t ion {de te rmin ing  E f rom (3.21J, one m u s t  a s m g n  s o m e  d i s t r i b u t i o n  of  Te ( r ) ,  c~(r), e t c .  The  r e s u l t s  of  the 
d i s t r i b u t i o n  T(r)  ob t a ined  f rom a so lu t ion  of  the e q u i l i b r i u m  p r o b l e m ,  iden t i fy ing  th i s  d i s t r i b u t i o n  ~4th Te ,  
a r e  u sed  a s  th i s  z e r o  a p p r o x i m a t i o n .  

Equa t ion  (1.2) i s  so lved  by the g r i d  m e t h o d  in a c c o r d a n c e  with (1.1). The  va lue  Pv z i s  g iven b e f o r e -  
hand and p l a y s  the r o l e  of a p a r a m e t e r .  In each  l a y e r ,  wi th  r e s p e c t  to z, Eqs .  (1.1) and (1.2) a r e  ~ l v e d  
s e v e r a l  t i m e s ,  which i s  connec ted  with the n o n l i n e a r i t y  of the c o e f f i c i e n t s  and with the n e c e s s i t y  of  m a t c h -  
ing t h e i r  v a l u e s  wi th in  a l a y e r .  The  r e s u l t s  of  a c a l c u l a t i o n  fo r  an e l e c t r i c  a r e  in a c y l i n d r i c a l  channel  a r e  
p r e s e n t e d  be low fo r  the c a s e  when the c o e f f i c i e n t s  in Eqs .  (1.1) and (1.2) and the p lasvna  c o m p o s i t i o n  w e r e  
c a l c u l a t e d  us ing  Eq.  (2.1). 

The  r e s u l t s  of the  a r e  c a l c u l a t i o n  a r e  p r e s e n t e d  in F i g .  2. 

The  r a d i a l  d i s t r i b u t i o n s  of  the  t e m p e r a t u r e s  of  the e l e c t r o n  and a t o m i c - i o n i c  g a s  in the c r o s s  s e c -  
t i o n s  z = 0.1, 0.5, 1, and 10 cm a r e  p r e s e n t e d  in F ig .  2; 1, 2, 3) e x p e r i m e n t a l  p o i n t s  f rom [11]; 1, 2) z = 
2.8 c m ,  3) z = 0.8 c m .  F i g u r e  2 shows  how the  gas  e n t e r i n g  the channe l  i s  h e a t e d .  The e q u a l i z a t i o n  of  
T and T e o c c u r s  in the  c e n t r a l  ax i a l  zone at a depth  of ~0.3 cm,  whi le  in the r e g i o n  n e a r  the  wal l  (r ~ 0 .9-  
0.8 cm) ,  a l though an i n c r e a s e  d o e s  o c c u r  in the  g a s  t e m p e r a t u r e  with i t s  m o v e m e n t  a long the ax i s ,  i t s  
t e m p e r a t u r e  i s  no h ighe r  than i000~ even fo r  z = 10 era.  The  hea t ing  of a t o m s  and i o n s  i s  s o m e w h a t  m o r e  
s ign i f i can t  in the m i d - r a d i u s  zone ,  w h e r e  T e :- 9500-8500~ T h i s  shows up p r i m a r i l y  in the v a r i a t i o n  in 
the T(r)  p r o f i l e  a long the z ax i s .  

A s  the  g a s  g e t s  d e e p e r  into the  channel  the T(r )  p r o f i l e  b e c o m e s  b r o a d e r ,  a l though the v a r i a t i o n  in 
the  T(r)  p r o f i l e  s t a r t i n g  with the c r o s s  s e c t i o n s  z = 1-2 em i s  not g r e a t ,  and i t  o c c u r s  a long the e n t i r e  
length  of  the  p l a s m o t r o n ,  which l e a d s  to a c o r r e s p o n d i n g  v a r i a t i o n  in a l l  the  o t h e r  p a r a m e t e r s .  In t h i s  
s e n s e  the a r e  in the  n o n e q u i l i b r i u m  m o d e l  for  R = 1 em has  an e s t a b l i s h e d  o r  weak ly  v a r y i n g  p r o f i l e  of  
Te( r )  and T(r)  only  for  z > 10 em.  The  e x p e r i m e n t a l  p o i n t s  of  the t e m p e r a t u r e  of  the  a t o m s  and i o n s  m e a s -  
u red  in [11] a r e  p lo t t ed  in F i g .  2. The  m e a s u r e m e n t s  conf i rm one conc lus ion  of  the n o n e q u i l i b r i u m  mode l :  
a long  the p l a s m o t r o n  wal l  (or  n e a r  it) f lows a g a s  whose  t e m p e r a t u r e  d e p e n d s  on G. The m e a s u r e d  and 
c a l c u l a t e d  t e m p e r a t u r e s  co inc ide  at  the a x i s  of the  channe l .  

F o r  the s ec t ion  z = (}.1 cm t h e r e  i s  a s i gn i f i c an t  d i f f e r e n c e  be tween  T(r)  and Te( r )  in the e n t i r e  m e a -  
s u r i n g  r e g i o n .  F o r  the o t h e r  s e c t i o n s ,  T and T e co inc ide  in the ax i a l  r e g i o n ,  but  n e a r  the wal l  T e i s  4000-  
5000~ h i g h e r  than the t e m p e r a t u r e  of  the  a t o m i c - i o n i c  g a s .  Such a s ign i f i can t  d i f f e r e n c e  be tween  T e and 
T in c e r t a i n  r e g i o n s  of the  a r e  channel  i s  an i m p o r t a n t  r e s u l t  ob ta ined  f rom the t w o - t e m p e r a t u r e  m o d e l  
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and co inc ides  with the conc lus ions  of [12, 13]. Some d e c r e a s e  in T e in the sec t ions  of 0 <- z <- 0.5 cm com- 

pa red  with the f a r t he r  (along z) r e g i o n s  does  not ag ree  with the e x p e r i m e n t a l  r e s u l t s ,  which a lways  show 
an i n c r e a s e  in T e at the cathode. This  d i s p a r i t y  i s  expla ined  by the fact  that  the conical  g e o m e t r y  of the a r c  

was  not taken into account in the ca lcula t ion .  

The va r i a t i on  in the T(r) and Te(r)  p r o f i l e s  along the z ax i s  l eads  to a s ignif icant  va r i a t i on  in the 
~(r) p rof i le  and the field vol tage E(z).  The magni tude  of E(z) a g r e e s  well  with the expe r imen ta l  poin ts  for  
the co r r e spond ing  z in [11]. In the equ i l ib r ium model  of the a r c  the i n c r e a s e  in the field intensitT in the 
d i r ec t i on  of the cathode depends  on the d e c r e a s e  in the d i a m e t e r  of the c u r r e n t  channel,  although, as  fol lows 
from the ca lcu la t ions ,  at l e a s t  p a r t  of the vol tage drop  near  the cathode mus t  be connected with in tense  hea t -  
ing of the cold gas  en te r ing  the a r c  in the cathode region .  This  a g r e e s  p a r t i c u l a r l y  with the data  of Stein 
and Watson obtained for  an equi l ib r ium arc .  Th is  c i r c u m s t a n c e  should explain  a ce r ta in  i n c r e a s e  in E in 
the r eg ions  of the a r c  near  the wall where  the heating of cold gas  o c c u r s  m o s t  ac t ive ly .  The r a d i a l  d i s -  
t r ibut ion  E(r) d i f f e r s  from the d i s t r i bu t ion  E(r) = const adopted in the ca lcula t ion .  The expe r imen t  shows 
that near  the wall  there  i s  some i n c r e a s e  in E. The shape of the E(r) curve r e s e m b l e s  " c a t ' s  e a r s . "  

It mus t  be noted that the cy l ind r i ca l  a r c  model  cons ide red  d i f f e r s  from the e xpe r i m e n t a l  conical  a r c  
of [11], although the good ag reemen t  of the da ta  obtained ind ica tes ,  f i r s t ,  that the mode l  i s  not based  on e r -  
roneous  as sumpt ions  and, second, that a l a rge  channel d i a m e t e r  (R = 1 cm) and a short  length of the coni- 
cal  sect ion (z -< 0.8 cm) make the condit ions of [11] b e t t e r  approx ima te  the mode l .  

Summing up th i s  ca lcula t ion  of the t w o - t e m p e r a t u r e  mode l ,  the following p r inc ipa l  r e s u l t s  should be 

brought  out. 

In a r c  p l a s m o t r o n s  there  a re  very  s ignif icant  spat ia l  r e g i ons  where  T e d i f f e r s  from T. The value of 
T(r) and the heat flux at the wall  depend on the flow ra te  of the gas  forming  the p l a sma .  

The T(r) and Te(r)  p r o f i l e s  vary  along the en t i r e  lergth of the channel (l = 10 cm) ,and  in th is  sense 
the nonequi l ibr ium a r c  (R = 1 cm) has  a very  l a rge  nons ta t ionary  sect ion of >10 cm. 

An i n c r e a s e  in the field in tens i ty  in the cathode r e g i ons  of the a r c ,  a m o n g o t h e r  r e a s o n s , m u s t  be con- 
nected with the in tense  heating of the f resh  gas  en te r ing  th i s  region.  

The blowing of cold gas  into an a r c  p l a s m o t r o n  l eads  to cons ide rab le  cooling of the a toms and ions 
near  the p l a smot ron  wa l l s  and a d e c r e a s e  in the heat flux to the wall .  Th is  effect  a s ~ u r e s  the t h e r m o s t a b i l -  
ity of the p l a ~ o t r o n  a r c  cathode in those c a s e s  when the p l a s m a - f o r m i n g  gas  i s  blown into the cathode r e -  

gion. 

4 .  A p p r o x i m a t e  A n a l y s i s  o f  P o s s i b i l i t i e s  o f  T w o - T e m p e r a t u r e  M o d e l  o f  a 

M o v i n g  P l a s m a *  

An exact  numer ica l  ca lcula t ion  and a compara t ive  e s t i m a t e  of the t e r m s  en te r ing  into the energy  
ba!,~nce equation show that a number  of conc lus ions  which a re  i n t e r e ~ i n g  and impor t an t  can be obtained 
within the f r amework  of the t w o - t e m p e r a t u r e  model  with a s imp le r  wr i t ing  of the equat ions  by neglect ing 
some of the t e r m s .  

F o r  ins tance ,  in a r c  and induction p l a s m o t r o n s  (gas hea te r s )  with a l a rge  flow of p l a s m a - f o r m i n g  g a s -  
es ,  r e l i a b l e  r e s u l t s  on the e l ec t ron  and gas  t e m p e r a t u r e s  can often be obtained from an a n a l y s i s  of the ap-  
p rox ima te  energy  d i s t r ibu t ion  pa t te rn  in the p l a sma .  

Accord ing  to th is  pa t t e rn  all the energy  ere 2 t r a n s f e r r e d  from the e l e c t r i c  field to the e l e c t r o n s  is  
then t r a n s f e r r e d  by co l l i s ions  to the a toms  and ions and i s  expended only in heating the newly supplied cold 
gas .  In th is  case  the energy  balance  equat ions  for  the e l ec t ron  and a t o m i c - i o n i c  g a s e s  can be wri t ten  in 

the form 

oE ~ = '~i~6w~e k (Te --  T) (4.1) 

07' 
iw:c~, ~ - a / 2 6 v n , , k  (7'~ - -  T ) .  (4.2) 

*All the conclus ions  and e s t i m a t e s  made in th is  work a re  obtained for a t m o s p h e r i c  p r e s su re .  They a re  
valid only for a p l a s m a  whose composi t ion  and p a r a m e t e r s  a re  ca lcula ted  on the b a s i s  of Eq. (2.1). 
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The validity of this treatment is determined by the smallness of the divergence div (~ grad T) of 
heat fluxes at the wall and the radiation U r compared with the other terms in Eqs. (1.1) and (1.2). If it is  
then considered that the specific energy o'E 2 [W/cm2l inserted into the volume of the plasma and the mean 
specific flow rate Pv z = G~R 2 of the plasma-forming gas through the plasmotron are known from experi- 
ment, the approximate calculation of T e and T in induction and arc plasmotrons can be made on the basis 
of the simple equations (4.1) and (4.2) alone. 

The radial distribution of T and T e cannot be determined from Eqs. (4.1) and (4.2). Therefore the 
values obtained from (4.1) and (4.2) characterize the average plasmotron temperature over a cross section, 
pertaining to the average aE 2 and-~ z. 

E s t i m a t e  of Depth  of  E q u a l i z a t i o n  of E l e c t r o n  and G a s  T e m p e r a t u r e s  in P l a s m a .  When T e and Pv a r e  
known f rom e x p e r i m e n t ,  r e l i a b l e  d a t a  on the dep th  at  which the t e m p e r a t u r e  of the a tom s and i o n s  of  the  
newly  supp l i ed  g a s  a p p r o a c h e s  T e can be o b t a i n e d  f rom an e x a m i n a t i o n  of  the  m o d e l  c a s e  of the  p e n e t r a t i o n  
of  cold g a s  into a p l a s m a  occupy ing  the h a l f - s p a c e .  In t h i s  c a s e  a l l  the  e n e r g y  p a s s e d  f rom the  e l e c t r o n s  
to the  a t o m s  and i ons  i s  expended  only on hea t ing  the newly  supp l i ed  g a s ,  and Eq. (4.2) i s  s t r i c t l y  obeyed .  

L e t  us  s i m p l i f y  the  p r o b l e m  even  m o r e  and e x a m i n e  how a cold  g a s  p e n e t r a t i n g  into a p l a s m a  with 
c o n s t a n t  T e o v e r  the  e n t i r e  h a l f - s p a c e  i s  hea ted  ( th is  c a s e  can be r e a l i z e d  in hf and m i c r o w a v e  p l a ~ n o -  
t r o n s ,  w h e r e  the  p l a s m a  o c c u p i e s  a l a r g e  vo lume  and the g a s  f low r a t e  i s  l a rge ) :  

T~ (z)[~<l = 0, T~ (z)l~o = const =# 0 

Def in ing  pVZCp = a and 3/26t'nek = b, we w r i t e  Eq. (4.2) in the  fo rm 

a dT/dz-t- bT = bTe t4.3) 

The  c o e f f i c i e n t s  a and b a r e  c o m p l i c a t e d  func t i ons  of T and Te ,  so tha t  (4.3) can only  be so lved  by 
n u m e r i c a l  m e t h o d s ,  such a s  the m e t h o d  of s m a l l  s e c t i o n s  wi th  r e s p e c t  to z, in the l i m i t s  of which a s l igh t  
change  o c c u r s  in T and T e and a and b can be t aken  as  c ons t a n t s .  In add i t ion ,  the  c o n s t a n c y  of  b o v e r  a 
s m a l l  s ec t ion  Az d o e s  not i n t r o d u c e  much  e r r o r  in to  the c a l c u l a t i o n  b e c a u s e  of  i t s  weak  d e p e n d e n c e  on T.  
In t h i s  c a s e  the  so lu t ion  of  the l i n e a r  equa t ion  (4.3) in the  s m a l l  c r o s s  s ec t ion  0 <- z <- Az for  the  b o u n d a r y  
cond i t ion  Tz= 0 = 0 i s  

T - I'~ [t - -  exp (--b/a z)] (4.4) 

and for  the b o u n d a r y  cond i t ion  TIz= 0 = To i s  

T = Te [1 - -  exp (--bz/a)] -F To exp (- -  bz/a) (4.5) 

I t  fo l lows  f rom (4.4) and (4.5) tha t  the t e m p e r a t u r e  of  the  e n t e r i n g  g a s  i n c r e a s e s  e x p o n e n t i a l l y  a s  i t  
g e t s  " d e e p e r "  into the  p l a s m a .  The  r a t e  of i n c r e a s e  dT/dz of  the t e m p e r a t u r e  d e p e n d s  on the r a t i o  b/a. 
Equa t ion  (4.3) w a s  so lved  n u m e r i c a l l y  f o r  an a r g o n  p l a s m a  at  s e v e r a l  t e m p e r a t u r e s  by the m e t h o d  of  l i n e a r  
s e c t i o n s  fo r  two c a s e s  (F ig .  3): 1) a g iven  amoun t  of g a s  (Pv = 0.3 g / s e c ,  cm2) is  b lown into an a r g o n  p l a s m a  
having  d i f f e r e n t  e l e c t r o n  t e m p e r a t u r e s  T e = 8000, 9000, and 10,000~ (so l id  c u r v e s  3, 2, and 1). D i f f e r e n t  
a m o u n t s  of  g a s  p v  = 0.1, 0.2, 0.3, 0.5 g / cm 2 �9 s e c  (dashed  c u rve s )  a r e  supp l i ed  to a p l a s m a  with a cons t an t  
t e m p e r a t u r e  T e = 9000~ The v a l u e s  of  T e and pv w e r e  chosen  on the b a s i s  of t he  o p e r a t i o n  of  r e a l  i nduc -  
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t ion p l a s m o t r o n s .  I t  f o l l ows  f r o m  an a n a l y s i s  of the  T(z) func t ions  ob t a ined  tha t  the  s p e c i f i c  f low r a t e  of  
the g a s  and the e l e c t r o n  t e m p e r a t u r e  have  a v e r y  s t r o n g  in f luence  on the r a t e  of e q u a l i z a t i o n  of T and Te .  
F o r  e x a m p l e ,  a t  T e = 10,000~ the t e m p e r a t u r e s  T and T e b e c o m e  equa l  at a dep th  of Az ~ 2 cm,  whi le  a t  
T e = 8000~ the s a m e  amoun t  of  g a s  pV = 0.3 g / c m  2 �9 s e c  at  a dep th  z = 10 c m  is  h e a t e d  to only  T ~ 2000~ 
At T e = 13,000~ the  "dep th"  at  wh ich  the  t e m p e r a t u r e s  T and T e b e c o m e  equa l  i s  Az ~ 0.4 c m  fo r  a f low 
r a t e  of 1 g / c m  2 �9 s e c .  Hence  i t  fo l lows  t ha t  the  m o s t  s i g n i f i c a n t  e f f ec t  of the g a s  f low r a t e  on the d i s t u r b a n c e  
in t h e r m a l  e q u i l i b r i u m  is  o b s e r v e d  a t  low e l e c t r o n  t e m p e r a t u r e s  of T e ~ 9000~ wh ich  a r e  r e a l i z e d  in the  
z o n e s  n e a r  the  w a l l s  of a r c  and h i g h - f r e q u e n c y  p l a s m a t r o n s .  An i n c r e a s e  in the  g a s  f low r a t e  f r o m  0.1 to 
1 g / c m  2 �9 s e c  at  T e = 9000~ l e a d s  to a d e c r e a s e  in  the t e m p e r a t u r e  of the  heavy  c o m p o n e n t  a t  a dep th  o f  
z =4 e m  f r o m  9000 to 1500~ 

T h i s  a n a l y s i s  can a l so  be app l i ed  to an e x p l a n a t i o n  of  the  high h e a t i n g  r a t e  and low depth  at which the 
t e m p e r a t u r e s  T and T e b e c o m e  equa l  in m o l e c u l a r  g a s e s .  A s  f o l l o w s  f r o m  (4.4), dT/dz i s  p r o p o r t i o n a l  to 

the  r a t i o  

b/a  s[~6Vnek (4.6) 
pb'zC p 

Le t  us  a n a l y z e  the s i z e s  of the i nd iv idua l  t e r m s  in  t h i s  equa t ion  fo r  d i f f e r e n t  g a s e s .  F o r  the  m o s t  
c o m m o n  p l a s m a - f o r m i n g  g a s e s  (At ,  N2, H 2) (5 i s  equa l  to 2.7 �9 10 -5, 3.9 �9 10 -5, and 5.5 �9 10 -~, r e s p e c t i v e l y .  
The  c o l l i s i o n  f r e q u e n c y  of  the e l e c t r o n s  i s  d e t e r m i n e d  th rough  the c o l l i s i o n  c r o s s  s e c t i on  Q by the equa t ion  

v = ve [naQ~a + mQei -~ n,,Q~,] (4.7) 

The  d e p e n d e n c e  on the e l e c t r o n  t e m p e r a t u r e  of  the  p l a s m a  fo r  A r ,  N 2, N, O, 0 2, H, H 2 i s  p r e s e n t e d  in 
F i g .  4. A c o m p a r i ~ n  of 6, Q e a ,  Qem,  and v for  m o l e c u l a r  g a s e s  and for  a r g o n  shows  tha t  in m o l e c u l a r  
g a s e s  b = ~'2 6~nek i s  m u c h  g r e a t e r  fo r  a g iven  p l a s m a  t e m p e r a t u r e  than in a r g o n .  T h i s  m e a n s  tha t  in 
m o l e c u l a r  g a s e s  T and T e for  a g a s  supp l i ed  to the p l a s m a  at  the  s ame  pv  b e c o m e  equa l  at much  s m a l l e r  
d e p t h s  than in argon~ which i s  connec ted  with the fo l lowing  c a u s e s :  1) the l a r g e  i n t e r a c t i o n  c r o s s  sec t ion  
b e t w e e n  an e l e c t r o n  and an a tom (molecu le )  in n i t r o g e n  and h y d r o g e n  c o m p a r e d  with a rgon ;  2) the  l a r g e  
f r a c t i o n  of  energ3 '  t r a n s f e r r e d  in e l a s t i c  c o l l i s i o n s  in l ight  m o l e c u l a r  g a s e s ;  and 3) the  e f fec t  of i n e l a s t i c  
c o l l i s i o n s .  

E s t i m a t e  of  A v e r a g e  E l e c t r o n  T e m p e r a t u r e  in P l a s m o t r o n .  The  t e m p e r a t u r e s  of the  e l e c t r o n s  and 
a t o m i c - i o n i c  g a s  a v e r a g e d  o v e r  a c r o s s  s ec t ion  a r e  d e t e r m i n e d  in the  f r a m e w o r k  o f  the  c a s e  u n d e r  c o n s i d -  
e r a t i o n  in a p l a s m o t r o n  th rough  the jo in t  so lu t ion  of Eqs .  (4.1) and (4.2). A g r a p h  of the  d e p e n d e n c e  of  the 
r i g h t  s ide  of Eq. (4.1) on the t e m p e r a t u r e  of  the  a t o m s  and ions ,  

3/25vl~ek ( T  e - -  T )  = / (T, ~/'e) (4.8) 

c o n s t r u c t e d  for  d i f f e r e n t  Te ,  p r o v e s  v e r y  use fu l  for  t h i s  p u r p o s e .  

I t  i s  e a ~  to g ive  erE 2 for  an induc t ion  p l a s m a .  In e s t i m a t i n g  T e for  a r c  p l a s m o t r o n s  i t  i s  e a s i e r  to 
u s e  the c u r r e n t  d e n s i t y  j = I/~,:R 2 a v e r a g e d  o v e r  the  c r o s s  s ec t ion  (he re  I i s  the to ta l  c u r r e n t ) .  T h e r e f o r e  
Eq. (4.1) m u s t  be w r i t t e n  s o m e w h a t  d i f f e r e n t l y .  U s i n g  the e x p r e s s i o n  

:5 ~ e2ne Ka  
m.e'y 

fo r  the  conduc t i v i t y  in the p l a s m a  tKcr i s  a k i n e t i c  c o r r e c t i o n )  and subs t i t u t i ng  i t  into (4.1), a f t e r  s e v e r a l  
t r a n  sfo rm a t ion  s one can ob ta in  

w h e r e  j i s  in A/cm 2. 

. . . . .  o 

' ~  " , T 

a Z## u## 6#0 80O I0~? 

Fig. 5 

j = 4"10 Is K , n e ] / T ~ - -  T (4.9) 

The  d e p e n d e n c e  of the  r i g h t  s ide  of t h i s  equa t ion  on T at  
d i f f e r e n t  v a l u e s  of  T e a l l o w s  one to d e t e r m i n e  T e i f  the a v e r a g e  
c u r r e n t  d e n s i t y  j and T a r e  known. An a n a l y s i s  of  the  m a g n i -  
t u d e s  of the r i g h t  s i d e s  of Eqs .  (4.1) and (4.9) shows that  t h e i r  
d e p e n d e n c e  on the t e m p e r a t u r e  of  the  a t o m i c - i o n i c  g a s  i s  weak .  
T h i s  in t u rn  m a k e s  i t  p o s s i b l e  to e s t i m a t e  the  e l e c t r o n  t e m p e r a -  
t u r e  T e in the  p l a s m a ,  g iven  only  the  a v e r a g e  s p e c i f i c  p o w e r  
ere 2 o r  the  c u r r e n t  d e n s i t y  j .  F o r  i n s t a n c e ,  i t  f o l l ows  f rom (4.1) 
tha t  T e = 10,000~ fo r  ~ = 1.5 kW/cm 2 with a v a r i a t i o n  in T 
f rom 500 to 9500~ F o r  a c u r r e n t  d e n s i t y  j = 1000 A/cm ~ we 
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have  T e = 12,500-11,500~ with a v a r i a t i o n  in T f rom 500 to 10,500~ T h i s  weak  d e p e n d e n c e  of (4.1) and 
(4.9) on T in a n u m b e r  of c a s e s  a l l o w s  an e s t i m a t e  of  T e in the  p l a s m o t r o n  on the  b a s i s  of an o r d i n a r y  a l -  
g e b r a i c  equa t ion  l ike  (4.1) and (4.9) f rom the g iven  ~rE 2 o r  j wi thout  a jo in t  so lu t ion  of Eqs .  (4.1) and (4.2), 
o r  (4.9) and (4.2). Le t  u s  c o m p a r e  the v a l u e s  of T e ob t a ined  in t h i s  way with the e x p e r i m e n t a l  v a l u e s .  The  
v a l u e s  ob ta ined  f rom such an e s t i m a t e  a r e  p r e s e n t e d  be low 

P. kW/cm 3 0.07 0.1 0.31 0.29 t.2 i.5 
7m.t0 -", ~ 8.4 9.2 9.7 9.8 10.:~ 10.7 
7c.i0-3, ~ 8.5 8.6 9.4 9.3 9.7 l0 

fo r  the  c a l c u l a t e d  e l e c t r o n  t e m p e r a t u r e  T c c o r r e s p o n d i n g  to a c e r t a i n  s p e c i f i c  power  P,  W/cm 3, in an i n -  
duc t ion  a r g o n  p l a s m a ,  and the T m m e a s u r e d  e x p e r i m e n t a l l y  in [14] and c o r r e s p o n d i n g  to the  s a m e  P.  I t  i s  
seen  that  the  a g r e e m e n t  of  the r e s u l t s  i s  u n e x p e c t e d l y  good,  and in some  c a s e s  the  d i s a g r e e m e n t  i s  m u c h  
l e s s  than the e r r o r s  in the  m e a s u r e m e n t  and c a l c u l a t i o n .  A v e r y  ful l  s u r v e y  of the d e p e n d e n c e  of the  ax ia l  
t e m p e r a t u r e  of an a rgon  a r c  on the r a t i o  I/2R i s  g iven  in [15] for  a r c  p l a s m o t r o n s .  The d a t a  p r e s e n t e d  in 
[15] m a k e  i t  p o s s i b l e  to r e l a t e  the ax ia l  t e m p e r a t u r e  T with the  c u r r e n t  d e n s i t y  ~- = I ~ R  2 a v e r a g e d  o v e r  the 
c r o s s  s ec t ion ,  with the  he lp  of which one can d e t e r m i n e  T e on the b a s i s  of (4.9).  The  e x p e r i m e n t a l  ax ia l  
t e m p e r a t u r e s  Te(0) f rom the d a t a  of v a r i o u s  a u t h o r s  [15] a r e  p lo t t ed  by po in t s  in F i g .  5. The  c a l c u l a t e d  
d e p e n d e n c e  T e = f ( ~  ob t a ined  f rom Eq. (4.9) i s  g iven  by the  c u r v e .  The  c a l c u l a t e d  t e m p e r a t u r e s  a r e  too 
low b e c a u s e  the c a l c u l a t i o n  g i v e s  some  a v e r a g e  e l e c t r o n  t e m p e r a t u r e  ( p e r t a i n i n g  to the  a v e r a g e  c u r r e n t  
dens i ty )  , whi le  the e x p e r i m e n t a l  v a l u e s  (F ig .  5) a r e  g iven  for  the ax i a l  t e m p e r a t u r e s .  A c o m p a r i s o n  of  
the  e x p e r i m e n t a l  d a t a  and an a p p r o x i m a t e  c a l c u l a t i o n  shows  tha t  Eqs .  (4.1) and (4.9) can be u sed  to e s t i m a t e  
the  e l e c t r o n  t e m p e r a t u r e  in a r c  p l a s m o t r o n s  with an a c c u r a c y  o f  no l e s s  than  20-25%, and of  ~10~ in i nduc -  
t ion p l a s m o t r o n s .  

The  good a g r e e m e n t  of the  c a l c u l a t e d  and e x p e r i m e n t a l  d e p e n d e n c e s  of the  t e m p e r a t u r e  on the p o w e r  
and c u r r e n t  d e n s i t y  i n d i c a t e s  that  the a p p l i c a t i o n  of  a t w o - t e m p e r a t u r e  m o d e l  c o r r e c t l y  r e f l e c t s  the e s -  
sence  of the  p h y s i c a l  p r o c e s s e s  in  p l a s m o t r o n s .  

The  p h y s i c a l  p a r a m e t e r s  ~, he,  and , of  a p l a s m a  a r e  d e t e r m i n e d  by the two v a l u e s  T and T e. T h e r e -  
f o r e  each  va lue  of T and T e c o r r e s p o n d s  to only a s ing le  v a l u e  of  the f ie ld  i n t e n s i t y  E,  for  which Eq.  (4.1) 
should  be u sed .  

T h i s  m a d e  i t  p o s s i b l e  to r e l a t e  on the b a s i s  of the ~ l u t i o n  of (4.1) the t h r e e  v a l u e s  (E, T ,  and T e) for  
an a r g o n  p l a s m a  in the fo rm of the  n o m o g r a m  F i g .  6, which  can be u sed  both in the  e x a c t  so lu t ion  of the  
whole  s y s t e m  of e q u a t i o n s  of  a m o v i n g  p l a s m a  and fo r  a p p r o x i m a t e  e s t i m a t e s  of the  p a r a m e t e r s  of a non-  
e q u i l i b r i u m  p l a s m a .  

1. 

2. 

3. 

4. 

5. 

6. 

L I T E R A T U R E  C I T E D  

H. M a e c e r ,  " i Jber  d i e  C h a r a c t e r i s t i k e n  z y l i n d r i c h e r  BSgen ,"  Z. P h y s . ,  157, No. 1 (1959). 
H. I. Pa t t  and G. Schrni tz ,  " H a g e n - P o i s e u i l l e - S t r o u n g  in w a n d s t a b i l i s i e r t e n  z y l i n d e r s y m m e t r i s c h e n  
L i c h t b 6 e n , "  Z. P h y s . ,  185, No.  1 (1965). 
M. E.  Z a r u d i ,  "Me thods  of  c a l c u l a t i o n  f o r  a c y l i n d r i c a l  a r c  co lumn in a channe l  with a l l o w a n c e  fo r  
r a d i a t i o n , "  Izv.  S i b e r .  Otd. Akad .  Nauk SSSR, Ser .  Tekhn .  Nauk,  No. 3, P a r t  1 (1967). 
G. Yu. Dautov,  " P o s i t i v e  co lumn of an e l e c t r i c  a r c  in a s t r e a m , "  Zh. P r i k l .  Mekhan .  i Tekh .  F i z . ,  
No. 4 (1963). 
B. A. Uryukov ,  " L o n g i t u d i n a l l y  ven ted  e l e c t r i c  a r c  in a c y l i n d r i c a l  channe l , "  Izv.  S ibe r .  Otd. Akad .  
Nauk SSSR, OTN, No. 3, P a r t  1 (1968). 
V. M. G o l ' d f a r b  and A. M. Uzdenov ,  " T e m p e r a t u r e  of  e l e c t r o n s  and heavy  p a r t i c l e s  in an a r c  wi th  
an a x i a l  a rgon  s t r e a m , "  Izv.  S i b e r .  Otd. Akad.  Nauk SSSR, Ser.  Tekhn.  Nauk. ,  No. 3, P a r t  1 (1967). 

442 



7. G.A. Andreev, S. V. Dresvin, and V. S. Klubnikin, "Turbulence of an argon plasma jet," in: Physics, 
Technology, and Applications of Low-Temperature  Plasma [in Russian], Kazakhsk. Politekhn. Inst., 
Alma-Ata (1970). 

8. S.V. Dresvin and V. S. Klubnikin, "~udy of nonequilibrium in the argon plasma stream of a high-fre- 
quency induction discharge at atmospheric pressure ,"  Teplofiz. Vys. Temp., 9, No. 3 t1971). 

9. L .M.  Biberman, V. S. Vorob'ev, and I. T. Yakubov, "Nonequilibrium low-temperature plasma. II. 
Energy distribution of free electrons,"  Teplofiz. Vys. Temp., 6, No. 3 (1968). 

10. A.V. Potapov, "Chemical equilibrium of mult i temperature systems," Teplofiz. Vys. Temp., 4, No. 1 
(1966). 

11. A.A. Voropaev, V. M. Gol'dfarb, A. V. Donskoi, S. V. Dresvin, and V. S. Klubnikin, ~ Thermal and 
gas-dynamic character is t ics  of an arc  discharge in an elongated argon stream," Teplofiz. Vys. Temp., 
7, No. 3 (1969). 

12. A.V. Nazarenko and I. G. Panevin, "Method of calculation of Characteristics of stabilized arcs  allow- 
ing for divergence of the electron temperature and absorption of radiation," in: Physics, Technology, 
and Applications of Low-Temperature Plasma [in Russian], Kazakhsk. Politekhn. Inst., Alma-Ata 
(1970). 

13. ~]. I. Asinovskii and E. P. Pakhomov, "Analysis of temperature field in a cylindrically symmetrical 
electric arc column, " Teplofiz. Vys. Temp., 6, No. 2 (1968). 

14. A.A. Voropaev et al., Temperature of High-Frequency Plasma. Application of High-Frequency Cur- 
rents to Electrothermy [in Russian], Mashinostroenie, Moscow t1968), p. 286. 

15. V.M. Batenin and P. V. Minaev, "Temperature of an electric arc in argon," Teplofiz. Vys. Temp., 
7. No. 2 (1969). 

443 


