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An exper imen ta l  study is  made  of the distr ibution of t empera tu re s  and heat  f luxes in the wall 
of the ou te r  e lec t rode  of an e lec t r i c  a rc  gas hea te r  with eoaxial ly located e lec t rodes .  

Coaxial e l ec t r i c  d ischarge  p lasmot rons ,  in which the gas is  heated by a radia l  e l ec t r i c  discharge 
rotat ing under the e f fec t  of an axial  magnetic f ield in a c i r cu l a r  in te re lec t rode  gap, have rece ived  wide d i s -  
tr ibution in di f ferent  a r eas  of technology. However,  the thermal  eff ic iency of such hea te r s  is  small  and 
the life of the i r  e l ec t rodes  is  often insufficient.  The improvement  of the cha rac t e r i s t i c s  of hea te r s  is  im-  
possible without data on the distr ibution of heat losses  between separate  e lements  of the hea te r  and in the 
e lements  themese lves  and on the t empera tu re  f ields in the walls of the construct ion as a function of the dif-  
f e ren t  p a r a m e t e r s  which determine the operat ion of the heater .  A theore t ica l  analysis  of these ef fec ts  iS 
v e r y  complicated because of the abundance of f ac to r s  acting on them, and the exper imenta l  data are  in-  
complete.  For  example,  the exper imenta l  studies whose r e su l t s  a re  p r e sen t ed  in [1] showed that the 
g rea t e s t  heat  losses  belong to the outer  e lec t rode  (the chamber  of the heater) ,  with the distr ibution of heat  
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Fig. 1. Diagram of p repara t ion  of outer  e lec t rode  with t he rmo-  
couples:  1) Cent ra l  e lec t rode  (anode); 2) outer  e lec t rode  (cathode): 
a) one-piece ,  b) sectioned; 3) thermocouples ;  4) means of mount-  
lag thermocouples :  a) type I, b) type II, c) type HI; 5) region of 
magnetic f ield maximum. 
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Fig. 2. Dis t r ibut ion of t e m p e r a t u r e s  
and heat  f luxes in wall  of outer  e l e c -  
t rode along chambe r  a t  I = 600 A, B 
= 0 . 7 T ;  P = 4 . 5 - 1 0 5 N / m 2 :  1) s p e c i -  
f ic heat  flux; 2) t e m p e r a t u r e  in wall  
on side of sur face  being heated;  3) 
t e m p e r a t u r e  in wall  on side of cooled 
sur face ,  t, ~ q, W/m2; l ,  ram. 

l o s s e s  o v e r  the hea t e r  cham be r  being v e r y  uneven, a sha rp ly  e x p r e s s e d  m a x i m u m  in the l o s se s  occur r ing  
in the d ischarge  zone. 

Ar t i c l e s  have been publ ished in which the dependence of the local  heat  f luxes in the hea te r  chamber  
on the d ischarge  cu r r en t  and e l ec t r i c  power  input was de termined.  However,  these s tudies were  conducted 
with a tmosphe r i c  p r e s s u r e  in the hea te r  c h a m b e r  and in a na r row  range of var ia t ion  in the axial  component  
of the magnet ic  induction. There  a r e  no expe r imen ta l  data in the l i t e ra tu re  on the t e m p e r a t u r e  d i s t r ibu-  
tion in the walls  of the hea t e r  e l emen t s  as  a function of the va r ious  f ac to r s  affect ing i t  (discharge current ,  
magnet ic  induction, p r e s s u r e  in hea te r  chamber ,  gas  flow ra te ,  wall  ma te r i a l ,  cooling sys t em,  etc.  ). 

In the p r e s e n t  r e p o r t  we give the r e s u l t s  of an expe r imen ta l  de te rmina t ion  of the t e m p e r a t u r e  f ields 
in the chambe r  wall  of a coaxial  e l ec t r i c  d i scharge  hea te r  and the dependence of the local  heat  l o s ses  to 
the wall  fo r  d i f ferent  va lues  of the d ischarge  cur ren t ,  magnet ic  induction, and p r e s s u r e  in the hea te r  c h a m -  
ber .  

Expe r imen ta l  Appara tus  and Method of Conducting Exper iment .  The e x p e r i m e n t s  were  conducted on a 
coaxial  e l ec t r i c  d ischarge  hea t e r  with s tabi l izat ion of the d ischarge  in the axia l  d i rec t ion using a magnet ic  
field with a sha rp ly  e x p r e s s e d  m a x i m u m  in the d ischarge  region.  A detai led descr ip t ion  of  the expe r imen ta l  
appara tus  is  p r e sen t ed  in [2]. The de te rmina t ion  of the t e m p e r a t u r e  f ie lds  and distr ibution of heat  l o s ses  
was accompl i shed  i n t h e  outer  e lec t rode  (cathode), with the cen t ra l  e lec t rode  (anode) having a d i ame te r  of 
55 m m  and the cathode having inner  and outer  d i a m e t e r s  of 80 and 112 mm,  respec t ive ly .  Two types of 
outer  e lec t rode  were  used in the e x p e r i m e n t s  (Fig. 1). 

The  f i r s t  type cons is ted  of a cyl indr ica l  bushing made of copper ,  the second was made up of r ings ,  
with a r ing of copper  30 m m  wide mounted in the d ischarge  zone and r ings  10 m m  wide e i the r  of copper  or  
of deeply anodized a luminum mounted in the o ther  sect ions.  There  was an a s s u r e d  gap between the r ings  
of the sect ioned outer  e lec t rode  which p reven ted  the flow of heat  along the e lec t rode  c i rcui t ,  and the m e a -  
sured  t e m p e r a t u r e  f ield p e r m i t t e d  the calculat ion of the local  heat  f luxes ave raged  over  the width of a ring. 

In addition, the sect ioned outer  e lec t rode  p e r m i t t e d  the r a t h e r  s imple  tes t ing of di f ferent  m a t e r i a l s  
for  the fabr ica t ion  of the e l emen t s  of the outer  e lec t rode  and the se lect ion of those whose use p r o m o t e s  an 
i nc r ea se  in the t he rm a l  ef f ic iency of the hea te r  and an i nc rea se  in the life of the e lec t rode .  

The m e a s u r e m e n t s  of the t e m p e r a t u r e  dis tr ibut ion in the wall  of the outer  e lec t rode  were  made with 
Chrome l - -Cope l  the rmocouples  with the rmoe lec t rode  w i r e s  0.3 m m  ind i ame te r .  A d i ag ram of the p r e p a r a -  
tion of the the rmocouples  of the outer  e lec t rode  i s  p re sen ted  in Fig. 1. Two thermocouples  were  mounted 
in each  section,  one of them located nea r  the outer  surface  of the e lec t rode  (2-3 ram) which was cooled by 
water ,  the o ther  located nea r  the surface  subject  to heating (2-3 nun). The thermocouple  w i r e s  were  run 
through the channels  of the cooling s y s t e m  and p ro tec ted  with ED-5 epoxy res in .  The lead out of the t h e r -  
mocouples  was accompl i shed  through r e s in  packings  located in the pipe connections.  The t e m p e r a t u r e s  
were  r eco rded  on a type N-010 osci l lograph.  
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Fig. 3. Dependence of t e m p e r a t u r e s  and heat  f luxes in wall of 
d i scharge  zone on d i scharge  c u r r e n t  at  P = 5- 10 s N / m  2 and 
B = 0.1 T (dark points)  and on magnet ic  induction at  I =  400 A 
and P = 4 .5 .  l0  s N / m  2 (light points):  1) specif ic  hea t  flux; 2) 
t e m p e r a t u r e  in wall  on side being heated;  3) t e m p e r a t u r e  in 
wall  on side of cooled sur face ,  q, W/m2; t, ~ I, A; B, T. 

Fig. 4. Dependence of heat  flux at  wall  of d i scharge  zone on 
p r e s s u r e  at: 1) I = 6 0 0 . 4 ,  B =  0 . 7 T ;  2) I = 4 0 0 A ,  B =  0 .5T .  
q, W / m  2; P,  N / m  2. 

With the p l acemen t  of the the rmocoup les  in the e lec t rode  i t  was n e c e s s a r y  to a s c e r t a i n  the e f fec t  of 
the e l ec t r i c  d i scharge  on the thermocouple  read ings  and to reso lve  the quest ion of the ra t iona l  means  fo r  
the i r  mounting. When the the rmocouples  a r e  mounted at  a cons iderable  depth in r e l a t ive ly  na r row  r ings  a 
s ignif icant  d is turbance  occu r s  in the in tegr i ty  of the wall  ma te r i a l ,  resu l t ing  in d is tor t ion of the t e m p e r a -  
ture field. In addition, the r e m o v a l  of heat  f r o m  the junction through the t h e r m o e l e c t r o d e s  Can affect  the 
thermocouple  readings .  

As the o s c i l i o g r a m  reco rd ings  of the e lec t rode  wall  t e m p e r a t u r e s ,  cur ren t ,  and d ischarge  voltage 
at  d i f ferent  t imes  showed, the d i scharge  does not af fec t  the thermoeouple  readings .  

The e f fec t  of the means  of mounting the the rmoeoup les  on the i r  readings  was de te rmined  in p r e l i m i n -  
a r y  e x p e r i m e n t s  in which the two r ings  c lo ses t  to the d ischarge  zone were  p r e p a r e d  by three  di f ferent  
means  (see Fig. 1). In the f i r s t  of these the i n s e r t  containing the thermocouple  was p laced  in a r i ng - shaped  
channel whose ent i re  i n t e r io r  was fi l led with fine f i l ings of the r ing ma te r i a l  and flooded with h e a t - r e s i s t a n t  
cement .  As shown in [3], the t he rm a l  conductivi ty of f inely d i spe r sed  fi l ings hard ly  d i f fe rs  f r o m  the t h e r m a  
conductivi ty of the m a t e r i a l  i t se l f  and consequent ly  cannot  af fec t  the thermoeouple  readings .  Moreove r  this 
means  of seal ing the the rmocoup les  a s s u r e s  the location of a cons iderable  length of the the rmoe lec t rode  
w i r e s  (more than 50 d i ame te r s )  a t  an i s o t h e r m a l  su r face ,  which p r even t s  the r e m o v a l  of hea t  f r o m  the 
thermocouple  junction through the t he rmoe lec t rode  wires .  However,  the mounting of the rmocoup les  by this 
method is  poss ib le  only in the case  of a sect ioned e lec t rode .  

The second means  is  s i m p l e r  in t e r m s  of execution.  The thermoeouple  with the i n s e r t  i s  lowered to 
the bot tom of an opening dr i l led  to the de s i r ed  depth. However,  the r e m o v a l  of heat  along the t h e r m o e l e c -  
t rode w i r e s  ex i s t s  in this case  and i t  i s  r a t h e r  difficult  to de te rmine  the exac t  posi t ion of the junction be -  
cause  of the poss ib i l i ty  of shor t  c i rcui t ing within the inser t .  

In the tMrd means  the welded thermocouple  i s  cove red  by an i n s e r t  made of the r ing ma te r i a l ,  a s e c -  
tion of thermocouple  w i r e s  15-20 d i a m e t e r s  long adjoining the junction is  twisted into a f la t  sp i ra l ,  and then 
the i n s e r t  containing the thermoeouple  is  p r e s s e d  into an opening dr i l led  to the des i r ed  depth. Thus,  the 
twisted sect ion of w i re s  is  located in a plane close to an i s o t h e r m a l  sur face ,  which cons iderab ly  d e c r e a s e s  
the r e m o v a l  of hea t  along the t he rm oe l ec t rodes .  The p r e s e n c e  of the i n s e r t  is  n e c e s s a r y  to p reven t  d i s -  
tor t ion of the t e m p e r a t u r e  f ie ld due to dr i l l ing of the opening and to provide  the n e c e s s a r y  abutment  of the 
thermocouple  junction aga ins t  the bot tom of the opening. 
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Fig. 5. Dis t r ibut ion of t e m p e r a t u r e  f ield 
and heat  flux in d ischarge  r ing of copper  
(dark points) and in r ing of copper  with 
hafnium i n s e r t  a t  I = 400 A, B = 0.5 T, 
P = 4 . 5 . 1 0  ~ N / m  2 (light points):  1) spec i -  
fic heat  flux; 2) t e m p e r a t u r e  in wall on 
side being heated;  3) t e m p e r a t u r e  in wall  
on side of cooled sur face ,  t, ~ q, W/m2; 
/, ram. 

I t  was de te rmined  that the readings  of the rmocouples  p laced nea r  the outer  sur face  of the e lec t rode  
a re  a l m o s t  independent of the means  of the i r  mounting. The readings  of the rmoeoup les  mounted nea r  the 
inner  sur face  di f fered marked ly .  The highest  t e m p e r a t u r e  was r e g i s t e r e d  by the rmocouples  mounted by 
the f i r s t  means .  The second means  of mounting the the rmoeouples  reduced the readings  by 35-40% and the 
th i rd  by 3-5% com pared  with the f i rs t .  

There fo re  in a l l  subsequent  e x p e r i m e n t s  the the rmocouples  located nea r  the ou te r  surface  were  
mounted by the second means  and those nea r  the inner  sur face  by the third means ;  the constant  m e a s u r e m e n t  
e r r o r  connected with the means  of mounting the thermocouple  was allowed for  in t rea t ing  the expe r imen ta l  
data. 

I t  should be noted that the r o o t - m e a n - s q u a r e  m e a s u r e m e n t  e r r o r ,  including the a c c u r a c y  in mounting 
the thermocouple ,  the c l a s s  of p rec i s ion  of the record ing  ins t rument ,  and the a c c u r a c y  in in te rp re t ing  the 
o s c i l l o g r a m s ,  is  on the o r d e r  of ~:8%. 

The s tudies  were  conducted on a i r  with flow r a t e s  G = (0.3-7).  10 -3 k g / s e c ,  p r e s s u r e s  P = (0.3-7).  105 
N / m  2, cu r r en t s  I = 400-1000 A, and magnet ic  induction B = 0.1-1 T. 

The flow ra te  of the gas ,  the p r e s s u r e  in the f o r e e h a m b e r ,  and the cu r r en t  and voltage of the d i s -  
charge  were  m e a s u r e d  during the e x p e r i m e n t  along with the t e m p e r a t u r e  f ield in the wall  of the outer  e l e c -  
trode.  The record ing  of the m e a s u r e d  p a r a m e t e r s  was conducted on an N-010 osc i l lograph  synchronously  
with the t e m p e r a t u r e  recording.  

Resu l t s  of Exper iment .  An ana lys i s  Of the data of the t e m p e r a t u r e  record ing  showed that a s ta t ionary  
t e m p e r a t u r e  mode is  achieved in the inves t iga ted  range of var ia t ion  of the hea t e r  p a r a m e t e r s .  A typical  
t e m p e r a t u r e  dis t r ibut ion in the wall  of an outer  e lec t rode  made up of r ings ,  in a s t a t ionary  mode with con-  
s tant  d ischarge  cur ren t ,  magnet ic  induction, and p r e s s u r e  in the hea te r  f o r e c h a m b e r ,  i s  shown in Fig. 2. 
I t  i s  seen that in the region of the d ischarge  there  is  a sha rp ly  e x p r e s s e d  m a x i m u m  in the t e m p e r a t u r e s  of 
the e lec t rode  wall  while the heat  flux in this region is  s e v e r a l  t imes  g r e a t e r  than the heat  f luxes in the 
neighboring regions ,  the total  heat  l o s ses  in the na r row  d ischarge  zone being comparab le  to the lo s ses  in 
the r e s t  of the chamber .  Such a la rge  di f ference in the local  heat  f luxes cannot be connected only with an 
i nc r ea se  in the heat  l o s ses  in the d i scharge  zone because  of the drop in potent ia l  n e a r  the e lec t rode ,  but is 
apparen t ly  connected to no l e s s  an extent  with convective heat  l o s se s  which depend both on the higher  t e m -  
p e r a t u r e  drop between the gas  and the wall  and on the higher  gas  ve loci t ies  in this region.  A compar i son  
of our  r e su l t s  with the data of [1] shows that under the same  expe r imen ta l  conditions the data obtained on 
the dis t r ibut ion of heat  f luxes agree  both in the nature  of the dis tr ibut ion and in the magnitude. 

The dependences of the t e m p e r a t u r e s  and heat  f luxes in the d ischarge  zone on the magnet ic  induction, 
d i scharge  cur ren t ,  and p r e s s u r e  in the f o r e c h a m b e r  a re  r e p r e s e n t e d  in Figs.  3 and 4. It  i s  seen that  the 
dependences of the t e m p e r a t u r e s  and heat  f luxes on the magnet ic  induction and d ischarge  cu r r en t  a r e  close 
to l inear  in the range of var ia t ion  of the p a r a m e t e r s  studied. 
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The dependence of the heat fluxes in the discharge zone on the p r e s s u r e  at  a constant  cur ren t  and 
magnetic induction has a minimum at the p r e s s u r e  P = (1-2). 105 N /m 2. The increase  in heat fluxes at  p r e s -  
sures  less  than a tmospher ic  p r e s s u r e  is apparent ly  explained by an increase  in the rotation rate of the d i s -  
charge and consequently of the gas s t ream,  by an increase  in the potential drops near  the electrode because 
of the Hall effect, and by a decrease  in the mass  of the hea t -absorbing  gas. The increase  in heat fluxes at 
p r e s s u r e s  P > 2.105 N / m  2 seems  to be connected with an increase  in convective heat losses  because of the 
increase  in gas density. 

The dependences of the wall t empera tu res  and heat fluxes on the magnetic induction, discharge c u r -  
rent,  and p r e s s u r e  in the other  sections of the chamber  have a nature s imi la r  to that examined. 

An analysis  of the resul ts  of tempera ture  field measurements  in the wall of the undivided electrode 
showed that under the same exper imental  conditions there is a marked difference in the tempera ture  field 
only near  the discharge zone. 

The purpose of the subsequent exper iments  was to study the possibi l i ty  of decreas ing  the heat losses  
through the use of different mate r ia l s  for  the construct ion of the chamber  elements ,  for  which the chamber  
was divided into two regions,  an ex t rad ischarge  zone and a discharge zone 30 mm wide, which were ex-  
amined separately.  

The studies showed that the use of hea t - r e s i s t an t  thermal  insulation coatings can be quite effective. 
For  example, replacing the copper  r ings  in the ext radischarge  zone with r ings of AMTs aluminum alloy 
with a heatproof coating of thickness 6 = 70 # obtained by the deep anodizing method permit ted  an increase  
in the heater  efficiency f rom 18 to 28% at a discharge cur ren t  I = 600 A, magnetic induction B = 0.67 T, 
and gas flow rate G = 7- 10 -3 kg/sec .  

Similar  resu l t s  were obtained by the authors  in a tes t  of an outer  electrode made of copper  in wMch 
the ext rae lec t rode zone was covered with a heatproof coating of aluminum oxide applied by spraying. 

Tempera ture  and heat flux distr ibutions in a discharge ring in the middle pa r t  of which a ring of 
hafnium wire 2.5 mm in d iameter  is embedded in a r ing-shaped  channel are  presented in Fig. 5. The t em-  
pera ture  field and heat fluxes without the hafnium inser t  are  also shown there for  the same experimental  
conditions (I = 400 A, B = 0.5 T, and G = 7" 10 -3 kg/sec). 

It is seen that in the case of shielding of the discharge par t  of the right with h igh- tempera ture  heat-  
res i s tan t  mater ia l  the tempera ture  level in the wall is markedly  reduced and the heat losses  in this zone 
are  decreased.  

It should be mentioned that such heat shielding is also desirable on the centra l  e lectrode (anode), 
although for the shielding of the discharge zone it is n e c e s s a r y  to use h igh- tempera ture  hea t - res i s t an t  
mate r ia l s  with low thermoelec t ron  emiss ion  such as nickel or  rhenium, and it is  undesirable to have un- 
shielded copper in the discharge region. 

t is the 
q is the 
P is the 
G is the 
I is the 
B is the 
5 is the 

l is  the 

tempera ture ,  ~ 
specific heat flux, W/m2; 
gas p r e s su re ,  N/m2; 
mass  flow rate of gas,  kg / sec ;  
cur rent ,  A ; 
magnetic induction, T; 
thickness,  ram; 
length, ram. 
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