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An approximate method is described for the consideration of energy 
transfer by radiation during the utilization of real properties of a gas 
(in particular, the frequency-dependent absorption coefficient under 
conditions of local thermal equilibrium). With increasing pressure, it 
becomes necessary to take self-absorption into account over almost the 
entire frequency spectrum. 

Calculations are carried out for a wall-stabilized cylindrical electric 
arc in hydrogen as an example for a pressure of 100 atm and channel 
radii of 0.3, 1, and 3 cm at values of current strength up to the order 
of 104 A. The strong effect of radiation on the current-voltage char- 
aeteristic of the arc, the gas temperature, and the nature of its dis- 
tribution over the arc radius is demonstrated. 

The process of energy transfer by radiation plays a significant and 
sometimes predominant role in the thermal balance of electric arcs 
with high current strengths [1-9]. Calculations have been performed 
for cylindrical arcs in atmospheres of argon and hydrogen [5, 7] with 
allowance for energy transfer by radiation and for atmospheric pres- 
sure in which case the gas is essentially transparent to radiation. Ap- 
proximate estimates were obtained for the self-absorbed portion of the 
radiation. 

The role played by radiation increases with increasing current strength, 
arc radius, and pressure, while self-absorption in this process extends 
over an increasingly large region of the spectrum. Hence, calcula- 
tions must be carried out for the arc if conditions are such that the 
gas in the arc does not transmit radiation. 

In [10-13], an approximate method war developed for taking into 
account energy transfer by radiation in the presence of intense self- 
absorption as applied to heat transfer problems under conditions of 
local thermal equilibrium with allowance for the variation of the ab- 
sorption coefficient as a function of the frequency. The conditions for 
local thermal equilibrium in an arc passing through an argon or hydro- 
gen atmosphere are fulfilled for pressures greater than atmospheriepres- 
sure and for current strengths greater than ~i0 A [14-16]. The results 
of [10-12] were used as the foundation for calculations based on an 
electric arc in argon at atmospheric pressure, under which conditions, 
self-absorption affects only the transitions to the ground state. The part 
played by radiation in the heat transfer process is smaller than the 
part played in the energy transfer by conduction. Calculations con- 
firmed the results of [5, 7]. 

The role of energy transfer by radiation in the energy balance of the 
arc increases with increasing pressure, while in turn, the role of the 
continuous spectrum increases for the radiation. The results of cal- 
culations performed for a wall-stabilized arc burning in an atmosphere 
of hydrogen at a pressure of I00 atm are given in the present paper. 
In this case, almost the entire energy supply is lost by radiation. The 
approximate method of accounting for energy transfer by radiation is 
demonstrated by an example. 

NOTATION 

p and  T a r e  t he  g a s  d e n s i t y  and  t e m p e r a t u r e ,  r e -  
s p e c t i v e l y ;  u is  t he  v e l o c i t y ;  Cp i s  t he  h e a t  c a p a c i t y  of 
t he  gas  a t  c o n s t a n t  p r e s s u r e ;  ",< is  the  c o e f f i c i e n t  of 

t h e r m a l  c o n d u c t i v i t y ;  cr is  the  c o e f f i c i e n t  of e l e c t r i c a l  

c o n d u c t i v i t y ;  x and  r a r e  the  c y l i n d r i c a l  c o o r d i n a t e s ;  

R0 is  the  c h a n n e l  r a d i u s ;  I i s  t he  c u r r e n t  s t r e n g t h ;  

E is the electric field strength; Uv ~ is the equilibrium 
value of radiation energy density; u u is the value of 

radiation energy density; v is the radiation frequency; 

~0 is the divergence of energy flux density transported 

by radiation; k v is the absorption coefficient; c is the 

s p e e d  of l i gh t ;  e i i s  t he  e m i s s i v i t y  of t he  i - t h  r e g i o n  

of the  s p e c t r u m .  

A v e r a g i n g  s y m b o l s :  ( k ' ) i  i s  t he  m e a n  va lue  of the  

a b s o r p t i o n  c o e f f i c i e n t  in the  i - t h  r e g i o n  of the  s p e c -  

t r u m ,  a v e r a g e d  on t h e  b a s i s  of P l a n c k ' s  law;  (k".> i i s  

the  s a m e ,  a v e r a g e d  on the  b a s i s  of R o s s e l a n d ' s  law,  

< " ' > = f k , , % ~  ~  

�9 c'u. ~ / i  i ~h,,~ 

,30 
/S, , =  ! . . , ,  ; f i - - l ~ i  ~ uv~ u i ~  ! Uv ~ 

0 A '~i " i 

<k> = (<k'> <k">) % . 

1. C a l c u l a t i o n s  a r e  p e r f o r m e d  f o r  a c y l i n d r i c a l  

a r e  wi th  l o n g i t u d i n a l l y  v a r y i n g  c h a r a c t e r i s t i c s .  The  

va lue  of the  e l e c t r i c  f i e ld  s t r e n g t h  E i s  c o n s t a n t  a c r o s s  

and  a l o n g  t h e  a x i s  of the  a r c .  T h e r m a l  l oca l  e q u i l i -  

b r i u m  i s  p o s t u l a t e d .  

The  hea t  c o n d u c t i o n  e q u a t i o n  

0T i 0 ! 0T\ (1.1) 

i s  s o l v e d  u n d e r  the  f o l l o w i n g  c o n d i t i o n s :  

r = 0; OT/Or = 0; r = R0; T = T1 = 300~ 

x' = 0; T(0, r) = f ( r ) ,  (1o2) 

f o r  g i v e n  c h a n n e l  r a d i u s  R0 and  c u r r e n t  s t r e n g t h  I. 

H e r e  F( r )  is  t he  g iven  t e m p e r a t u r e  d i s t r i b u t i o n  a t  the  

i n l e t  s e c t i o n ,  and  x '  the  va lue  of the  x c o o r d i n a t e  d i -  

v i d e d  by  the  q u a n t i t y  pUCp = c o n s t ,  w h i c h  i s  p e r m i s s i -  

b l e ,  s i n c e ,  in the  c a s e  u n d e r  c o n s i d e r a t i o n ,  t he  h y -  

d r o d y n a m i c  p i c t u r e  h a s  no i n f l u e n c e  on the  r e s u l t s .  
The  v a l u e  of the  e l e c t r i c  f i e l d  s t r e n g t h  i s  

l~o - i  

=, (.- i or 4" 
0 

E q u a t i o n  (1.1) w a s  s o l v e d  wi th  t he  a id  of a f i n i t e -  

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

t he  c h a n n e l  wa l l  e x p e r i e n c e s  a b r u p t  v a r i a t i o n s ,  a v a r -  
i ab l e  w h i c h  e x t e n d s  the  r e g i o n  a d j a c e n t  to  the  wal l  w a s  

s u b s t i t u t e d  f o r  t he  r a d i u s .  
C a l c u l a t i o n s  w e r e  p e r f o r m e d  p r i o r  to  t he  o n s e t  of 

s t e a d y - s t a t e  c o n d i t i o n s ,  the  t r a n s i e n t  s t a t e  b e i n g  
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e v a l u a t e d  on t h e  b a s i s  of the  v a r i a t i o n s  of E,  a l t h o u g h  

the  t e m p e r a t u r e  p r o f i l e  a t  the  wal l  w a s  s t i l l  not  c o m -  

p l e t e l y  s t e a d y .  

The c o m p o s i t i o n  of the  gas  w a s  d e t e r m i n e d  on the  

b a s i s  of c h e m i c a l  e q u i l i b r i u m  f o r m u l a s ,  wi th  a l l o w a n c e  

f o r  the  d e c r e a s e  in  i o n i z a t i o n  p o t e n t i a l .  The  c o e f f i -  

c i e n t  of e l e c t r i c a l  conduc t iv i t yc r  and  the  c o e f f i c i e n t  of 

t h e r m a l  c o n d u c t i v i t y  x w e r e  c a l c u l a t e d  (with a l l o w a n c e  

f o r  i o n i z a t i o n - e n e r g y  t r a n s f e r )  f r o m  r e l a t i o n s  in  e l e -  

m e n t a r y  k i n e t i c  t h e o r y .  The  r e l a t i o n s  of ~r ( s e c  - l ,  

c u r v e  1) and  ~ ( e r g  �9 c m  -1 .  d e g r e e - 1 ,  c u r v e  2) a r e  

g i v e n  in  F ig .  1. 

2. The  d i v e r g e n c e  of the  e n e r g y  c u r r e n t  d e n s i t y  

t r a n s p o r t e d  by r a d i a t i o n  r w a s  c a l c u l a t e d  wi th  a l l o w -  

a n t e  f o r  the  a c t u a l  d e p e n d e n c e  of the  a b s o r p t i o n  c o -  

e f f i c i e n t  on f r e q u e n c y .  

The  e n t i r e  s p e c t r a l  r e g i o n  w a s  d i v i d e d  in to  s u b -  

r e g i o n s  and  in e a c h ,  t he  a b s o r p t i o n  c o e f f i c i e n t  w a s  

a v e r a g e d  by  a m e t h o d  p r o p o s e d  in [ 1 0 - 1 3 ] .  The  n u m -  

b e r  of r e g i o n s  in to  w h i c h  the  s p e c t r u m  had to be  d i -  

v i d e d  p r o v e d  to  be  f r o m  a p r a c t i c a l  s t a n d p o i n t ,  f e a -  

s i b l e .  In t he  c a s e  of low g a s  d e n s i t i e s  ( a t m o s p h e r i c  

p r e s s u r e ) ,  the  t r a n s i t i o n s  to  the  g r o u n d  s t a t e  and  to 

t he  f i r s t  e x c i t a t i o n  s t a t e  a r e  u s u a l l y  s e l f - a b s o r b e d .  

The  r e m a i n i n g  p o r t i o n s  of the  s p e c t r u m  a r e  t r a n s -  

p a r e n t .  S p e c t r a l  l i n e s  w i t h  the  s a m e  t e m p e r a t u r e  d e -  

p e n d e n c e  of t he  a b s o r p t i o n  c o e f f i c i e n t  c a n  be  c o m -  

b i n e d  in to  g r o u p s  [ 1 0 - 1 1 ] .  In the  c a s e  of h igh  g a s  d e n -  

s i t i e s  (high p r e s s u r e s ) ,  a l m o s t  t he  e n t i r e  s p e c t r u m  i s  

s e l f - a b s o r b e d .  Due to t he  s u b s t a n t i a l  d e c r e a s e  in the  

i o n i z a t i o n  p o t e n t i a l ,  h o w e v e r ,  n e a r l y  the  e n t i r e  d i s -  

c r e t e  s p e c t r u m  b e c o m e s  c o n t i n u o u s  w h i l e  the  r e m a i n -  

ing  s p e c t r a l  l i n e s  a r e  i n s i g n i f i c a n t  in v i ew of the  

s t r o n g  c o n t i n u o u s  s p e c t r u m .  

The  r a d i a t i o n - t r a n s p o r t  e q u a t i o n  is  r e p l a c e d  by  an  

a p p r o x i m a t e  s y s t e m  of e q u a t i o n s  o b t a i n e d  by the  m e -  

t hod  of s p h e r i c a l  h a r m o n i c s .  In o u r  p a p e r ,  u s e  w a s  

m a d e  of t he  F t a p p r o x i m a t i o n  (d i f fu s ion  a p p r o x i m a t i o n ) ,  

t he  a c c u r a c y  of w h i c h  w a s  v e r i f i e d  in  [ 1 0 - 1 3 ] .  

In t he  d i f f u s i o n  a p p r o x i m a t i o n ,  the  quan t i t y  q~ w h i c h  

a p p e a r s  in t he  e q u a t i o n  i s  d e t e r m i n e d  f r o m  the  f o r m u l a  

rp=~(p _c~]<}}c(uiO__u~). (2.1) 
i c 

Summation is performed over all the A u i regions 
into which the spectrum is subdivided. For each region, 
the quantity u i is determined from the equation [17] 

t t d [' r d u  i 3 o 
3<}>c r 3~L <-~i --3Y-r j = u i  --u~; (2.2) 

with the boundary conditions 

r ~ 0; duJdr ~ O; 
1 d~.__2_~ = u ~ .  (2 .3 )  

r = -~o ; - -  3 <k>i dr  2 

o go r 

Fig. I 

This equation was solved with the aid of a finite- 

difference scheme, using a pivot method for each fre- 

quency range. 
At a pressure of i00 aim and temperatures higher 

than I0 000 ~ K, emission in hydrogen experiences 

strong self-absorption for almost the entire spectrum. 
In order to calculate energy transport by radiation at 
temperatures of several tens of thousands of degrees, 
one must take into account the entire spectral region 

of importance with respect to energy. Consideration 

was given to the frequency range from 2 �9 i0 l~ sec -I 
to 5.4 �9 i015 sec -I. The large decrease in the ioniza- 

tion potential by as much as 2.5 eV, leads to condi- 

tions in practice under which the first and second ex- 

citation levels occur. 

Changes in the photoionization cross section from the ground 
state and the excitation levels are take~ into account on the basis of 
recommendations in [18]. The computations are simplified by ex- 
tending the cross sections of the respective processes into the long- 
wave region of the spectrum by a maximum value that corresponds to 
a temperature of 20 000 ~ K, and referring to this cross section for any 
temperature. This approximates the role of the spectral lines near the 
threshold frequencies. The simplifications introduced mean that the 
first line in the Lyman Let series is the only one that is retained among 
the discrete transitions. The contour of these Iines was calculated in 
several papers by Kolb, Grimm, and Schon. A survey of their work and 
the contours of the hydrogen lines is given in [19]. 

Accepting a permissible error of several per cent, the region of 
the spectrum under consideration was divided into 1, . . . .  6 regions 
(Fig. 7). The regions i, 2, and 3 extend from 2 " l0 st to 2.2 �9 10 Is 
sec -i,  the spectral region associated with recombination at various 
levels of excitation with free-free transitions in proton and negative- 
ion fields, and with photodetachment from negative ions. The ab- 
sorption coefficient is small in these processes at low temperatures, 
so that radiation which is intensely self-absorbed in the center of the 
arc experiences Iittte blocking in the peripheral layers of the cold gas. 

Regions 4 and g extend over the portion of the spectrum that cor- 
responds to the Lc~ line. Two identical regions measuring 7 �9 10 ~s s e c  t 
each are located on either side of the center line segment which has a 
width of 4 x 1013 sec -t and which has been neglected because of its 
small contribution to the energy flux as a remit of its extremely high 
optical density. Due ro the symmetry of the line, the two identical 
regions are incorporated into the same region of the spectrum-region 5. 
The same applies to the edge regions of the line, which have a width of 
1.5 • 1014 s e c  -1 each and are incorporated into the spectral region 4. 

Region 6 incorporates the spectrum associated with photoionization 
from the ground state. 

The values of the absorption coefficient in all the spectral regions 
1 . . . . .  6 were averaged with the aid of formula 

~ig f.9 gJ 30 ~0 5G 

Fig. 2 
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The values of <Ir obtained are given in Fig. 2. The numbers 
of the curves denote the numbers of the spectral regions. The values 
of <i:)i for the regions 4-6 decrease monotonically with increasing 
temperature. Within these spectral regions, the radiation from the 
center of the arc is self-absorbed in the cold layers of the gas. Figure 

3 shows the temperature dependent behavior of the emissivity ei  for 
the corresponding regions of the spectrum. 

8. Results of eomputatiomo Computations were performed for 

channeI radii  of 0.3, 1, and 3 cm for various current strengths. Fig- 

ure 4 shows the generalized current-voltage characteristics ER 0 -- 
= ~c(I/a0). The dashed curve corresponds to calculations performed 

without allowance for energy transport by radiation, curve 1 to cal-  
culations performed for a channel radius R 0 = 0.3 era, curve 2 to cal-  

culations for R 0 = 1 era, and curve 3 to calculations for ~ = 3 cm. 

The circles on the characteristic curves indicate the temperatures at 

the axis of the arc: curve I (from left to r igh t ) -12  000, 14 000, 

16 000, and 20 000~ curve 2--11 000, 14 000, and 18 000*K; 

curve 3 - 1 0  000, 14 000, and 18 000~ K. 

Figure 5 shows the temperature profiles in the arc for the cor- 

responding values of the channel radius. The numbers at the curves 

indicate the current strength in amperes, 

As an example,  Fig. g shows the behavior of the divergence of 

the energy flux density transported by radiation ~0, as a function of 

distance from the arc axis for R 0 = 0.3 era, and at various current 

strengths. The behavior of '~i in each region of the spectrum is of 

definite interest. Vaiues of ~i for al l  frequency ranges are given with 
a common scale in Fig. 7 for ~'0 = 0.3 cm and I = 3000 A. The 

figure also shows the temperature profile and a schematic represen- 
tation of the behavior of the absorption coefficient as a function of 

frequency. 
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The significance of energy transport by radiation in a thermal 
balance of the arc and in the formation of a temperature profile may 
be determined on the basis of data given in Fig. 8. For R 0 = 0.3 cm 
and a current strength of 30 A (temperature scale on the right side), 
or a current strength of 10 000 A (temperature strength on the left 
side) the figure shows nvo different temperature profiles. The temper- 
amre profiles are calculated with (solid curves) and without (dashed 
curves) allowance for radiation. 

For I = 30 A, a slight temperature drop at the axis produces a rel- 
atively small change in the temperature profile, whereas for I = 
= 10 000 A, the changes in the temperature profile are quite substan- 
tial. For P~ = 0.3 cm, the solid curve in Fig. 9 shows the value of the 
ratio of the power lost by radiation W per unit length of the arc to the 
input power IE: W' = W/IE. The dashed curve in the figure shows the 
value of ,~' = ,o0/v0E2, which characterizes the role of radiation at the 
axis, as a function of the gas temperature at the axis of the arc; ~0 
and c~ 0 are values at the channel axis. Even for R 0 = 0.3 cm, the major 
pot[ion of the energy is transported by radiation. The role of radiation 
is still greater for larger channel radii. The numbers at the curves de- 
note the value of the pressnre in atmospheres. The results of computa- 
tions for a pressure of one atmosphere are taken from [5]. 

The described method of calculating an arc with aIIowance for 
energy transport by radiation can be used for calculatons with arcs in 
atmospheres of other gases. The authors are indebted to L. M. Vet- 
lutskaya and V. No Vetlutskii for their assistance in the computations. 
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