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We used  a tu rbulen t  model  of a longi tudinal ly  s t r e a m l i n e d  e l ec t r i c  a r c  to de r ive  an ana ly t i ca l  
solut ion for  the p r o b l e m  of the d i s t r ibu t ion  of the p r i m a r y  flow and d i scha rge  p a r a m e t e r s  in 
a c y l i n d r i c a l  d i s c h a r g e  channel  of an e l e c t r i c - a r c  he a t e r .  

The arc heaters in which the discharge is stabilized by a gas flow and which is situated along the axis 

of the cylindrical channel are used extensively in various branches of scientific and engineering research. 

The discharge and the plasma flow are formed in the stabilization channel which is usually represented by 

one of the electrodes. In certain cases, the role of the stabilization channel is taken over by an interelec- 

trode insert insulated from the electrodes. The arc begins at the inside (rod or flask-shaped) electrode 

and closes on the side wall of the cylindrical output electrode. Such a circuit makes some previsions for 

gas stabilization and arc stabilization by the walls of the discharge channel. The formulation and solution 

of the problem involved in determining the flow and discharge parameters involve a number of fundamental 

difficulties: the question of the relationship between the primary mechanisms of heat transfer in the flow 

has not been resolved (molecular heat conduction, turbulent mixing, radiation); no rigorous description 

exists of the flow and discharge patterns within the channel zone adjacent to the arc supports; the arc- 

shunting mechanism, basic to the determination of arc length, has not been worked out quantitatively. The 

determination and resolution of these problems call for extensive and rather precise experimental studies 

of the electrical and gasdynamic plasma-flow parameters in actual arc heaters with gas-stabilized arcs. 

Work along these lines is under way; however, the data derived to this time are few in number [i, 2]. 

To achieve theoretical calculation methods we employ a certain idealization of the flow and discharge 

patterns in a plasmatron. The most common example of such idealization is the channel model of an elec- 

tric arc [3]. The various modifications of the channel model and the existing numerical solutions [4-6] are 

based on the assumption of the predominant role played by molecular heat conduction in the mechanism of 

Joule heat transfer from the are to the gas streamlining the arc, i.e., the flow of the gas in the discharge 

chamber is assumed to be laminar. This assumption is valid for long cylindrical arcs involving weak flow 

of gas, but it is hardly suitable in analyzing the characteristics of real heaters with gas-stabilized arcs, 

in which the longitudinal gradients for the parameters are substantial and in which the gas flow may be tur- 

bulent. 

The turbulent (or jet) model of a longitudinally streamlined arc [7, 8] is based on the analogy between 
the propagation of a turbulent nonisotherma] gas jet in a coeurrent flow and the development of an arc dis- 

charge stabilized by a gas flow in a cylindrical channel. Analysis of the longitudinal variations in the arc 

and flow parameters is facilitated through the introduction of a universal radial velocity profile, character- 

istic of turbulent jets [9]: 

Au 
_ - (i-- ~ 3 / 2 ) ~  = f(~) ( 1 )  

Au m 

Here  V = r /b  is  the d imens ion l e s s  r ad i a l  coord ina te  in the zone in which the je t  mixes  with the c o e u r r e n t  
flow. The d i s c h a r g e  zone is  s e p a r a t e d  f rom the unpe r tu rbed  cold gas  flow by a boundary  whose r ad i a l  co-  
o rd ina te  b ( x ) i s  d e t e r m i n e d  f rom the equation 

U m - - / 2  0 db = c - -  (2) 
dx u a 
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Fig. 1. Diagram of the turbulent (jet) model of a longitudi- 
nally s t reamlined a rc .  

The c u r r e n t - v o l t a g e  cha rac te r i s t i c s  for an are of self-adjust ing length in an a tmosphere  of argon, 
nitrogen, hydrogen, air, and helium were  calculated in [7] on the basis  of the turbulent arc  model. The 
calculation was pe r fo rmed  with the functions b(x) derived for  an immersed  isothermal  jet and for the wake 
behind a poor ly  s t reamlined body. Equation (2) f rom [8] is used in general  form, with the constant c as-  
sumed to equal 0.1 [9], and the charac te r i s t i c  veloci ty u a determined by averaging and retention of the flow 
rate .  No considerat ion was given in the cited re fe rences  to the energy losses  in the walls of the discharge 
channel as a consequence of radiation and convection. Below we presen t  the solution for the problem re -  
lating to the determination of the e lect r ical  and gasdynamic gas-f low p a r a m e t e r s  in the stabilization chan- 
nel of an e l ec t r i c - a r c  heater,  with considerat ion given to the convection t r ans fe r  of the heat between the 
gas and the channel wall that is being cooled. The magnitude of the specific heat flow to the channel wall 
is determined by the Ku ta t e l adze -Leon t ' ev  [10] limit hea t - t r ans fe r  law for the turbulent boundary layer  
of a compress ib le  gas on a plate (Pr = 1): 

q~ = O.029.Re~_O, 2 ( 2 ) 1.6 pouo (hl - -  hw). (3) 

al, 

l ayer  

The following assumptions have been made in the formulation of the problem: 

1. The flow of the gas through the channel of the heater  (Fig. 1) is turbulent, steady, one-dimension-  
subsonic, and ax i symmet r i c .  

2. The plasma in the arc  discharge is quasineutral  and is in thermodynamic equilibrium. 

3. There  a re  no magnetic fields. 

4. Heat losses  f rom the a r c -d i s cha rge  region as a consequence of radiation are  neglected [3]. 

5. The convection heat flow to the channel wall is determined f rom (3). The effect of the boundary 
on the s t ruc ture  of the flow in the channel is not taken into considerat ion.  

6. The strength of the electr ic  field is independent of the radial  coordinate and is equal to E (x)= dV/dx. 

7. We neglect the change in the p r e s s u r e  along the channel. 

8. The velocity and enthalpy fields a re  s imi lar  and a re  determined f rom profi le (1). 

9. The channel wall does not affect the shape of profi le (1) when b > R. 

The equations are  as follows: 

R 

9~176 = .t' 2u9urdr - 6, (4) 
0 

R 

(Po - -  P) ~ R  2 = j" 2npu 2rdr - -  9 o u ~ R  2, (5) 
o 

R 

d'-x- = -~x , 2~puhrdr + 2~Rq~, (6) 
o 
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R 

i S 2 ~  dVdx rdr, 
0 

9h = const. 

(7) 

(8) 

The boundary conditions are the following: 

x = 0 :  V = V 0 ;  p = p 0 ;  h=h05( r ) ;  u = u  06(r). (9) 

Spec i fy ing  the  b o u n d a r y  c o n d i t i o n s  fo r  the  v e l o c i t y  and the  en tha lpy  in the  f o r m  of d e l t a - f u n c t i o n s  i s  
e x p l a i n e d  b y  the  fo l lowing  c i r c u m s t a n c e s :  the  j e t  of an i n t e n s i v e l y  h e a t e d  gas  which  i s  g e n e r a t e d  n e a r  a r o d  
e l e c t r o d e ,  b e c a u s e  of i n a d e q u a t e  da ta  to p e r m i t  p r o p e r  c h o i c e  of i t s  i n i t i a l  d i m e n s i o n s ,  i s  t r e a t e d  as  a po in t  
s o u r c e  of f i n i t e  i n t e n s i t y  (Fig .  1). T h e  in f in i t e  en tha lpy  at  the  p o l e  O p r o v i d e s  fo r  an in f in i t e  c u r r e n t  den -  
s i t y .  

At  the  s e c t i o n  x = l a the  a r c  c l o s e s  on the  wa l l  of the  c y l i n d r i c a l  channe l ,  and when x > l a dV/dx = 0. 
T h e  a r c  length  l a in p l a s m a t r o n s  wi th  an i n t e r e l e e t r o d e  i n s e r t  can  b e  a s s u m e d  to b e  equal  to  the  length  of 
the  i n s e r t .  If the  channe l  i s  f o r m e d  b y  the  s e c o n d  e l e c t r o d e ,  i t  b e c o m e s  n e c e s s a r y  to i m p o s e  the  b r e a k -  
down cond i t i on .  It w a s  a s s u m e d  in [8] tha t  the  b r e a k d o w n  o c c u r s  e i t h e r  a t  b = R, o r  a t  the  s e c t i o n  in which  
the  e l e c t r i c a l  c o n d u c t i v i t y  of the  g a s  n e a r  the  wa l l  i s  equa l  to  1 / ~ .  m .  

Equa t ion  (4), in con junc t i on  wi th  the  equa t ion  of s t a t e  in the  f o r m  of (8) and  with  the  cond i t ion  of s i m i -  
l a r i t y  f o r  the  v e l o c i t y  and en tha lpy  f i e ld s ,  y i e l d s  

0 U  = bo0u o ~ C O r l S t .  

T h e  m o m e n t u m  equa t ion  (5) m a y  b e  u t i l i z e d  to e v a l u a t e  the  v a r i a t i o n s  in  p r e s s u r e  a long  the  d i s c h a r g e  
channe l :  

Po -- P : pou2hha . 

The integral of the energy equation (6), after introduction of the dimensional complexes, i.e., 

i 2 (V - -  Vo) d I - -  ; U = .  
Ghod i 

a s s u m e s  the  f o r m  ~ = x/R;  h w ~ h0) 

7 

IU = ~ + ~ 0.058 Rel -~ _ Ahtdx. 
o J ,, ] / ~ + 1  

The  t o t a l - c u r r e n t  equa t ion  (7) can  be  m o d i f i e d  as  fo l lows:  

(10) 

dU 2~ 2 
dx ~ 0 a h . ~  (~) (11) 

The  a v e r a g e  e l e c t r i c a l  c o n d u c t i v i t y  of the  gas  in th i s  c r o s s  s e c t i o n  of the  ehanneI  i s  equal  to  

Oa = ~-2 S 2aqd~l_ ~-2~ (~)i' 2a~ldq' 
0 5 

1 

and the quantity q~ = j' 2a~d~ for  a speci f ied  rad ia l  enthalpy prof i le  is a function of the single va r i ab l e  Ah m 
0 

and i s  a p p r o x i m a t e d  by  the  p i e c e w i s e - s m o o t h  p o w e r  func t ion  [8] 

= a o ~ ,  o (12) 

To d e t e r m i n e  the d i m e n s i o n l e s s  c o o r d i n a t e  of the  p a n e l  wal l ,  i . e . ,  ~ (x) = P ~ ( x ) ,  we shou ld  u s e  (2). 
Le t  us  i n t r o d u c e  the  a p p r o x i m a t i o n  of the  r i g h t - h a n d  m e m b e r  of t h i s  equa t ion  by  a p o w e r  funct ion  of the  
v a r i a b l e  Ah m 

d~ 
- -  ~ B A ~ .  (13) 

dx 
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The quanti t ies  B and fi a r e  functions of the shape of the a s sumed  enthalpy prof i le  f(~) for  prof i le  (1) 
we h a v e B = 0 ,  1; B=0 .5 .  The d imens ion less  gas  enthalpy Ah m on the axis is a s soc ia ted  with the m e a n - m a s s  
enthalpy by the re la t ionship  

0 

F r o m  (11) and (13) we obtain 

dU 2 

d~ - aBa0~;~+~ ~ (~) (~5) 

To in tegra te  (15) we mus t  exp re s s  Ah m in t e r m s  of U by means  of (10) and (14). In (10) we make the 
t rans i t ion  f r o m  Re x to Rewd, as we a s s u m e  t h a t x  ~ 1.6 (the ave r age  value f o r x =  5-20 and let us in- 
t roduce  the approximat ion  

(2V~-)~ '6 ( ~t /0'2 =1.39Ah ~176 

Since Ah I = A h m f ( ~ ) ,  we can wr i te  

I U  ~- A h ~ + -  

co 
0.058 ) ( _ ~ _ )  ,.i~+o.~ 

B ~ : ~ ,  : ~-~d~. 

Calculat ions of the m e a n - m a s s  enthalpy without cons idera t ion  of convection lo s ses  [8]showed that this quan- 
t i ty  in the region ~ < 1 (b > R) v a r i e s  r a t h e r  weakly; there fore ,  the f ac to r  A-h~ A3+~ can be r emoved  f r o m  
the in tegra l  sign. The exponent 1.13 + 0.2 co-  fi d i f fers  l i t t le f r o m  unity; bear ing  this in mind, we rep lace  
Ahla 'i3+~ by Ah a .  These  rough assumpt ions  enable us to der ive  a s imple  l inear  re la t ionship  between 
Ah a and U. 

Let  us denote 

n~(~) = [ 1 + - -  

and let us exp re s s  ~ a  in t e r m s  of U 

0.058 i ]- '  B l~e~ ~ Fl"a+~176 2~+~ ~-~d~ 

Ah~ = I U %  (~). (16) 

We can now impar t  the following f o r m  to Eq. (15): 

dU 20 a+~ 
d ~ ~Ba 0 (I U~ lh)~+~ " 

Let  us in tegra te  (17) with the boundary condition U = 0 when ~ = oo: 

1 ~+1~ 
U = [F (Dff+~+fI ~+~+~ 

(17) 

(18) 

Here  we have denoted 

F(~) -- 2(~ -!- ~5-1- 1) ff ( (D ]c~-t-I~/i~_ld ~ (19) 
~Bao \ - ~  / " 

Using (14) and (16) we find the re la t ionship  between ~ m '  Aha'  and ~. It r ema ins  but to exp res s  ~ in t e r m s  
of x, i . e . ,  to in tegra te  (13): 

x - ~  X (~)I  a+~+l, (20) 

where  

f x ( ~ ) = ~ -  ~n~/  
(21) 
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F i g .  2. D i s t r i b u t i o n  of the  q u a n t i t i e s  h a,  h m, and E o v e r  the  length  
of the  d i s c h a r g e  channe l  of an a r g o n  a r c  h e a t e r  ( so l id  l i ne s  show Rewd 
= :r wi th  hea t  t r a n s f e r  not  t aken  into  c o n s i d e r a t i o n ;  the  clashed l i ne s  
a r e  R e w d  = 104, wi th  hea t  t r a n s f e r  t aken  into  c o n s i d e r a t i o n ) .  

F i g .  3. C o m p a r i s o n  of t h e o r e t i c a l l y  and e x p e r i m e n t a l l y  g e n e r a l i z e d  
U -  I c h a r a c t e r i s t i c s  fo r  an a r g o n  h e a t e r :  1) T d = 1-(~ = 1) fo r  an a r c  of 
s e l f - a d j u s t i n g  length;  2) Ta = 10; 3) T a = 30; 4) T a = 10; 5) 1,a = 22; 
4 and 5 a r e  b a s e d  on Eq.  (22); a) t aken  f r o m  [11]; b) t a k e n  f r o m  [12]; 
t he  s o l i d  l i ne s  a r e  f o r  Rewd  = ~;  the  d a s h e d  l i n e s  a r e  fo r  R e w d =  104. 

In parametric form Eqs, (18) and (20) determine the function U~). Having specified the arc length I a and 

the values of determining parameters I and Rewd, we can calculate the generalized current-voltage charac- 

teristic of the arc. 

The theoretical current-voltage characteristics for arcs of self-adjusting length are not subject to the 

effects of convection heat transfer to the wall, since according to the diagram (Fig. i), the arc ends at the 

section b = R or at some section that is near by. Satisfactory agreement between theoretically and experi- 

mentally generalized current-voltage characteristics for an arc of self-adjusting length was achieved in 

[7, 8] for flows of various gases. Characteristics of heaters with an interelectrode insert depend strongly 

on Rewd. This is borne out by the theoretical relationship between the strength of the longitudinal electrical 

field E, the mean-mass dimensionless enthalpy ha, and the dimensionless enthalpy hm on the axis, as these 
relate to the length of the argon heater discharge channel, calculated for values of I = 105 (it is assumed for 

the calculation of E that d = 1 cm and G = 1 g/see); this information is shown in Fig. 2. The calculation 

results demonstrate that with heat transfer (Rewd = 104) the quantities ha and hm increase very rapidly along 

the length of the channel, approaching some equilibrium value. Hence it follows that the excessive elonga- 

tion of the channel makes no sense at all, since a greater portion of the channel will operate at an efficiency 

close to 0. The losses of heat in the wall lead to an increase in the strength, and this is particularly notice- 

able if the interelectrode insert is very long. 

Figure 3 - in generalized U- I coordinates - shows a comparison of the theoretical current-voltage 

characteristics for an arc in an argon atmosphere with the experimental data derived by various authors in 

dc heaters with interelectrode inserts. (In the comparison it is assumed that V 0 = 0. ) The heater described 
in [II] had an interelectrode insert with a diameter of 25 mm and 200 mm in length g = 16); the data were 

derived for the following range of variations in the basic parameters: G = 1.5-5 g/sec (Rewd = 4 �9 103 

-1.3 �9 104), i = 25-200 A, The studies were performed in [12, 13] on an electric-arc heater with a seg- 

mented discharge channel whose diameter was 18 ram, with the relative length I bearing from 6.0 to 22. 

The argon flow rate is 1.2-6 g/sec (Rewd = 4- 103 -2 �9 104), and the current strength is i = 100-600 A. The 

generalized heater characteristics [13] have the form 

U = A1  -~  Re -~ j o.6s. (22) 

F i g u r e  3 shows  the  g e n e r a l i z e d  c h a r a c t e r i s t i c s  of t h i s  h e a t e r  fo r  Rewd  = 104 and l = 10; 20. 

The  c a l c u l a t i o n  d e m o n s t r a t e s  q u a l i t a t i v e l y  a s e r i e s  of p h e n o m e n a  tha t  a r e  f a m i l i a r  f r o m  e x p e r i m e n t s :  
a r i s e  in v o l t a g e  at  the  a r c  u n d e r  the  i n f luence  of the  i n t e r e l e c t r o d e  i n s e r t  (for p u r p o s e s  of c o m p a r i s o n ,  we  
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show the theoret ical  c u r r e n t - v o l t a g e  charac te r i s t i c s  for an arc  of self-adjust ing length); a change in the 
slope of the c u r r e n t - v o l t a g e  charac te r i s t i c s  and the transi t ion f rom falling to r is ing V - i  charac te r i s t i cs ;  
the relationship between arc  pa rame te r s  and the Reynolds number and the relat ive length of the in tere lee-  
t rode inser t .  

U 

P 
P 
h 
# 
ff  

i 
V 
E 
G 
% and c~ 
B andfi 
(2 

u = u/u 0 and h -  h/h 0 
A u = u -  1, A h = h -  1 

hw = hw/h  
Re x = pux/~l, Rewd = pud/~ w 
I and U 
~(x) =a/b 

NOTATION 

as the velocity; 
is the density; 
as the p ressure ;  
as the enthalpy; 
as the viscosi ty;  
is the e lect r ical  conductivity; 
as the cur rent  strength; 
as the potential of the electr ic  field; 
as the electr ic  field strength; 
as the gas flow rate  through the heater;  
a re  the coefficients in Eq. (12); 
a re  the coefficients in Eq. (t3); 
is the exponent in the formula # ~ hW; 
a re  the dimensionless  velocity and enthalpy; 
a re  the dimensionless  excess velocity and enthalpies; 
is the enthalpy factor;  
a re  the Reynolds numbers;  
are  the general ized dimensional c r i te r ia ;  
is the relat ive coordinate of the channel wall.  

S u b s c r i p t s  

0 denotes the p a r a m e t e r s  in the inlet of the channel; 
m denotes the pa rame te r s  at the channel axis; 
w denotes the p a r a m e t e r s  at the wall tempera ture ;  
1 denotes the pa rame te r s  at the wall (at the boundary- layer  edge); 
a denotes averaged pa r ame te r s .  

LITERATURE CITED 

i. Kimura and Kansava, Raketnaya Tekhnika i Kosmonavtika, No. 2 (1963). 
2. A, S. Vasil'kovskaya et al., PMTF, No. 1 (1967). 
3. W. Finkelnburg and H. Maecker, Electric Arcs and Thermal Plasma [Russian translation], IL (1961). 

4. G. Yu. Dautov, PMTF, No. 4 (1963). 
5. H.A. Stine and W. R. Watson, NASA, TND-1331 (1962). 
6. A.V. Pustogarov, Teplofizika Vysokikh Temperatur, No. 1 (1965). 
7. N.M. Belyanin, Izv. SO AN SSSR, Ser. Tekhn. Nauk, No. 3 (1966) 
8. N.A. Zyriehev, Low-Temperature Plasma Generators. Transactions of the Third All-Union Con- 

ference, Energiya (1968). 
9. G.N. Abramovich, The Theory of Turbulent Jets [in Russian], Fizmatgiz (1960). 

I0. S.S. Kutateladze and A. I. Leont'ev, The Turbulent Boundary Layer of a Compressible Gas, Izd-vo 

SO AN SSSR, Novosibirsk (1962). 
ii. H. Dreisicke and W. Neumann, Beitrage aus der Plasma Physik, 6, No. 3 (1966). 
12. G.P. Stel'makh, N. A. Chesnokov, and A. S. Sakhiev, Inzhen.-F~z. Zh., i0, No. 4 (1966). 
13. G.P. Stel'makh, N. A. Chesnokov, and V. A. Sologub, Izv. SO AN SSSR, Se--r. Tekhn. Nauk, No. 1 

(1967). 

826 


