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C A L C U L A T I O N  OF A W A L L - S T A B I L I Z E D  ARGON ARC WITH ACCOUNT F O R  
RADIATIVE E N E R G Y  T R A N S F E R  

V. N. Vetlut~/kii ,  A .  T.  O n u f r i e v ,  and V. G. S e v a s t ' y a n e n k o  

Z h u r n a l  P r i k l a d n o i  M e k h a n i k i  i T e k h n i c h e s k o i  F i z i k i ,  No. 

It was shown experimentally in [1.2] and in a study by E. I. Asinovskii 
and A. V. Kirillin reported at the Scientific Technical Conference of 
the High-Temperature Scientific Research Institute held in 1964 that the 
heat transfer mechanism in a wall-stabilized argon arc was not purely 
purely conductive at gas temperatures greater than Ii 000" K. Asinov- 
skii and:~Kirillin also showed that radiative energy transfer is the reason 
why sim~arity is lost when the current-voltage characteristics are con- 
structed in dimensionless form. The radiation of an argon arc has been 
studied experimentally by a number of authors [3-5]. Dautov [6] cal- 
culated an argon arc without allowing for radiation. 

In this article an argon are stabilized by the cooled duct walls is cal- 
culated with account for radiationusing theoretically computed rela- 
tionships describing the transport properties of argon plasma. A large 
portion of the radiated energy pertains to spectral lines whose role has 
been studied by L. M. Biberman. The authors have used I. T. Yaku- 
boy's data on argon radiation published in the journal "Optics and 
Spectroscopy." A method of calculation and data on argofi plasma 
radiation are also given in [7l. 

Reference [8] deals with the problem of the role of radiation in an are 
burning in nitrogen. In particular, the above-mentioned loss of sim- 
ilarity follows from the results of this work. However, the relation- 
ships used in this article to describe the transport properties of nitrogen 
plasma were obtained experimentally in [9]. 

NOTATION 

r 0 -  arc radius (cm) 
r -- variablesradius (cm) 
T -- temperature (~ 
x -- heat transfer coefficient (erg cm'lsec-ideg "1) 
E -  electric field intensity (gl# em ' l#sec  "1) 
o '  - -  electrical conductivity (sec "l) 
q l -  heat flux density due to conduction 
q2--heat flux density due to radiation 
u -- divergence of radiative energy flux density in the trans- 

parent part of the spectrum (erg cm'Zsec "i) 
u 2 - same for part of the spectrum where reabsorption is taken 

taken into account 
m0-- atomic mass 
m e -- electronic mass 
o -- Stefan-Boltzmarm constant 
h -- Planck constant 
k -- Boltzmann constant 
e - electronic charge 
p -- pressure 
a -- degree of ionization 
N e -- electron concentration (am "8) 
No-  neutral atom concentration 
Q0e - electron-neutral collision cross section 
Q i e -  electron-ion collision cross section (cm z) 
v 0 -  line center frequency (see "l) 
Av+--line halfwidth (distance from line center to contour 

for k v = kvJ2 ) due to effectsgiving dispersion contour 
k v -- absorption coefficient (era "1) 
9-- energy radiated by a hemispherical volume 

- emissivity of hemispherical volume 
l -- radius of hemispherical volume 
S -- line intensity. 
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1. E q u a t i o n .  The  c a l c u l a t i o n  w a s  p e r f o r m e d  f o r  a 

l o w - s p e e d  l a m i n a r  f low w h e n  t h e  a r c  c o n s i s t e d  o f  a 

c y l i n d e r  of  c o n s t a n t  r a d i u s  w h o s e  p r o p e r t i e s  did no t  

v a r y  wi th  l e n g t h .  The  e l e c t r i c  f i e ld  s t r e n g t h  w a s  c o n -  

s t a n t  a long  t h e  a r e  a x i s  and o v e r  t he  c r o s s  s e c t i o n .  
L o c a l  t h e r m o d y n a m i c  e q u i l i b r i u m  Was a s s u m e d  t o  

e x i s t .  T h e  h e a t  t r a n s f e r  p r o c e s s  in t he  a r c  i s  d e -  

s c r i b e d  by  the  e n e r g y  e q u a t i o n  [10] 

t d ( r •  = (u 

T h e  f i r s t  t e r m  c h a r a c t e r i z e s  t h e  e n e r g y  r e l e a s e d  

in  t h e  a r c ;  t he  s e c o n d  c h a r a c t e r i z e s  t he  c o n d u c t i v e ,  

and the  t h i r d  t h e  r a d i a t i v e ,  e n e r g y  t r a n s f e r .  The  

f u n c t i o n  

T 

~ = I  •  
o 

i s  i n t r o d u c e d ,  and  e q u a t i o n  (1.1) i s  r e w r i t t e n  in  t h e  
f o r m  

m ( / )  = 

(I .2) 

i ' u ( t )  t d t d z _ _ ( r o E )  ~ 1 = ( I ) ( 0 ) + r ~  z z z ' ( t )  t d t d z .  
0 0 0 0 

The  e q u a t i o n  i s  s o l v e d  b y  t h e  m e t h o d  of  s u c c e s s i v e  

a p p r o x i m a t i o n s  f o r  a g i v e n  a r e  r a d i u s  and g a s  t e m p e r -  

a t u r e  a t  t h e  a x i s .  

2 .  C o m p o s i t i o n  and t r a n s p o r t  p r o p e r t i e s  o f  a r g o n  
p l a s m a .  T h e  d e g r e e  of  i o n i z a t i o n  w a s  d e t e r m i n e d  

f r o m  t h e  Saha f o r m u l a  a l l o w i n g  f o r  t he  r e d u c t i o n  in  

i o n i z a t i o n  p o t e n t i a l  [11]. T h e  v a l u e  of  t h e  i o n i z a t i o n  

p o t e n t i a l  U i and o t h e r  n e c e s s a r y  da t a  w e r e  o b t a i n e d  
f r o m  [12]. 

The  e l e c t r i c a l  c o n d u c t i v i t y  w a s  c o m p u t e d  f r o m  the  

f o r m u l a  [13, 14] 

~' = 0.532 Nee2 1 
(mekT) % NoQ0 e _{_ NiQi e ' (2.1) 

w h e r e  

T h e  e l e c t r o n - a t o m  c o l l i s i o n  c r o s s  s e c t i o n  Q0e, d e -  

t e r m i n e d  f r o m  m e a s u r e m e n t s  o f  t h e  e l e c t r o n  m o b i l i t y ,  

w a s  t a k e n  f r o m  [13]. 

T h e  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  g i v e n  b y  t h e  s u m  

= • + • + • 

H e r e  40 i s  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  a m i x -  

t u r e  of  h e a v y  p a r t i c l e s ,  4 e i s  t he  e l e c t r o n  h e a t  t r a n s -  

f e r  c o e f f i c i e n t ,  and 41 i s  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  

due  to  i o n i z a t i o n  e n e r g y  t r a n s f e r .  
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T h e  v a l u e  of  % w a s  c o m p u t e d  u s i n g  t h e  f o r m u l a  

[101 

i 5 o 

H e r e  Cs ~ i s  t h e  s p e c i f i c  h e a t  c o r r e s p o n d i n g  to t h e  
t r a n s l a t i o n a l  d e g r e e s  o f  f r e e d o m ,  Cs 1 i s  t h e  s p e c i f i c  
h e a t  c o r r e s p o n d i n g  to t h e  i n t e r n a l  d e g r e e s  of  f r e e d o m ,  

v s i s  t h e  a v e r a g e  v e l o c i t y  of  t h e r m a l  m o t i o n  of  t h e  

p a r t i c l e s ,  and  X s i s  t h e  m e a n  f r e e  pa th :  

k--[ 
\m s m s / 

+ (, - ,  , + LI': 
m s --  O,2mp 

Psp = m s % mp 

C o m p u t i n g  >% f r o m  [10] and  ~ i  f r o m  [15] g i v e s  

• = 2 / a N ~ v ~  ( t + a )  f o r  ~ l, 

v , = ] / ' 3 F f  / rn~, ~ = (NoQo, -t- NiQi~) -~ 

: :  N ,  / (No -[- N , )  ( 2 . 4 )  

• = 0 .397.10 -s (kT)'/ ,  / Qi~ (2 .5)  

5 Ui) D~ p da (2 .6)  
• -= ( ~  k T  -4- mo dT 

D1 - -  3 V ' ~ -  ] / k T  (too-' + mi-') 
8 (N i + No) Q0~ ' (2 .7)  

T h e  t o t a l  i o n - a t o m  c o l l i s i o n  c r o s s  s e c t i o n  f o r  a n  
e n e r g y  of  t h e  o r d e r  of  1 eV w a s  t a k e n  f r o m  t h e  d a t a  of  
[16]: Q0i = 9 0 " 1 0 - i s  cm2.  

o 
6 8 1o I~ r ~ tO 

Fig .  1 

3. Radiation. Figure 1 gives graphs from the paper by I. T. Yaku- 
boy for p = 1 atm and l = 0,1 era. These indicate the relative frac- 
tions of radiant energy due to different transitions: 1--resonance lines; 
2-other  transitions to the ground state; 3-transitions to the 4s-levels; 
4--transitions to the 4p-levels; 5--transitions between all higher levels; 
6--recombination radiation (with formation of excited atoms) and 
bremsstrahlung; q--recombination to the ground state. Regions 4, 5, 
and 6 may be assumed to be transparent for an arc radius up to 8-4 
mm. Region 3 corresponds to transitions to the 4s-levels. For the most 
intense lines 4s-4p curves were comtmeted and estimates made of the 
energy transferred in the tramparent region of the spectrum (for kvr0 < 
< 1). It was found that for diameters up tO 3 mm (p = Ia tm)  all lines 
could be assumed to be transparent; for diameters up to I cm this was 
correct to within 20% of the energy radiated by these intense lines. At 
p = 10 arm and an arc diameter of 6 ram, 70% of the energy corm- 
sponding to the transparent part of the lines comes from region 3. For 
the parameters in question the other transitions to 4s belong to the 
transparent part of the spectrum. 

S p e c i a l  e s t i m a t e s  w e r e  m a d e  f o r  r e g i o n s  1 and  2. 

W i t h i n  t h e  l i m i t s  of  t h e  l i n e  t h e r e  a r e  s e c t i o n s  of  t h e  

s p e c t r u m  w h e r e  r e a b s o r p t i o n  m u s t  b e  a l l o w e d  f o r .  

! %,er ' 

t ,/ \ 

0 r' I 

Fig .  2 

S t r i c t l y ,  i n t e g r a l  r e p r e s e n t a t i o n s  s h o u l d  b e  u s e d  to 
t a k e  in to  a c c o u n t  t h e  r a d i a t i v e  e n e r g y  t r a n s f e r ,  b u t  

t h i s  g r e a t l y  c o m p l i c a t e s  t h e  p r o b l e m ;  t h e r e f o r e ,  i t  i s  
d e s i r a b l e  to  i n t r o d u c e  r e a s o n a b l e  s i m p l i f i c a t i o n s .  We  
d i v i d e  t h e  f r e q u e n c y  i n t e r v a l  w i t h i n  t h e  l i m i t s  of  t h e  
l i n e  (a  s y m m e t r i c  l i n e  i s  c o n s i d e r e d )  i n to  t h r e e  r e -  

g i o n s :  t h e  i n t e r v a l  f r o m  % ( l i n e  c e n t e r )  to  vl, w h e r e  
t h e  a p p r o x i m a t i o n  of  r a d i a t i v e  h e a t  t r a n s f e r  i s  v a l i d ;  

t h e  i n t e r v a l  f r o m  v 2 to ~ w h e r e  t h e  a p p r o x i m a t i o n  of  

v o l u m e  r a d i a t i o n  i s  v a l i d ;  and  a n  i n t e r m e d i a t e  r e g i o n  
w h e r e  t h e  f o r e g o i n g  a p p r o x i m a t i o n s  do no t  h o l d .  To 

e s t i m a t e  t h e  b o u n d a r y  ~ f r e q u e n c i e s  v 1 and  v2, w e  c o m -  
p u t e  t h e  e n e r g y  f l u x e s  f o r  d i f f e r e n t  v a l u e s  of  k v r  0 ( t a k -  
i ng  t h e  a b s o r p t i o n  c o e f f i c i e n t  to  b e  c o n s t a n t  o v e r  t h e  
r a d i u s ,  w h i c h  i s  s u f f i c i e n t  f o r  e s t i m a t e s  in  t h e  c e n t r a l  
p o r t i o n  of  t h e  a r c )  in  t h e  a p p r o x i m a t i o n s  

a) v o l u m e  r a d i a t i o n :  

- ~ i (3.1) 
0 

b) r a d i a t i v e  h e a t  t r a n s f e r :  

i d% ~ dT 
qv" - -  3kvro dT dr' (3 .2)  

C) in  t h e  d i f f u s i o n  a p p r o x i m a t i o n  ( the  f i r s t  t e r m  of  

t h e  e x p a n s i o n  in  t h e  s p h e r i c a l  h a r m o n i e s  m e t h o d  [17]) ;  
t h e  d i f f u s i o n  a p p r o x i m a t i o n  c o r r e c t l y  g i v e s  t h e  l i m i t  

c a s e s  and  d e s c r i b e s  t h e  i n t e r m e d i a t e  r e g i o n  f a i r l y  

a c c u r a t e l y .  

T h e  r a d i a t i v e  e n e r g y  t r a n s f e r  e q u a t i o n  in  t h e  d i f f u -  

s i o n  a p p r o x i m a t i o n  h a s  t h e  f o r m  

l ~ d i d% 
kCo r' dr-~ (r' q~) - - % ~  q~ 3kco dr'--" (3 .3)  

w h e r e  ~Pv/C i s  t h e  r a d i a t i o n  d e n s i t y ,  Cpv~ i s  t h e  
e q u i l i b r i u m  r a d i a t i o n  dens i ty ' ,  qv  i s  t h e  e n e r g y  f lux  

d e n s i t y ,  and  r J = r / r  0. T h e  b o u n d a r y  c o n d i t i o n s  a r e  

d% 0.76 d% 
dr---v-= 0 at  r ' = 0 ,  --  k~--~-/-o--~= % a t  r ' =  i . ( 3 . 4 )  



46 ZH. PRIKLAD. MEKH. TEKH. FIZ., JULY-AUGUST 1965 

T h e  e n e r g y  f lux  d e n s i t y  f r o m  (3.3)  and  (3 .4)  i s  

0 

f3" t0.76 V'3Ix (xo) + Io (xo) 

x o xo  

• 1%~ (;) So (;) + f %~ (;) Ko (;) ;e ;}.  
0 X 

H e r e  Ko, Kz, Io, I t a r e  B e s s e l  f u n c t i o n s  and  x = 
= ~ - k v r .  

q 7 
0 
<D 

6 

" 5 

U 

\ 

O0 r I 

Fig .  3 

In order to find out at what values of kvr 0 it is possible to use a 
given approximation, we construct the flmetion qp(r) for a given tem- 
perature profile (curve 1 in Fig. 6). As an example, Fig. 2 gives this 
relationship for kvr 0 = 0.577. curve 1 - diffusion approximation; 2 - vo 1 - 
ume radiation approximation; 3-radiative heat transfer approxima- 
tion. The radiative heat transfer approximation exceeds the energy 
flux demity by an order, while the volume radiation approximation 
coincides quite accurately with the "exact" solution. For kvr 0 = 4.62 
(Fig. 3) we have the opposite picture: the volume radiation approxi- 
mation greatly exaggerates the results, while the radiative heat trans- 
fer approximation is quite exact. Since the chosen temperature profile 
is typical for the problem under eomideration, we may conclude on 
the basis of these estimates that the radiative heat tramfer approxima- 
tion may be used starting from a radiation path 4-5 times less than the 
radius, and the boundary of the transparent region can be established 
for kvr 0 ~ 1. 

The intermediate region where the diffusion approximation can b e  
used lies between the boundaries kur0 = 1 and kvr 0 = 4. 

vl  
2 d %  ~ 

~'=1 ak~- e-T d '"  
va 

(3 .6)  

F o r  t h e  l i n e  d(Pv*/dT = d~v0*/dT 

2 d%o~ i t dv 
•  ~ - - ~ F - I  ~(  " 

vo 

20 

(3.7) 

F o r  s t r o n g  r e a b s o r p t i o n  a t  t h e  l i n e  c e n t e r  ( w h i c h  i s  
t r u e  of  o u r  c a s e )  t h e  b o u n d a r y  o f  r e g i o n  v 1 i s  q u i t e  r e -  
m o t e  f r o m  t h e  c e n t e r  in  c o m p a r i s o n  w i t h  t h e  h a l f w i d t h  

of  t h e  l i n e ;  a n  a s y m p t o t i c  l i n e  m a y  t h e r e f o r e  b e  u s e d  

a s  t h e  l i n e  c o n t o u r .  F o r  a r g o n  t h e  l i n e s  h a v e  a d i s -  

p e r s i o n - D o p p l e r  c o n t o u r  w h o s e  a s y m p t o t i c  e x p r e s s i o n  
t a k e s  t h e  f o r m  

kv = SAv~ i 
z (~ - v0)~ " (3.8)  

T h i s  e x p r e s s i o n  c e a s e s  to  be  v a l i d  n e a r  t h e  l i n e  
c e n t e r ;  h o w e v e r ,  t h i s  i s  no t  i m p o r t a n t ,  s i n c e  t h e  m a i n  
c o n t r i b u t i o n  to  t h e  i n t e g r a l  in  (3.7)  i s  m a d e  b y  t h e  r e -  

g ion  n e a r  t h e  b o u n d a r y .  F r o m  (3.7)  and  (3.8)  we o b t a i n  
( f o r  hv/kT >> 1) 

e'~T* hvo (3.9)  
x '  9 k T  e r~ " 

H e r e  e '  i s  t h e  e m i s s i v i t y  of  t h e  n o n t r a n s p a r e n t  
p a r t  of  t h e  s p e c t r u m .  T h e  m e a n  f r e e  p a t h  of  a p h o t o n  
i s  t h r e e  t i m e s  l e s s  t h a n  t h e  p a t h  a t  t h e  b o u n d a r y  f r e -  
q u e n c y .  

30 qO 60 80/00 200 
To d e t e r m i n e  t h e  r a d i a t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t ,  

we  m u s t  i n t e g r a t e  e x p r e s s i o n  (3 .2)  o v e r  t h e  f r e q u e n c y  

i n t e r v a l  w h e r e  k v r  0 > 4. T h e n  

-~,A/cm 
, t J  

aOg 6'00 800 

F ig .  4 

V a l u e s  a r e  o f t e n  g i v e n  in  t h e  l i t e r a t u r e  f o r  t h e  e n -  

e r g y  r a d i a t e d  b y  a s y s t e m  of  r e a b s o r b e d  l i n e s  f r o m  

a n  i s o t h e r m a l  h e m i s p h e r i c a l  v o l u m e .  F r o m  t h e s e  d a t a  
b o t h  t h e  v o l u m e  f r a c t i o n  a n d  t h e  q u a n t i t y  e '  a T  4 m a y  b e  
found .  T h e  e n e r g y  r a d i a t e d  b y  a h e m i s p h e r e  of  r a d i u s  

l i n  t h e  l i n e  w i t h  c e n t e r  a t  v 0 i s  p r o p o r t i o n a l  to  

oo 

A = i [ l - - e x p ( - - k ~ l ) ] d v  �9 (3 .10)  
% 

A c c o r d i n g  to t h e  a b o v e  p a r t i t i o n ,  t he  f r a c t i o n s  o f  
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T a b l e  1 

T.(~ [ 6oo0 ! 7ooo l 8o0o 1 9000 I 1oooo t 12ooo I ~aooo 1700o 

p = t  arm (l  = 0.1 era) 
Ne 3 " t 6 " i 0 ~  2 '86 ' i0 t*  I l '60"10t~ I 5 ' 8 i ' 1 0 t s  [ 1"73'10t* t 7 '52 ' t0 t*  i.66.10~* 
Qoe I 3 . t 0 - "  3 . 7 . t 0 - ~ ' [  4 . 4 , 1 0 - " ]  5 . a .10- , , [  6 .0 ,10  -~7 } 7 . 9 . 1 0 - ' ,  t 10.10 -z  
~'  2.78'1ot* 9,62"t01z t t .7 t~. t0  ~ [ 2 . 4 2 . t 0  ~ 3 .2 , )d0  a* [ 4 . 8 t . 10  ~ 6 . 3 0 . t 0 ~  

0 . 1 3 8 . 1 0  0 ,230 . i0  a 0.352.10 n [ 0.733.10 ~ [ t . 7 1 0 . 1 0  ] 2 . 7 4 . t 0  ~ 
e 2 .8 .10  -~ 3 .8 .~0 -~ '719.i0 -~ ] 5 .1 .10 -~ 1 .3 .10  -~ 
u t .93.107 0 .98 .10,  ] t . t . i o  ~ 3 .7 .10  a. 

p = 1 0 a t m ( l = l  cm) 

2.02.10" 

i . 3 . 1 0 - s  

. o995o o92o t o i o  ~  7 o  2 _ 7 ! o 8 _  
V' t , 0 2  "t012 ] 6 . t8" t01 .  1.52"I0 a3 ] 2 .53 '10  la 3.53 "i0t3 5-62 "t01s 8 .16 ' t0 t s  I t - t 2 5 " t 0 u  
x 0 . t20 . t0~  0 .191- t0  s 0.332"10~ I 0,509,10~ 0 . 6 9 6 , t O  i ,31.1O ~ 2.35 ' t0~ I 4.93 '10~ 
r t . 5"10  -~ 2 ,7 .10-*  4 . 5 . t 0  -~ 2 .6 ,10  - s  6 . 7 - t 0 - '  9 . 3 . t 0  -z  
u ~ 2 .1 .10  0 . 9 6 . t 0  m t . 1 9 . i 0  n 5 . 4 ' i 0  u i . 3 3 . t 0  ~* 

~e cm'S ~0e cmz, ~' see't, ~esg/em.sec.deg u esg/em~sec 

e n e r g y  r a d i a t e d  in  t h e  t r a n s p a r e n t  and  n o n t r a n s p a r e n t  

r e g i o n s  a r e  e q u a l  to  

[ t - - e x p ( - - k ~ l ) l d v ,  t I [ t - - e x p ( - - k , l ) l d v . ( 3 . 1 1 )  
v, % 

W h e n  t h e  f r e q u e n c i e s  v 1 and  v 2 l i e  in  t h e  r e g i o n  of  
t h e  d i s p e r s i o n  w i n g s ,  t h e  i n t e g r a l s  in  (3 .11)  y i e l d ,  r e -  
s p e c t i v e l y ,  0 .5  a n d  0 .28 .  T h u s ,  i f  t h e  e n e r g y  of  t h e  

s e t  of  r e a b s o r b e d  l i n e s  i s  m u l t i p l i e d  b y  0 .28,  w e  o b -  

t a i n  e~o-T4t w h i l e  i f  we  m u l t i p l y  t h e  i n d i c a t e d  e n e r g y b y  

0 .5 ,4 / l ,  we o b t a i n  t h e  c o n t r i b u t i o n  of  t h e  c o r r e s p o n d -  
i n g  l i n e s  to  t h e  d i v e r g e n c e  f o r  v o l u m e  r a d i a t i o n .  

e ~ , v  , / ~  

) . , 2 / /  

i " ~Mcm 
gO qO 60 80 tO0 200 qOO 600 

F i g .  5 

B e l o w ,  e s t i m a t e s  a r e  g i v e n  f o r  r e g i o n s  1 and  2 f o r  
a n  a r c  h a v i n g  a r a d i u s  o f  0.3 e ra :  

T = 12 000 t4 000 16 009 
e' = 0.9.10 -4 3.t0 -4 3.5.t0 -4 
~" = 0.05.105 0.23.t05 0.35.t05 

• / x = 0.03 0.08 0.t3 

Thus for the arc radii considered (r0 ~ 0.3 cm) and a temperature 
of up to 15 000 ~ K, the magnitude of the radiative heat transfer coef- 
ficient is comparable with and less than the error with which the con- 
ductive heat transfer coefficient is known. When the values for the 
parameters are high, the radiative heat transfer coefficient becomes 
appreciable and should be taken into account. 

The fraction of energy in the transparent part of region 2 was not 
allowed for. Taking it fully into account increases the value of u by 
about 20%; however, in view of the fact that the wings of the line in 
region 2 overlap, this quantity is overestimated. To make more exact 
estimates we must know the magnitude of the c~ciliator forces of the 
lines under consideration. The same applies to the intermediate region 
for the indicated line*. However, the energy transferred in the inter- 
mediate region of resonance line frequencies makes a contribution to 
u of the order of 5%. 

R e g i o n  7 m a k e s  a n  a p p r e c i a b l e  c o n t r i b u t i o n  to  t h e  
r a d i a t i v e  e n e r g y  t r a n s f e r .  T h e  a b s o r p t i o n  c o e f f i c i e n t  

in  t h e  r e q u i r e d  f r e q u e n c y  i n t e r v a l  i s  p r a c t i c a l l y  c o n -  

s t a n t  ( p h o t 0 i o n i z a t i o n  c r o s s  s e c t i o n  3 .3 ,10  - l?)  and  i t s  
v a l u e  i s  s u c h  t h a t  r e a b s o r p t i o n  s h o u l d  b e  a l l o w e d  f o r .  

0.5 
?,0 

1.0 

F i g .  6 

W i t h  t h i s  o b j e c t  t h e  d i f f u s i o n  a p p r o x i m a t i o n  w a s  e m -  

p l o y e d .  T h e  e n e r g y  e q u a t i o n  w a s  f i r s t  i n t e g r a t e d  w i t h -  
ou t  a l l o w i n g  f o r  t h e  e f f e c t  of  r e g i o n  7. F r o m  t h e  t e m -  
p e r a t u r e  p r o f i l e  t h u s  o b t a i n e d  w e  found  d i v e r g e n c e  of  

t h e  e n e r g y  f lux  u 2 in  t h e  d i f f u s i o n  a p p r o x i m a t i o n  

aiv qv = [%~ (x) + I0 (x) i %~ (;) K0 (;); d; - 
o 

x 

- -  K0 (x) f %? ( U / o  (4 ) ;  d~ - -  
o 

x,  

- -  Io (x) ( V3-AK1 (xo) -- Ko (xo) f %~ (;)  lo (4) ~ d~ + 
lyf3-AIz (xo) + Io (xo) 

o 
x6 

o 

T h i s  v a l u e  w a s  t h e n  u s e d  to  s o l v e  t h e  e n e r g y  e q u a -  

t i o n .  

T a b l  e 2 

p = I atm 

T ,  ~  12500 ] 12500 10000 15000 

ro  c m  
W W]cm 
W ' / W  
E r o{V) 
1/ro A/cm 
u (0) / z' (o) E~ 
~+ / :40 

o 
8 7 7  

0.17 0.27 
2.56 /2.76 
287 3t8 

0.526 0.705 
1.90 3.4 

0.021 

0.071 

0.3 
2280 
0.25 
3.66 

623 
0.76 

S i n c e  w e  h a v e  d a t a  o n  t h e  v a l u e  o f  O , t h e  e n e r g y  

r a d i a t e d  b y  a h e m i s p h e r i c  v o l u m e  of  r a d i u s  l i n  t h e  

t r a n s p a r e n t  r e g i o n  of  t h e  s p e c t r u m ,  we  c a n  c a l c u l a t e  
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T a b l e  3 

p---- iO arm 

T, ~ it ooo i2500 8000 ~0000 ~[ ti ooo [ 12500 

T o 

W 
W ' / W  
Ero 
I / ro  
u (0) / ~" (0) ~ 

0.2 
383 

0. 283 
2. t2 

18i 
O. 686 

0.2 �84 
i780 
O.56O 
3.44 

5i7 
0.94 

3o3 
2.64 

i2.9 

0.3 0.3 
175 7i7 

0.292 0.685 
2.02 2.74 

86.2 i 262 
0.507 ] O. 93 

0.3 
4260 
0.716 
5.0i 

850 
0,995 

t h e  v a l u e  f o r  t h e  d i v e r g e n c e  o f  t h e  e n e r g y  f l u x  u s i n g  

t h e  f o r m u l a  

4 
~i ~ T o  q" (3.13) 

D a t a  o n  t h e  c o m p o s i t i o n  a n d  t r a n s p o r t  p r o p e r t i e s  

o f  a r g o n  p l a s m a  a r e  g i v e n  i n  T a b l e  1 .  

L0 W', kW/cm f 

/.0 ' W , k ~ / c m  

F i g .  7 

4. Results of calcular2om. Calculations were performed for pres- 
sures of 1 and 10atm, arc radii of 0.25, 0.80, and 0.40era, and dif- 
ferent temperatures a t  the arc axis. The results are shown in the  form 
Er0(V ) versus I/ro(A/cm ) in Fig. 4 and Fig. 5 (r0 = 0.3Cm)o The bro- 
ken curve was plotted without taking radiation into account and the 
solid curve with account for volume radiation only; the dot-dash curve 
(Fig. 5) takes radiation fully into account.  Points in the form of cir- 
cles and crosses correspond to experimental  data for r 0 = 0.25 [3, 18], 
r0 = 0.30 [18], and r0 = 0.40 [1]. 

When radiation is allowed for, the curves in coordinates Er 0 and 
I/r0 are separated at high temperatures depending on the radius of the 

are. 
Figure 4 gives Er0 as a function of I / r  0 for p = 10 atm and arc radii 

of 0 .2cm (curve 1) and 0 .3cm (curve 2); the broken curve does not 
allow for radiation. Figure 7 gives the energy radiated by the arc W' 
as a function of the contributed energy W (per unit length): curve 1 
p = 1 arm, r0 = 0.25 cm [3]; curve 2 p = 1 arm, r0 = 0 .3  cm,  ca lcu-  
lated; curve 3 p = 10 arm, r0 = 0 .3  cm, calculated.  In considering 
the results of calculations for the energy radiated from the arc surface, 
we must keep in mind that the energy transferred in the part of the 
spectrum with a high absorption coefficient and in the intermediate 
part of the spectrum is not taken into account, while the energy trans- 
ferred in the part of the spectrum considered was determined from for- 
mules valid for the volume radiation approximation. As is clear from 
Fig. 2, the volume radiation approximation may  somewhat exaggera te  
the radiated energy. 

The energy radiated by an argon arc at high pressure was m e a -  
sured in [4, 5]; in order to compare the data of one reference with that 
of the other and with calculations, we must know the arc diameter as 
well as the pressure and current. In the references indicated there is 
no such data; therefore only an est imate  can be made.  Caiculations 
give a smaller  fraction for the radiated energy than that obtained in 
[5], but they show that even at a pressure of 10 atm, radiative energy 
transfer plays a decisive role in the process of heat  transfer in the arc. 

The role of radiation in the neighborhood of the axis, character-  
ized by u(0)]a ' (0)g 2, is greater than the integrated value for the entire 
are; this is clear from the data of Tables 2 and 3. 

Figure 6 gives the temperature as a function of radius for r 0 = 0.3 
cm,  E = 8.2 V/cm, p = 1 arm: curve 1 allowing for radiation, and 
curve 2 without allowing for radiation. 

The calculated resuks are also given in Tables 2 and 3. 

The heat  transfer coefficient determined by Asinovskii and Kirillin 
was found without allowance for radiative energy transfer from the 
measured temperature profile. It was established that the heat  transfer 
coefficient n+ increases with increase in arc radius. The same method 
of determining the heat  transfer coefficient using temperature profiles 
obtained by calculation yielded 

--• ~ [I u(O) ]-~ 
~' (0) E~ _ ~o 

The corresponding values are given in the last row of Table 2 (n0 = 
= 1.9.10 s erg/cm.sec.deg).  The apparent increase in the heat  transfer 
coefficient is explained by the effect of radiation. Note that the error 
in determining u (0) /a ' (0 )E  ~ begins to have a strong effect on z + as the 
radius increases. 

The calculations performed confirm the conclusions made on the 
basis of experiment concerning the important role of radiative energy 
transfer in an argon arc at temperatures above 11 000 ~ K (p = 1 arm) and 
the growth of this role with increase in arc radius and pressure. 

The authorS thank I. T. Yakubov for allowing them to use his data 
on arc plasma radiation. 
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