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Resu l t s  a re  shown of an e x p e r i m e n t a l  study concerning an e l e c t r i c - a r c  gas  hea te r  with an 
in t e re l ec t rode  inser t .  The p e r f o r m a n c e  c h a r a c t e r i s t i c s  here  a r e  compa red  with those a c -  
cording to o ther  authors .  

Of cons iderable  i n t e r e s t  today is  the l inear  e l e c t r i c - a r c  gas  hea te r  opera t ing  with an in te re lec t rode  
inse r t .  The f i r s t  s tudies  of this device [1-3] have demons t r a t ed  the feas ib i l i ty  of i t s  p r ac t i ca l  application. 
An i a t e r e l ec t rode  i n s e r t  has  made i t  poss ib le  to heat  a i r  to 5500-5900~ [1, 2] and to 6200~ [3]. Without 
the inse r t ,  only 5000-5400 ~ and 5000~ r e s p e c t i v e l y  could be attained. 

With an i a t e r e l ec t rode  i n s e r t  p re sen t ,  the v o l t - a m p e r e  cha r ac t e r i s t i c  of an e l e c t r i c - a r c  gas  hea te r  
includes in ce r t a in  ca se s  an ascending branch,  which is  v e r y  impor tan t  for  opera t ing  the hea te r  with the 
rheos t a t  cut out. 

With a solid i n s e r t  [1] it  was poss ib le  to mainta in  a fixed a r c  length while ra i s ing  the voltage and the 
power .  In [2], f u r t h e r m o r e ,  ascending 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  were obtained with a segmented  i n se r t  
and a d is t r ibuted  gas  supply. 

A solid i n s e r t  was used in h igh-power  indus t r ia l  e l e c t r i c - a r c  gas  hea t e r s  [4, 5], with the na r ro w  
segment  of a s tepped anode s t ruc tu re  se rv ing  as  the i n s e r t  e l e c t r i c a l l y  connected to that  anode. The range 
of gas  t e m p e r a t u r e s  a t ta ined with these e l e c t r i c - a r c  hea t e r s  was 3000-4100~ The v o l t - a m p e r e  of such 
h e a t e r s  with gaseous  a r e  s tabi l iza t ion included ascending b ranches  within a l imi ted  opera t ing  range.  

An ana lys i s  of these  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  [2] has  shown that  the ascending branch  r e su l t s  
f r o m  an elongation of the a r c  b y  the inse r t ,  while 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 r c  in the Mecker  
channel  as  the pro to type  in te re lec t rode  i n s e r t  a scend  because  of the a r c  cons t r ic t ion  by the channel walls  
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Fig. 1. 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 e l e c t r i c - a r c  
gas  hea t e r  with an in te re lec t rode  inser t :  G = 5 g / s e c  (1, 
2 ,3) ,  7 g / s e c  (4), 8 g / s e c  (5), 10 g / s e c  (6), 6 g / s e c  (7); 
L i = 4.6 c m  (2, 4) 7 c m  (3, 5, 6), 9.4 c m  (7), no i n se r t  (1). 
Voltage U (V), cu r r en t  I (A). 
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Fig. 2. Enthalpy of the main- 

stream h m (J}g) as a function of 

the arc power N (k~: G = 6 

g / see  (1, 2,3)~ 5 g / s e c  (4), 8 
g / s e c  (5), 10 g / s e c  (6); heater  
without inse r t  (1), inse r t  length 
1 i = 9.4 cm (3), 7 cm (2,4, 5, 6). 

and i ts  filling the entire channel section. The f i r s t  method of p roduc-  
ing an ascending branch is more  expedient f rom the standpoint of 
increas ing  the pe r fo rmance  margin  of an inser t ,  the second method is 
more  effective in ra is ing the s t r eam tempera ture  but also resu l t s  
in a fast  breakdown of the channel walls. Both effects  are  apparent,  
general ly,  when an inser t  is used. 

In this study the exper iment  was pe r fo rmed  with an e l ec t r i c -  
a rc  gas heater  of the l inear  ed~v-cur ren t  type at near  a tmospher ic  
p r e s su re s .  The voltage of the supply source was 500 V, the electrode 
channels were 20 mm in diameter ,  the anode was 100 mm long, and 
the cathode was 80 mm deep. The water -cooled  inse r t  had segments  
22 mm long and 15 mm in diameter ,  the i a te r segment  gaps were 
2 mm wide. Gas (nitrogen) was fed into all gaps with a whirl. The 
gas flow rate into the inser t  was separa te ly  f rom the gas flow rate 
between the inser t  and the e lec t rodes .  The gas flow rate  along the 

inser t  was 0.30-0.35 g / s e c  �9 cm (0.275-0.368 g / s e c  �9 cm in [2] and 0.14-0.47 g / s e c ,  cm in [3]). 

The heat losses  in the e lec t rodes  and in each inser t  segment  were measured  separately.  The values 
of enthalpy h and h m at a distance 10 mm f rom the nozzle threat  were found on the basis  of the energy  
balance in the heater ,  f rom the measured  thermal  fluxes and p r e s s u r e  at the stagnation point and with the 
aid of the relat ion in [6]. 

The potential profi le of the a rc  in the inse r t  was determined according to the p rocedure  in [7-9]. 

In the exper iment  we measured  fluctuations of the s t r eam tempera ture .  They were determined on 
the basis  of tempera ture  recordings  over  some time period,  made by means of the photoelectronic  a t tach-  
meat  shown in [10], and the relative br ightness  of two lines in the copper spec t rum (wavelengths X t = 5153 

and ~2 = 5105 ~) at a distance 10 mm f rom the nozzle throat.  

The resul t s  indicate tempera ture  fluctuations 1.5-2.0 t imes sma l l e r  than in a heater  without an in-  
ser t ,  when the inser t  is 70-94 mm long, i . e . ,  longer than the shor tes t  fluctuating free glow are  in a con-  
ventional heater.  

E lec t r ica l  measuremen t s  have conf i rmed the feasibi l i ty of producing an ascending vo l t -ampere  
cha rac te r i s t i c  by means  of an inser t  in the e l e c t r i c - a r c  gas heater.  Ascending vo l t -ampere  cha rac t e r i s t i c s  
have been obtained for  the inser t  region, but the vo l t -ampere  cha rac t e r i s t i c s  of the complete heater  becomes  
mere ly  horizontal  (Fig. 1), because an inser t  segment  is re la t ive ly  short  in compar ison  with the total chan-  
nel length. 

The format ion of an ascending branch begins at cer ta in  minimum values of the e lec t r ic  field intensity 
E. In [11] under a p r e s s u r e  p = 105 N / m  2 these values of E were equal to 19-25 V / c m  along the horizontal  
ranges  of a vol t -ampere  charac te r i s t i c  which had also a slightly ascending branch,  but in [2]~ according to 
our  es t imate ,  the mean e lec t r i c  field intensi ty of the heater  was 26.8-27.2 V / c m  along the ascending branch 
at a 150 A current .  In our  tests  the E- - I  cha rac t e r i s t i c s  ascended at an e lec t r ic  field intensi ty of about 20 
V/cm. In these exper iments  the authors have not observed  any var iat ion in the e lec t r ic  field intensi ty along 
the inser t ,  which conf i rms the data in [3]. This is exceptional,  however. 

An analysis  of the vol t -ampere  cha rac t e r i s t i c s  of hea te rs  with inser t s  indicates a r ise  in the a rc  
voltage with an increase  in the inse r t  length. With I = 400 A and G = 5 g / sec ,  for  example,  the a rc  voltage 
was 20% higher with a 94 mm long inse r t  than with a 46 mm long inser t .  The vo l t -ampere  charac te r i s t i c  
here  was descending, but became f lat ter  and then horizontal  with a higher cu r ren t  and a l a rge r  number  of 
inser t  segments.  As in [1, 2], at lower cur ren t  levels  the vo l t - ampere  cha rac te r i s t i c s  of the heater  with 
an inser t  approached that of the heater  without one, indicating that in a weak-cu r ren t  operat ing mode an 
in tere lee t rode inse r t  has no effect  on the heater  per formance .  The effect on an inser t  becomes more  
pronounced at s t rong cur ren ts ,  which is d i rec t ly  re la ted to the tendency of an a rc  to become shor ter  at 
higher  currents .  

The ea r l i e r  formula  derived by the authors  for  heat losses  in the anode of a plain e l e c t r i c - a r c  gas 
heater  Qa/N = f(I2/Gd, G/d, l /d)  [12] is accura te  witMn 8% for  calculat ing the anode losses  Qa = f(N) for  
a heater  with an inse r t  within the tes t  range of p a r a m e t e r  values. 

The heat losses  in the cathode are  descr ibed  by a single Qc = f(N) curve,  as  in the case of a heater  
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Fig.  3. M e a n - o v e r - t h e - m a s s  enthalpy of the gas  s t r e a m  h (J/g) as  
a function (a) of the a r c  power  N (kW) and (b) of the p a r a m e t e r  N/G 
(kW. see /g) .  Solid i n s e r t  [1] l i = 6.5 cm and d i = da = dc = 1 cm:  
G = 3.3-3.5 g / s e e  (1), 4 .7-4.8 g / s e c  (2), 6.6-6.9 g / s e c  (3). Seg-  
mented  i n s e r t  [2] d i = d a = d c =  l c m a n d G = 6 g / s e c :  l =  1 2 . 6 c m  
(4), 14.7 cm (5), 16.9 cm (6). Segmented i n se r t  [3] d i = 1 cm,  
da = 1 . 2 c m ,  dc = 1 . 4 e m ,  1 i = 3 3  em,  a n d G =  1 6 g / s e c  (7). This  
s t u d y d  i =  1 .5e ra ,  d a = d  c = 2  cm,  l i = 7  cm: G =  5 g / s e c  (8), 7 
g / s e e  (9), 8 g / s e c  (10), 10 g / s e e  (11). 

without an inser t .  The cathode l o s s e s  in a h ea t e r  with an i n s e r t  a re  lower  than in a pla in  hea te r  without 
one. 

The heat  l o s s e s  in an i n s e r t  segment  do not v a r y  along it. This can be explained, evidently,  by the 
lengthwise d is t r ibuted  gas  injection,  which p roduces  a cold l aye r  along the walls  of the i n se r t  channel and 
app rox ima te ly  equal  condit ions of heat  t r a n s f e r  between s t r e a m  and wall  within each  segment .  Such a 
method of gas  supply into an i n s e r t  i n c r e a s e s  the e f f ic iency  of the device.  

An examinat ion  of the m a i n s t r e a m  (Fig. 2) has  shown that  i t s  enthalpy hm i n c r e a s e s  with dec reas ing  
gas  ra te  and with inc reas ing  i n s e r t  length. F u r t h e r m o r e ,  the p r e s e n c e  of an in se r t  in this  type of hea te r  
tends  to make the t e m p e r a t u r e  prof i le  of the gas  s t r e a m  f la t te r  than in such a hea t e r  without an inser t ,  as  
a c o m p a r i s o n  between the r e s p e c t i v e  h m / h  = f(N) cu rves  c l ea r ly  shows. For  hea t e r s  without an i n s e r t  
h m / h  = 3--4,  while the h e a t e r s  with an i n s e r t  hm/l~ = 1.5-3.0 within the same r anges  of power  (90-270 kW) 
and gas  ra te  (5-10 g / see ) .  This  i s  expla ined by the longer  a r c  in a hea t e r  with an in se r t  and by the d i s -  
t r ibu ted  gas  supply, which both yie ld  a un i form heat ing ove r  the section.  A d is t r ibuted  gas  supply makes  for  
a m o r e  thorough mixing of cold and hot gas,  while i t s  e f fec t  on cons t r ic t ing  the a r c  column i s  s m a l l e r  than 
in a plain hea ter .  

An ana lys i s  of the re la t ion  h(N, G) ove r  the range  G = 5-10 g / s e e  (Fig. 3) shows that  the h(N) curve  
r i s e s  more  s teep ly  for  a hea t e r  with a segmented  i n s e r t  (solid l ines  8, 10) than for  a hea te r  without an i n se r t  
(dashed l ines 8, 10). A hea t e r  with an i n s e r t  ope r a t e s  more  eff ic ient ly  above, and a hea te r  without an i n s e r t  
o p e r a t e s  more  ef f ic ient ly  below the in te r sec t ion  points  between solid and dashed l ines (equal-eff ic iency 
points) for  each  gas  ra te .  Thus, the region has  been found where  a hea te r  with an i n s e r t  i s  more  eff icient  
and the s t r e a m  enthalpy h is  h igher  than in the case  of a pla in  hea te r  opera t ing  at  the same level  of a r c  
power  N. 

F o r  compar i son ,  in Fig. 3 have a lso  been plot ted t e s t  data for  two typical  gas  r a t e s  (curves  8, 10) and 
ca lcula t ions  based  on the r e s u l t s  in [1-3] (curves  1-7). 

The h(N) re la t ion  for  i n s e r t s  of va r ious  lengths but the same  d i ame te r  is  desc r ibed  by a single curve  
(points 4-6). The enthalpy d e c r e a s e s  with i nc r ea s ing  channel d i a m e t e r  and inc reas ing  gas  ra te .  All points  
fo r  the same p r e s s u r e  and i n s e r t  d i am e t e r  fi t  on the same  h(N/G) curve  in Fig. 3b, r e g a r d l e s s  of the gas  
r a t e ,  the i n s e r t  length, and the n u m b e r  of i n se r t  segments .  The deviat ion of some points  accord ing  to [3] 
is  due to the higher  p r e s s u r e  in that  heater .  A fu r the r  evaluat ion of these cu rves  in h[(N/G)~? + (N/G)(1--7?) 
(dl/d2) n] coord ina tes  yields  a single un ive r sa l  equation for  the enthalpy of the va r ious  l inear  e l e c t r i c - a r c  
gas  h e a t e r s  with in te re lec t rode  i n s e r t s  used  in [1.-3] and in our  study. In this equation dt denotes a se lec ted  
constant  channel  d iamete r ,  d2 = (dill  + dala + dc/c) /~  denotes  the ave rage  channel d iamete r ,  and n = 1.3 is  
a constant .  

This study of e l e c t r i c - a r c  gas  h e a t e r s  with in te re lec t rode  i n s e r t s  leads  to the following conclusion. 
An i n s e r t  s t ab i l i zes  the a r c ,  reducing  the t e m p e r a t u r e  f luctuat ions in the gas  s t r e am,  and p roduces  a 
hor izonta l  range on the v o l t - a m p e r e  cha r ac t e r i s t i c .  The gas  t e m p e r a t u r e  in a hea t e r  with an i n se r t  i s  more  
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uni fo rm along the rad ius  than in a pla in  hea te r .  A compar i son  between the hea t e r  c h a r a c t e r i s t i c s  r e v e a l s  
a boundary between energywise  p r o p e r  p e r f o r m a n c e  reg ions  with and without inser t ,  making i t  poss ib le  to 
de te rmine  the opera t ing  range where the ef f ic iency ~? and the enthalpy h a re  higher  for  a hea te r  with an in-  
s e r t  than in a hea t e r  without one opera t ing  at  the same  power  level .  
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N O T A T I O N  

is the m e a n - o v e r - t h e - m a s s  enthalpy of the gas  s t r e a m ;  
is  the enthalpy of the m a i n s t r e a m ;  
Is  the e l ec t r i c  f ield in tensi ty  in the a r c  column; 
is  the a r e  cu r ren t ;  
i s  the a r c  vol tage;  
i s  the p r e s s u r e  in the hea t e r  chamber ;  
~s the gas  flow ra te ;  
is  the heat  l o s s e s  in the anode; 
is  the heat  l o s s e s  in the cathode; 
~s the e l ec t r i c  power  of the a rc ;  
is  the e f f ic iency  of e l e c t r i c - a r c  gas  hea te r ;  
is  the d i a m e t e r  of hea te r  channel; 
i s  the length of hea t e r  channel; 
is  the d i am e t e r  of in te re lec t rode  inse r t ,  of anode, and of cathode r e spec t ive ly ;  
i s  the length of in t e re lec t rode  inse r t ,  of anode, and of cathode r e spec t ive ly .  
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