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General e lectr ical  and thermal  charac te r i s t i cs  a re  presented for an a rc  heater  of this type. 

Here  we descr ibe  a method of calculating the basic charac te r i s t i cs  of a l inear  a rc  hea ter  with self -  
adjustment of the arc  length (Fig. 1), for which purpose we use exper imental ly  defined relat ionships be- 
tween the basic pa ramete r s .  

Numerous vol tage--current  curves have been descr ibed [1-10] for  hea ters  of this type for air  and 
nitrogen, and it has been found [9] that the most  probable values for the coefficients in 

Ud/l == A (P/Gd)-" 
(1) 

are  A = 935 and n = --0.7 for I2/GD from 3.102 to 3 �9 105 A 2 s ec /g"  era. 

The overal l  ranges for the pa rame te r s  in the formulas  were  as follows: I = 10-2000 A, G = 0.5-30 
g / sec ,  d c = 10-40 mm, d = 8-40 ram, Ppc = 10-30 N/era 2, l = 50-160ram, l c  = 80-110ram (the anode length / , 
the cathode length l e, and the gap between ~he electrodes  and var ious  other quantities a re  not given in all papers) .  

The discrepancies  between the formulas  given by different workers  exceed the correc t ions  introduced 
in cer tain papers  into (1), so they were neglected in the formula given here .  

We checked (1) for the following ranges:  power input 40-300 kW, current  100-1200A,ni t rogen flow 
rate  2-12 g / sec ,  channel d iameter  in anode 10-30 mm, and p r e s s u r e  in d ischarge  chamber  10-15 N/cm 2. 
There  was no substantial effect on the vol tage- -current  charac te r i s t i cs  f rom changing the internal diameter  
of the gas ring f rom 44 to 86 mm, the gap between the electrodes from 1 to 7 mm, the number of holes for 
gas inlets (1 or  2), and the corresponding gas flow speed at the inlet of 6 to 35 m / s e c .  

The e r r o r  in the relationship of (1) is about 15% for sys tems  with power inputs f rom tens to hundreds 
of kW working the above range of pa rame te r s .  

The curves calculated f rom (1) for constant G a re  bounded; the upper boundary is due to displace-  
ment of the spot f rom the channel in the anode at a par t icu lar  voltage UB for a given gas flow rate .  The 
lower boundary r i ses  from entry of the discharge into the gap between the electrodes when the gas flow 
rate  is reduced. In that case, it is impossible to work the sys tem in a stable fashion. 

Measurements  [10] show that the gas annulus diameter  and number  of gas inlet holes do not have a 
substantial effect on the boundaries in the above range; the lower boundary moves to higher voltages as 
the gap between the electrodes increases ,  while there  is less effect on the upper boundary. When the gap 
is 1 mm, the above relat ionships do not apply on account of the effect of sur face  roughness in the gap r e -  
gion. The internal diameter  of the hollow anode has more  effect on the upper limiting curve,  the lat ter  
shifting to higher  voltages as the d iameter  increases .  

The following relat ionships descr ibe  the boundaries for the above conditions: 

Uu -- 0.0556 TM (d + 7), 
U~ (2) 
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E d d y - t y p e  a r e  h e a t e r .  

U1 
- --  0,06(6 =- 66 =- 1), (3) 

ux~ 

w h e r e  d i s  anode  d i a m e t e r  in cm,  5 i s  the  gap  be tw e e n  the  e l e c -  
t r o d e s  in cm,  and G is  in  g / s e c .  L e n g t h e n i n g  the  anode  f r o m  100 
to  200 m c a u s e s  Uu to  i n c r e a s e  by 15-25% at  a c o n s t a n t  c u r r e n t .  

P u b l i s h e d  d a t a  [2, 3, 11-15]  fo r  t he  l i m i t s  fo r  s i m i l a r  h e a t e r  
s y s t e m s  a g r e e  s a t i s f a c t o r i l y  wi th  c a l c u l a t i o n s  f r o m  (2) and (3) 
(F ig .  3 of [10]). 

Equa t ions  (1)-(3) e n a b l e  one to  c a l c u l a t e  t he  p e r m i s s i b l e  
input  p o w e r ;  to  d e t e r m i n e  the  p a r a m e t e r s  of the  hot  gas  one 
n e e d s  to  know the  e f f i c i e n c y  of the  h e a t e r .  

T h e  p u b l i s h e d  e v i d e n c e  [16-21] fo r  the  e f f i c i e nc y  of such  
h e a t e r s  shows  tha t  ~ i s  a func t ion  of the  fo l lowing  p a r a m e t e r s :  

n = f (1 ,  a ,  d, z, p, a~ . . . .  ), (4) 
as  we l l  a s  be ing  d e p e n d e n t  on the  d e s i g n  f e a t u r e s  of the  h e a t e r s .  

If one u s e s  t he  m a i n  q u a n t i t i e s  in (4), one can c o n s t r u c t  f o r m u l a s  fo r  the  e f f i c i e nc y  wi thout  r e s o r t  to  
e x p e r i m e n t a l  da t a  by  e m p l o y i n g  the  l aws  fo r  s u b s o n i c  and t r a n s s o n i e  f low with  a p p r o x i m a t e  a n a l y t i c a l  e x -  
p r e s s i o n s  fo r  the  g a s  d e n s i t y  a s  a func t ion  of en tha lpy .  

The  fo l lowing  is  [22] t he  e x p r e s s i o n  fo r  the  e f f i c i e n c y f o r  t r a n s s o n i c  f low of a n i t r o g e n  p l a s m a :  

11 - :  0.793.10-~p~-'9~G-i'94N-ld ~'s~, (5) 

w h e r e  the  p r e s s u r e  p"  9.81 in  the  c h a m b e r  i s  in N / c m  2, G i s  in k g / s e c ,  d in cm,  and N in kW.  

E x p e r i m e n t s  [22] at  p r e s s u r e s  up to 100 N / c m  2 w e r e  m a d e  wi th  the  d i s c h a r g e  c h a m b e r ,  and i t  was  
found tha t  (5) a g r e e s  we l l  with e x p e r i m e n t .  

No p a r t i c u l a r  s c h e m e  fo r  the  h e a t e r  was  i n v o l v e d  in d e r i v i n g  (5), s o  t h e  f o r m u l a  a p p l i e s  fo r  any  
e l e c t r i c  a r c  h e a t e r  p r o v i d e d  tha t  the  gas  s p e e d  equa l s  the  s p e e d  of sound  in the  n a r r o w  s e c t i o n  of the  n o z z l e .  

S i m i l a r  r e l a t i o n s h i p s  can be  d e r i v e d  when t h e r e  is  s u b s o n i c  f low f r o m  the  h e a t e r  n o z z l e .  

F o r  n i t r o g e n  at  9.81 N / c m  2, t he  d e n s i t y  in g / m  3 i s  g iven  fo r  the  r a n g e  f r o m  3000 to 8000~ with  an 
e r r o r  not  e x c e e d i n g  4% by  

p = 14,8. 103h -~176 (6) 

the  fo l lowing  i s  the  d e n s i t y  of  a r g o n  a t  a t m o s p h e r i c  p r e s s u r e  be tw e en  270 

(7) 

(8) 

(9) 

w h e r e  the  en tha lpy  h i s  in  J / g ;  
and  10,000~ to 5.6%: 

p == 24.6.10'h-l;  

wh i l e  the  d e n s i t y  of h y d r o g e n  b e t w e e n  500 and 5000~ i s  g iven  with  a m a x i m u m  e r r o r  of 1~7o by  

p = 4.10~h -~ 

and fo r  the  r a n g e  f r o m  4000 to 14,000~ with an e r r o r  up to  6.6% by 

p == 7.95.10~h -1,2. 

We s u b s t i t u t e  (6)-(9) in to  B e r n o u l l i ' s  equa t ion  and u s e  the  f ac t  tha t  G = pwf and ~ = G h / N  to ge t  

Nitrogen ~ =: 236 ( p -  p.)iXSdGXG-".~N-1; 

:Argon 1] = 30.5 (p --  p.) daG-1N-1; 

Hydrogen ~l = 97 (p - -  p.)0.S~2d3.33G-0,655N-1 ' T ---- 4000 - -  14000 ~ K, 

( I0 )  

(ii) 
(12) 

w h e r e  p i s  the  p r e s s u r e  in the  d i s c h a r g e  c h a m b e r  in N / c m  2, d i s  the  n o z z l e  (anode) d i a m e t e r  in cm,  and 
G is  in g / s e c .  F o r m u l a s  (10)-(12) h a v e  been  w r i t t e n  fo r  the  p r e s s u r e  at  t he  ex i t  f r o m  the  n o z z l e  p .  of 
9.81 N/cm2;  in t he  m o r e  g e n e r a l  c a s e  of a p r e s s u r e  d i f f e r i n g  f r o m  a t m o s p h e r i c ,  (11), f o r  i n s t a n c e ,  
t a k e s  the  f o r m  

~1 ~- 3.I (p - -p . )  d~p.N-IG -i. ( l l a )  
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Fig. 2. Efficiency of subsonic hea ter :  1) experimental  points; 2) 
calculation (N in kW). 

Fig. 3. Charac ter i s t ics  for estimating the optimal anode length for 
the heater .  Solid lines for constant anode lengths l (ram) of: 1) 90; 
2) 100; 3) 110; 4) 120; 5) 130; 6) 140; 7) 150; 8) 160; broken lines 
for constant gas flow ra tes  G (g/sec) of: 9) 9.5; 10) 8; 11) 7; 12) 6; 
13) 5; 14) 4; 15) 3; 16) 2; d = 2 0 m m  (NinkW) .  

tWe check these relat ionships on an eddy heater  with subsonic flow of a ni trogen plasma;  the pa r ame te r  
ranges were N = 50-260 kW, G = 3-10 g / sec ,  d = 1.5; 2.() cm; p - - p ,  = 0.25-4 N/cm 2. Figure 2 shows 
that the measurements  agreed well with experiment.  Formulas  (10)-(12) a re  not r es t r i c ted  to any par t i -  
cular  design of heater  and apply for  the gas tempera tures  stated for (6)- (9). 

If the p re s su re  in the d ischarge  chamber  cannot be measured ,  or when one is designing a new cham- 
ber,  the heat loss in the heater  can be est imated by means of general  relationships for heaters  of the above 
design [23] for the following ranges in the pa ramete r s  N = 40-300kW, G = 1.8-14 g / sec ,  l = 50-200 mm, l c 
= 80 mm, 6 = 1-7 mm, dgf = 44-86 mm, number of gas inlet holes 1 or 2 (hole d iameter  4 ram), G/d = 0.09- 
1.0 g / s e c  .ram, 1 / d  = 3.3-20, I2/Gd = 400-45000 A 2 s e c / g  . ram. 

It was found that the electrode loss was not substantially affected by the diameter  of the gas annulus, 
the number of holes,  and the gap between the electrodes;  the tangential component of the flow speed did 
not make an appreciable contribution to the energy t ranspor t  to the channel wall. 

The published evidence indicates that the heat loss to the electrode is determined by three main com-  
binations of pa r am e te r s :  

Qr _ f (  12 G 1 1 (13) 
N Gd ' d ' d , "  

The combination I2/Gd can be reduced to N/d, which has a significance of the enthalpy of the heated gas 
for ~ = 1, while G/d corresponds  to the Reynolds number Re. 

The heat loss in the anode falls as G/d increases  but increases  somewhat with l / d  and I2/Gd [23]. 

The following are  [23] the relationships for the heat loss in the anode and cathode respect ively:  

Qan _ 0.05 (14) 
N k ~ ]  d J \ a J 

and 

Qc / ~ "  /2 \0,06 
-- 0"141 [ --G~ ] �9 (15) 

N , 

The maximum e r r o r  in these experiments is 18%. The channel d iameters  in the anode and cathode were 
identical. If we use an expression of the form of (1), we get f rom (14) and (15) the following, which do 
not contain the voltage: 
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Qan = 23401~176176 ~ (16) 

Q c = 66001~ 726~ i~4d-~ (17) 

These expressions c lear ly  show the contributions f rom the basic p a r a m e t e r s  to the d i scha rge -chamber  
loss. 

These formulas agree satisfactorily with the relationship for the efficiency of a linear heater [19]; 
the discrepancies over the effioienoes range from 1.5 to 17% when 12/Gd varies from i000 to 2?,000 A 2 
s e c / g ,  cm. 

The par t s  of the e lectrodes  away f rom the a rc  column have an unfavorable influence, because they 
cause additional losses  and reduce the gas t empera tu re  near  the jet  axis.  

One can es t imate  the minimum electrode lengths for a hea ter  with a sel f -s tabi l iz ing a rc  length if 
one knows the a rc  length as a function of the working Pa rame te r s .  

Measurements  have been repor ted  [24] on the distance between the spots for an eddy hea ter  with 
sectional  e lect rodes;  the range of pa rame te r s  was as given above. The position of the a rc  spot was de- 
te rmined from the distr ibution of the current  and heat fluxes along the length of the sectional  electrode.  
The positions of the peaks for  these two quantities coincided sa t i s fac tor i ly  under each working condition. 

The following express ion (accurate to 10-20%) applies for the distance between the arc  spots:  

I d - : ~ - 0 , 4 3 5 I - 2 4 G  :-230, (18) 

where I d is in mm and G is in g / see .  

It was possible  to deduce approximately the loss in the arc  spot f rom the distr ibution of the heat loss 
along the length of the anode under severa l  conditions (there was a pronounced peak near  the spot with 
equal losses  before and after  it [24]). The loss f rom this source  was 20-30% of the total loss in the anode 
in the cur rent  range 200 to 800 A. 

The following expression defines the effective potential drop near the electrode, which includes the 
potential drop in the part of the arc transverse to the flow: 

AUef f - 0.01711 - 17.3. (19) 

From (16)-(18) one can find the thermal  cha rac te r i s t i c s  of the hea ter  that re la te  the dimensions and 
working pa rame te r s  to the enthalpy of the hot gas (Fig. 3). The quantity l in Fig. 3 is the minimum anode 
length, which includes for each working state the length of the anode par t  of the are  and half  the a rc  shunt- 
ing region.  
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