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An approximate solution of the problem of an electr ical  arc  in a turbulent argon s t r eam is 
obtained, taking into account convective and radiant energy losses  in the discharge channel 
at a tmospheric  p ressure .  

E l e c t r i c - a r c  heaters  with arc  stabilization by a gas s t ream in long cylindrical  channels  are  present ly  
being used in various branches of science and technology. The Reynolds numbers determined by the s t ream 
pa ramete r s  at the entrance to the discharge channel are  ~104 . Moreover,  the s t ream of working gas enter -  
ing the discharge channel usually possesses  an initial noticeable turbulence, and hence the gas flow in real  
heaters  may be turbulent. Belyanin [1] proposed a turbulent arc  model for an approximate est imate of the 
basic heater pa ramete r s ,  and it received fur ther  development and extension in [2-4]. The turbulent model 
of a longitudinally cooled a rc  is based on the analogy between the development of an a rc  discharge in a gas 
s t ream and the propagation of a nonisothermal jet in a co-flow. The heat exchange between the s t rongly 
heated central  zone, in which the Joulean heat of the arc  is evolved, and the cold per ipheral  gas layers  is 
considered to be determined by turbulent mixing. The abundant empir ical  mater ia l  accumulated in inves- 
tigations of nonisothermal jets [5] is used for a quantitative descript ion of the fundamental p rocesses  oc- 
curr ing in the discharge channel. 

Within the scope of the turbulent model, the problem of the distribution of the s t ream and discharge 
pa ramete r s  in a cylindrical  channel has been solved approximately taking account of convective heat ex- 
change between the gas and the wall [4]. A solution of this same problem is presented below, taking ac-  
count of the radiant energy losses,  for the case of an arc  in an argon s t r eam at a tmospheric  p ressure .  We 
shall not formulate the problem since it is described in detail in [4]. The change in the sys tem of equations 
of the problem only concerns the energy equation in which the energy flux due to volume radiation of the 
p lasma is introduced: 

R R 

i dV~-dx d ( f  2~puhrdr) ~ 2~xqrrdr" (1) 

0 0 

Integrating (1) and going over to dimensionless quantities, we obtain the energy equation in the fol- 
lowing form (taking account of the simplifications introduced in [4]): 

x 

I U = A f f  a, [1-r 0.58 Re:~ (~)] + ~ ~ - ~ f  nqrds-~o ~ld~ldx" (2) 

0 0 

Using the equation for propagation of a turbulent nonisothermal jet in a co-flow [4] 

d~ 
_ = - -  0 .  l ~  2 A h ~  s , ( 3 )  

dx 

we convert  the last number of the energy equation to 
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Here  Q is a d i m e n s i o n l e s s  c r i t e r i o n  c h a r a c t e r i z i n g  the in tens i ty  of vo lume rad ia t ion  under  the cons ide red  
condi t ions ,  and q0, W/m~, is the c h a r a c t e r i s t i c  magni tude  of the spec i f ic  e n e r g y  flux due to the vo lume 
radia t ion .  As we see ,  the f r ac t i on  of the rad ia t ion  in the e n e r g y  ba lance  of the a r c  is d e t e r m i n e d  by the 
gas  p r e s s u r e  and spec i e s  (this is taken into account  in t e r m s  of q0), and the gas  d i s c h a r g e  G, and depends 
quite s t r o n g l y  on the d i a m e t e r  of the d i s c h a r g e  channel .  

Radia t ion  is o r d i n a r i l y  neg lec ted  in a r c  computa t ions  at a l m o s t  a t m o s p h e r i c  p r e s s u r e .  At the s a m e  
t ime ,  computa t ions  [6] and e xpe r i m e n t s  [7] show that  an a r c  in an a rgon  s t r e a m  loses  10-25% of its power  
because  of r ad ia t ion  even at a t m o s p h e r i c  p r e s s u r e .  The avai lable  l i t e r a tu r e  da ta  on the magni tude  of the 
vo lume rad ia t ion  at a t m o s p h e r i c  p r e s s u r e  fo r  the m o s t  w idesp read  working ga se s ,  such  as a rgon,  a i r ,  
n i t rogen ,  and hydrogen ,  have been  g e n e r a l i z e d  in [8]. The t e m p e r a t u r e  dependence  of the e n e r g y  flux qr  
emi t ted  by unit  vo lume is quite complex  and has a maximum in the (16-18) �9 t0 ~ ~ range .  In o r d e r  to obtain 
an ana ly t ica l  so lu t ion  which would p e r m i t  an app rox ima te  e s t ima t ion  of the influence of r ad ia t ion  on the a r c  
c h a r a c t e r i s t i c s  without l a rge  expendi tu res  of t ime ,  we m u s t  make a n u m b e r  of s impl i f i ca t ions .  

Let  us wr i te  

j" 2q~ld~l = j" 2q~ld~ly (~, 
0 0 

At cons tan t  p r e s s u r e  q r  depends only on the enthalpy,  and s ince  the enthalpy p rof i l e  in the mixing zone is 
given,  the funct ion w can be evaluated  fo r  any value of Ah m. Let  us a s s u m e  that  the funct ion  y(}, Ah m) de -  
pends  only on } and on the bas i s  of a computa t ion  let  us in t roduce  an approx ima t ion  fo r  a r g o n  

1 for ~ ~ 0.57"; 
Y = 2,32~ ',5 for ~ <  0,57; 

- - 1 , 5  W=qohhm, q 0 = 8 " 1 0 4 w / m  3. 

The r e s u l t s  of comput ing  the  funct ion w(Ahm) for  a rgon  a r e  r e p r e s e n t e d  in Fig.  1 by open c i r c l e s ,  and the 
a p p r o x i m a t i o n  fo r  w by cu rve  I .  

Radia t ion  con t r ibu tes  to equi l ib ra t ion  of the gas  enthalpy on the a r c  axis .  Hence,  we a s s u m e  the 
quant i ty  Ahm to be cons tan t  in evaluat ing the  in tegra l  in the r igh t  s ide of (2), and take it outs ide  the in tegra l  
sign. As a r e s u l t  of the a s sum pt i ons  made ,  the e n e r g y  equat ion b e c o m e s  a l i nea r  dependence  be tween the 
quant i t ies  U and Ahm 

_- ~e~a' n i~) r (~) + IU hh~ [@ (~) + 0.58 -02 3.9250117 (~)] = hh~A (~). (4) 

The aux i l i a ry  funct ions  a r e  defined by the f o r m u l a s  

r (~) = ~-2 ~ 2f (~) ~d~; 
0 

1 

H (~) = ~ [f (~)]~.e5 [q~ (~)]-0.75~-2d~; 

w (~) - j y (~) ~-~d~; 

f (~) = (1 - -  ~,5)z; ~ .(. 1. 

Let  us conver t  the equat ion fo r  the total  c u r r e n t  into 

i = f  2na dVdx rdr= dVdx ~b2Y 2a~ld~=~-2~R2aa dV_~dx 
0 0 

The total  conduc t iv i ty  of an a r c  co lumn a a depends  on Ah m and the coord ina te  4. Le t  us a s s u m e  that  

% = q~ ( ~ , . )  ,~ (~). 
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Fig. t .  The functions ~0 (Ala m) 
and w(~la m) for argon at atmo- 
spher ic  p r e s s u r e  (q~, i0 3 ohm -I 

�9 m - i ;  w,  10 ~ W/m~) .  

Ah m will cause no specia l  difficult ies while the approximat ion  of ~ for  smal l  Ah m takes  on a definite a rb i -  
t r a r i n e s s .  It should be noted that computat ions of the e lec t r ica l  conductivity of argon, p e r f o r m e d  by v a r i -  
ous authors [9, 10], d iverge  not iceably at t e m p e r a t u r e s  of 3000-10,000~ the e lec t r ica l  conductivity at 
these  t e m p e r a t u r e s  in rea l  hea te r s  is apparent ly  subject  to the influence of impur i t i es  and the s t r e a m  tu r -  
bulence. Hence, on the bas is  of t e s t s  compar ing  the theore t ica l  and exper imenta l  v o l t - a m p e r e  cha rac -  
t e r i s t i c s  of an a rc  of fixed length in argon [4], let us take the following approximat ion  for  ~(Ah m) (curve 2 
in Fig. 1): 

&lAbS2 for Ah m -~ 90; 

(P = ~o 6 1205 ;~ for Ahm>90. 

It  differs  f rom that a ssumed  in previous  pape r s  by the values  of % and (~ for  Ah m - 90 (ea r l i e r  % = 0.54; 
ol = 1.8). 

Let us now wri te  the equation for  the total  cu r ren t  taking account of (3) in the fo rm 

dU 20 (5) 

Substituting Ah m f rom (4) into (5), we obtain an equation with sepa rab le  va r i ab les ,  the integral  of 
which is: 

] ~-0,5 

U = [F(~)] =+1'5 "I ~+~,5 ," (6) 

6,37 (ix + 1,5) ~ [A (~)]a+o,5 [~ (~)]-Zd~. (7) F (g) 
(7 0 J 

Let us in tegra te  (3) 

TABLE 1. 
Hea te r s  

Literature 
source, nota- 
tion in Pig. 2 

[l l] ,  a 

[12]. b 
[13], c 

The computed values of the function ~ for  argon at a tmospher i c  p r e s -  
su re  a re  r ep re sen ted  in Fig. 1 (filled c i rc les) .  To obtain an analyt ical  
solution of this p rob lem,  it is des i rab le  to approx imate  this depen-  
dence by a power - l aw function. Since the c h a r a c t e r  of the change in 

for  smal l  and large  values of Ah m is essent ia l ly  dist inct ,  the ap- 
p rox imat ion  of ga by one smooth function is hardly  justified. It is 
known that a change in the slope of the v o l t - a m p e r e  c h a r a c t e r i s t i c s  of 
an a rc  in a gas s t r e a m  is re la ted  d i rec t ly  to the change in the ch a r ac -  
t e r  of the r i se  in e lec t r ica l  conductivity during the pa s sage  f rom low 
and modera te  to high t e m p e r a t u r e s .  In o rder  to re f lec t  this in the 
solution, it is n e c e s s a r y  to approx imate  the function q~ by a p iecewise -  
smooth  power - l aw  function 

where the quantit ies u o and ~ have a s tep- l ike  change at some  cr i t ica l  
value of the d imens ion less  excess  gas entha lpyonthe  a rc  axis (Ahm)cr. 
As is seen  f r o m  Fig. 1, the se lec t ion of a0and (~ for  l a rge  values of 

0,5 

x = X ( ~ ) I  ~+"5 . 

V X(g) = 10 i A(~)[F(~)I ~+r,5 ~-2d~ ' 

Fundamental  P a r a m e t e r s  of Exper imen ta l ly  Invest igated 

C.IO -3 
kg/sec md~ i T i I, ~'~'m'~ ~o~,~ 

25 300 24 5.101--7.103 (0,3--1)-104 

18 144 16 2,3.104--6,3.104(0,44--1,2) '104 

8 36 9 7.102--9-104 (0,28--1,7)-104 

(1 ,6--5 ,3) .  10 'a 

(O ,9--2,4) .  10 "a 

(1,25--7,6) .  10 "a 

(8) 

(9) 

1,5--5 
1,25--3,4 
O, 346--2, l 
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Genera l i zed  v o l t -  a m p e r e  c h a r a c t e r i s t i c s :  a -  c) see  
Table  1. U, ~ ' m ;  I, ~2 - t . m  -1. 

Equations (6) and (8) define the function U(x) in parametric form. By giving the are length 7 and the values 
of the governing parameters I, Rewd, Q, the generalized volt-ampere characteristic of the are can be 
computed. Since a number of rough assumptions were taken in solving the problem, it is necessary to 
compare the result of the computation with experimental data. 

The volt-ampere characteristics of longitudinally cooled ares of fixed length are used for the com- 
parison [11-13]. The fundamental parameters of the heaters for which these data have been obtained are 
presented in Table i. 

The following values are selected for the computation on the basis of these data: Rewd = 104; Q = 5 
�9 10 -4, and 5 �9 10 -3. Four generalized U-I arc characteristics (Fig. 2) are presented for each of the values 

of I indicated in Table i: i) neglecting the energy loss in the channel wall (Rewd = ~; Q = 0); 2) taking 
account only of convective heat losses (Rewd = 104; Q -- 0); 3) taking account of convective and radiant 
losses Rewd = 104; Q = 5 �9 10-4; 4) Rewd = 104; Q = 5 �9 10 -3. The comparison between the computed and 
experimental volt-ampere characteristics is presented in Fig. 2 in generalized IU coordinates. 

The following peculiarities in the computed characteristics can be noted�9 The relation between log U 
and logI is almost linear for I ~ 104 and constant 7. The slope of the generalized characteristics diminishes 
as the losses taken into account grow (as Rewd diminishes and Q grows). For Q -- 5.10 -4 the radiation 
losses exert no essential influence on the are parameters. The influence of both the convective and radiant 
losses will grow as the relative length of the discharge channel I increases. A change in the slope of the 
characteristics occurs for constant l, Rewd, Q in the 104 < I < 105 range. A computation within the frame- 
work of the turbulent are model predicts a rise of the V-i characteristie of an are with an intraeleetrode 
insert in an argon stream for I > 3 �9 104 independently of the magnitude of the energy losses. According to 
the computation, rising V-i characteristics can also be obtained for small values of I for a long length of 
the intraelectrode insert (1 = 24). 

The change in the slope of the V - i  characteristics under the effect of energy losses is shown in 
Fig. 3 where the experimental and theoretical V - i  characteristics of an argon-arc heater with an intra- 
electrode insert of diameter 25 mm and length 300 mm are represented for the discharge values 1.5 and 
5 g/sec [11]. The curves 1 correspond to the conditions Rewd = ~, Q = 0 (no losses)~ curves 2 to the 
conditions Rewd = 104 , Q= 0; and curve3 to the conditions Rewd= 104 , Q=5 .10  -3 (for G =5 g/see, the 
criterion is Q ~ 10 -3, hence radiation should exert no essential influence). The passage from dropping to 
rising V - i  characteristics for all values of the discharge from 1.5-5 g/sec has been observed in experi- 
ment [11]. The theoretical characteristics rise only in the presence of essential losses because of radia- 
tion and convective heat exchar~ge from the wall of the discharge channel. Purely rising characteristics 
have been obtained in [13, 14]. Their generalization in criterion form produced a stronger dependence of 
the generalized drop in the voltage U on the Reynolds number (U ~ Re -0"27 in [14]) than in the turbulent 
model. In this connection, note the following. The total voltage drop on the are V usually enters into the 
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Fig. 3. Comparison of theoret ical  and experimental  v o l t - a m p e r e  
charac te r i s t i s t i cs :  I) G = 0.0015; II) 0.005 kg/sec .  V, V; i, A. 

Fig. 4. Distributions of E (curve 1), V (2), Ah m (3), Ah a (4), 
Qr /Gh 0 (5), and Qw/Gh 0 (6) along the axis of the argon heater  
(i = 200 A; G = 0.0015 kg/sec) ;  for the continuous curve,  Rewd 
=oo, Q = 0 ;  for the dotted curve,  Rewd=104  , Q =0;  for the dot- 
dash curve,  Rewd= 104, Q =  5 .10  -3 , E(102V/m),  V, V. 

general izat ion of the v o l t - a m p e r e  charac te r i s t i cs  in the cr i ter ion U; however, it is physical ly more  sa t i s -  
fac tory  for  this cr i ter ion to depend on the voltage drop in the positive column of the arc ,  V - V a c ,  since the 
sum of potential drops near the electrodes,  Vac, is p rac t ica l ly  independent of the main p rocesses  occurr ing 
in the a rc  column. F r o m  the relationship: 

V - -  Vac d -~ cl -n  

i 

we obtain the dependence 

U =  Vd = c l  - n ( l +  1 ac :j Ke ), C V . n - o , 5 ~  - 0 , 5 .  

i 

which explains the influence of the Reynolds number on the arc  pa rame te r s  in those cases  when it is im- 
possible to neglect the quantity Vac as compared with the voltage drop in the arc  column. This can appa- 
rently explain the stratif ication according to discharge (Reynolds numbers) of the data obtained in [13] for 
a heater  with a small  relative arc  length (7 = 9). 

The solution obtained allows the distribution of the fundamental s t ream and discharge pa rame te r s  
along the axis to be computed. The resul ts  of computing the quantities E, V, Aha,  Ahm, Qw/Gh0, Qr/Gh 0 
are  presented in Fig. 4 for the above-mentioned argon heater [13] for i = 200A and G = 1.5 g / sec .  The 
computation verif ies the assumption, used in the integration, regarding the relat ively small  change in 
Ah m in the major  port ion of the channel in the presence  of energy losses  f rom the discharge domain. The 
fract ion of convective and radiant heat losses  grows as the length of the channel increases ,  but it should be 
noted that the heat losses because of radiation are  exaggerated in this case since the level of volume radia-  
tion for the theoret ical  value of the enthalpy (LXh m = 25) is less than the magnitude of the radiation which 
the approximation taken (see Fig. 1) will yield. Evidently, the problem of taking radiation into account 
must  be solved by means of the resul ts  of computing the enthalpy distribution taking only convective losses  
into account. 

N O T A T I O N  

i is the current  intensity; 
V is the voltage; 
E is the e lectr ical  field intensity; 
p is the density; 
u is the velocity; 
h is the enthalpy; 
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G 
(T 

#w 
x, r 
R, d, l 
b 

= x / R ;  l = l / R ;  ~ = r ;  
h0 
q0, fro, ~ 

Qw, Qr 
qw, qr  
I = i2/Gh0d 
C = Vd/i  
Rewd = 4 G / ~ w d  
Q = q0d3/Gh0 
Ah a = ( h a - h 0 ) / h  0 
Ahm = ( h m -  h0)/h0 

-- R/b 

is the gas discharge; 
is the electrical conductivity; 
is the v i scos i ty  at the wall t e m p e r a t u r e  (T w = 3O0~ 
a re  cyl indrical  coordinates ;  
a re  the radius ,  d i amete r ,  and length of the d i scharge  channel; 
is the radius  of the mixing zone; 
a r e  d imens ion less  coordinates ;  
is the gas enthalpy at the entrance (for T O = 300~ 
a re  coefficients  of the approximat ing functions; 
a re  the convect ive and radiant  heat f luxes;  
a re  the convect ive and radiant  specif ic  heat fluxes; 
is the energy  cr i te r ion;  
is the genera l ized  voltage; 
is the Reynolds number ;  
is a radia t ion p a r a m e t e r ;  
is the d imens ion less  excess  m e a n - m a s s  enthalpy 
is the d imens ionless  excess  enthalpy on the axis.  
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