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The r e su l t s  of an exper imenta l  invest igat ion into heat  t r a n s f e r  in the d i scharge  chambe r  of 
an e l e c t r i c - a r e  gas  hea t e r  a re  p resen ted .  Fo r  the anode the resu l tan t  data a re  e x p r e s s e d  
in the fo rm of genera l ized  re la t ionships  qan = f(I, d), St = f( l /d,  Re, N/GH0). The ene rgy  
l o s s e s  in the bas ic  a r c  spot a r e  es t imated .  

The pa r t s  of e l e c t r i c - a r c  gas hea t e r s  subjected to the mos t  s eve re  t he rma l  conditions a re  undoubtedly 
the e l ec t rodes .  The t he rm a l  flux reaching an e lec t rode  a r i s e s  f rom a number  of e n e r g y - t r a n s f e r  m e c h -  
an i sms .  The chief  of these  in a h e a t e r  with cooled meta l  e lec t rodes  operat ing at  a lmos t  a tmosphe r i c  p r e s -  
sure  a r e  convect ive heat  t r a n s f e r  and the t r a n s f e r  of ene rgy  by charged pa r t i c l e s  in the region of the bas ic  
a r c  spot.  With increas ing  t e m p e r a t u r e  and p r e s s u r e  the propor t ion  of the ene rgy  ca r r i ed  by radiat ion be -  
comes  g r ea t e r .  

The ene rgy  balance at the sur face  of the anode takes the fo rm Qan = Qc + Qe/. The energy  c a r r i e d  
by convection Qc is de te rmined ,  for  example ,  by Eq. (5.10) of [1]. The energy  c a r r i e d  to the anode in the 
bas ic  spot Qel is made up ~)f the t he rm a l  ene rgy  of the e lec t rons ,  the kinetic ene rgy  which these  acquire  in 
the region o f  the anode potential  drop,  and the work  function Q e / =  I ( (5/2e)KBTe + Ua + ~a) = IU~2 ff. The 
quanti t ies  enter ing into the e lec t ron  component  of the heat  l o s se s  depend on the nature  of the e lec t rode  m a -  
t e r i a l  and the medium as well as the t e m p e r a t u r e ,  p r e s s u r e ,  and cur ren t .  Fo r  example ,  in the case  of 
copper  e l ec t rodes  with a cu r r en t  of s eve ra l  a m p e r e s ,  operat ing in a i r  o r  ni trogen at a p r e s s u r e  of 1 a tm,  
the anode voltage drop U a is 2-6  V and the work  function ~a = 4.5 V [3]. In the s teady anode-opera t ing  
condition, all the heat  a r r iv ing  at the e lec t rode  is taken off by the cooling w a t e r  (Qan)" 

The l i t e r a tu re  contains no re l iab le  data regarding  the quanti t ies de termining the heat  l o s ses  in the 
neighborhood of the bas ic  point under the conditions c h a r a c t e r i s t i c  of e l e c t r i c - a r c  gas hea t e r s .  

Genera l ized  re la t ionships  for  the t h e r m a l  l o s se s  at the e lec t rode  such as a re  requi red  for  the t h e r -  
mal  calculat ion of a hea t e r  m a y  be der ived by the method employed e a r l i e r  [4, 5]. 

Shorin [4] genera l ized  exper imenta l  data re la t ing to heat  l o s se s  at the anode of a vor tex  e l e c t r i c - a r c  
gas  hea t e r  in the fo rm 

St :0.95Re-~ (-~-) -~ . (1) 

In this ana lys i s  St includes both the convect ive and the cu r r en t  loss  components .  The defining quantit ies 
[n (1) we re  var ied  ove r  the ranges  l / d =  1.53-5, Re = 5.  103-7 �9 104. The St and Re numbers  were  found 
f r o m  the p a r a m e t e r s  m e a s u r e d  exper imenta l ly  in the following manner :  

S t =  Q a n .  d_d_. Re= 4G 
IU --  Qc 4l nd~t 

Kutateladze et al.  [5] used an analogous method to c o r r e l a t e  exper imenta l  data regard ing  the eff ic iency 
of a hea t e r  with a rod cathode and a cooled copper  anode in the p r e s s u r e  range  760-32 m m  Hg. Analysis  of 
the data showed that  the complex including the eff ic iency was  propor t ional  to Re -~ 
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Fig. 1. Total heat  losses  at the anode (a) and energy losses  
in the basic spot of the arc  (b) as functions of cur rent :  a) I,  
cathode; II, gas inlet; HI, anode; IV, arc ;  V, plasma jet; 
b) 1) 4, d = 1 0 m m ;  5, 6) 15; 7)12,  20; 1, 5, 7) G = 2  
g / s e c ,  2, 8) 3; 3, 9) 4; 6, 10) 5; 4, 11) 6; 12) 7. 

This paper  is devoted to a study of heat t r a n s f e r  in the d ischarge  chamber  of a widely-used form of 
hea t e r  (Fig. la) with a se l f -set t ing a rc  length and vor tex stabil ization of the discharge by ni trogen,  using 
the method just  indicated. 

The e lec t rodes  we re  sections of copper  tubes water  cooled on the outside. Construct ional ly the 
cathode differed in no way f rom the anode. However,  on the side opposite to the anode, the cathode was 
closed with a graphite s topper  20 mm long. The length of the e lec t rode  was 100 mm, the d iamete r  of the 
anode 10, 15, 20, and 30 mm. The d iamete r  of the cathode in the f i r s t  th ree  cases  was 5 mm g r e a t e r  and 
in the las t  case equal to the d iamete r  of the anode. The gap between the e lec t rodes  through which the gas 
(nitrogen) passed lay between 1.5 and 2.5 mm. Between the e lec t rodes  was an insulating ring with an in te r -  
nal d i ame te r  of 74 mm. The gas was fed along the tangent to the inner surface  of the ring through two 4 
mm d iamete r  ape r tu res .  The graphite s topper and the gas ring, made of organic  glass ,  underwent hardly  
any combustion and remained unchanged throughout the whole se r i e s  of exper iments .  

During the exper iment  we used a loop osci l lograph to measure  the a rc  cu r ren t  and voltage, the gas 
flow, and the heating of the cooling wa t e r  at the anode and cathode. Before  the exper iment  we determined 
the rate  of flow of the water .  The pa r ame te r s  so measured  enabled us to calculate the power evolved in 
the d ischarge  chamber ,  the heat losses  at the cathode and anode, the mass -ave rage  p a r a m e t e r s  of the 
heated gas,  the St and Re numbers .  
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Fig. 2. Dependence of the complexes S l = qan" 103"93d and 
$2 = Qd. c /0 .933L" 10~ lzd on the cu r ren t  I (A): 1) d = 10 mm; 
2) 15; 3) 20; 4) 30; 5) $2; 6) S I. 

Fig. 3. Dependence of the St number on Re for  l / d  = 5; 1) 
N =207kW;  2) 120; 3) 80; 4) 55. 
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Fig. 4. Rela t ionbetween the complex P = St. 103/(3.4 d/~ + 0.32) 
exp(0.923.10-2N/GH0) and the Re number;  d = 10-30 mm; N = 40-  
320 kW;' G = 2-14 g / sec .  1) E l e c t r i c - a r c  gas heater  with two cop- 
pe r  e lec t rodes ,  l = 100 mm; 2) with a copper anode, l = 50 ram, 
d = 14 mm, and a rod- type  graphite cathode; 3) calculation by Eq. (5). 

Apart  f rom the d iamete r  of the e lect rodes ,  we varied the power of the a rc  over  the range 40-220 kW, 
the cur ren t  f rom 150 to 1000 A, and the gas flow from 2 to 7 g / s e c .  The range of variat ion of the enthalpy 
of the heated gas so achieved was 10000-22000 kJ /kg ,  and that of the Re number 700-3200. 

In analyzing the data relating to the enthalpy of the heated gas we found that the relationship between 
the enthalpy and the power exhibited maxima for  different gas flow rates .  The existence of maxima on the 
curves  may be attributed to the leading r i se  in losses  as power increases .  The maximum enthalpy values 
lie in the range 17000-21000 kJ /kg for the range of variat ion of the pa r ame te r  N/G studied (30-55 kW. sec 
/g),  and a re  determined by this pa r ame te r  independently of the electrode diameter .  The power cor respond-  
ing to the enthalpy maximum is related to the gas flow rate for  d = 10-30 mm by the equation NH max = 31.6 
g + 33.8. 

On plotting the loss  of heat at the anode and the total losses  iu the d ischarge  chamber  as functions of 
cur rent ,  we obtain a single curve  for  a var ie ty  of gas flows (Fig. la); however,  there is a slight sepa ra -  
tion of the curves  for different anode diameters .  This relationship may be attributed to the increase  in the 
intensity of convective heat  t r ans f e r  which occurs ,  on increasing the enthalpy of the heated gas and the rate  
of flow, as a resul t  of the increase  in power and the reduction in the channel diameter .  An increase  in the 
rate of flow at constant power leads to a reduction in enthalpy and an increase  in the velocity. As a resul t  
of this the losses  diminish with increasing rate of flow at constant power. Fu r the rmore ,  with increasing 
cur ren t  the losses  at the basic point of the a rc  become g rea te r .  

On plotting the relat ionship between the total losses  per  unit a rea  of the hea t - t r ans fe r  surface of the 
anode and the cur ren t  in logar i thmic coordinates ,  we obtain a set  of s t ra ight  lines with pa rame te r  d. The 
general ized relat ionship for the specific thermal  flux to the anode thus changes its form (Fig. 2): 

qan=0. 411"17 /103"93~. (2) 

An analogous considerat ion of data relating to the heat losses  in the discharge chamber  yields the fol- 
lowing genera l ized relationship (Fig. 2): 

d 1.05) 
Od.c. ( [ 1( - ~ §  . lo-o. 17d (3) L = 0.933 \ l--O0-] 

The ratio of the heat losses  at the anode to the heat losses  in the d ischarge  chamber  for anode d iameters  
of 10-30 mm is d i rec t ly  proport ional  to the current :  

Qan/Qd.c.= 8. l0 -5 1 + 0A5 (4) 

o r  approximately  equal to 0.5 as the cur ren t  var ies  f rom 100 to 1000 A. 

Using the foregoing method, we analyzed the resul tant  data in cr i te r ia l  form. An example of the 
relation between St and Re f o r / / d  = 5 is presented in Fig. 3. 

The points on the graph split up into individual curves ,  with a pa r ame te r  given by the a rc  power. 

This type of splitting remainded undetected ea r l i e r  [4] on analyzing data relating to anode losses  for 
argon. The genera l ized relationship there  presented included only Re and l/d as defining pa rame te r s ,  not 
the p a r a m e t e r  allowing for the enthalpy Of the gas.  This resul t  may  have been due to the use of a single 
level of power in the corresponding experiments .  
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After  introducing the quantity N/GH 0 charac te r iz ing  the enthalpy of the heated gas  and also allowing 
for  the p a r a m e t e r  I/d, all  the exper imenta l  data  grouped t h e m s e l v e s  sa t i s fac to r i ly  around a single curve  
(Fig. 4). The dependence of the normal ized  St number  on Re may  be approximated  by the equation of a 
s t r a igh t  line. The genera l ized  re la t ionship  for  the heat  l o s se s  at  the anode in a hea t e r  with vor tex  s tab i l i z -  
ation of the d i scharge  by the gas  then takes  the fo rm 

St = (6.S7_0.611.10_~ Re)(3.4 d § (5) 

The resu l tan t  re la t ionship  for  the intensi ty of heat  t r a n s f e r  at  the anode was a lso  compared  with data 
re la t ing  to  the l o s s e s  at the anode of a sl ightly different  a r r a n g e m e n t  of  hea t e r  given in [6]. This  pape r  
[6] r e la ted  to a de terminat ion  of the m a s s - a v e r a g e  enthalpy in t e r m s  of the a rc  power  and ra t e  of gas  flow. 
The exper iments  w e r e  c a r r i e d  out in a hea t e r  with a cooled copper  anode and a graphi te  rod cathode 20 m m  
in d iamete r .  The d i a m e t e r  of the channel In the anode was  14 m m  and the length of the anode 50 m m .  The 
d imensions  de termining  the tangential  component  of the gas  flow ra te  in the anode channel differed cons id-  
e rab ly .  The a rc  power  var ied  f rom 120 to 320 kW and the ni t rogen flow f r o m  5 to 14 g / s e c .  

The r e su l t s  of the compar i son  (Fig. 4) indicate that  Eq. (5) s a t i s f ac to r i ly  d e s c r i b e s  the hea t  l o s s e s  
in the copper  anode of a hea t e r  with a rod cathode. 

The range of p a r a m e t e r s  for  which Eq. (5) was  ver i f ied  co r re sponds  to l /d  = 3.5-10; Re = 500-8000; 
N/GH 0 = 40-165. 

As a l r eady  noted, the heat  l o s s e s  in the anode calculated f rom Eq. (5) a re  due to convective heat  
t r a n s f e r  and the t r a n s f e r  of ene rgy  in the bas ic  spot of the a rc .  

Using exper imenta l  data  obtained f rom [2], we es t imated  the extent of the l o s s e s  in the bas ic  spot of 
the a rc .  This calculat ion was  n e c e s s a r i l y  r a t h e r  approx imate  in view of the inde te rminacy  as r ega rds  the 
choice of enthalpy a t  the ent rance  into the channel.  

The dependence of the hea t  l o s s e s  in the spot on the cu r r en t  i l lus t ra ted  in Fig. l b  is desc r ibed  b y  the 
express ion  

Qs = 1.25.10 -~ f.sl. (6) 

I t  follows f rom the f igure that  the effect ive anode voltage drop va r i e s  f rom 22 V at I = 200 A to 42 V 
at  I = 100 A. The re  have been var ious  published values for  the anode voltage drop in e l e c t r i c - a r c  gas  
hea t e r s .  Accord ing  to some,  this values is equal to  10 V and independent of cu r ren t ,  according to o the rs ,  
it equals to 20 V for  cu r r en t s  of the o r d e r  of 200 A and falls with increas ing  cu r ren t  to 10 V at I = 500 A. 

The es t imat ion  showed that the heat  l o s se s  in the bas ic  spot w e r e ,  in our  own case ,  approx imate ly  
equal to the convective l o s s e s  {Fig. 1). The re la t ion between the lo s ses  due to the two basic  mechan i sms  
of energy  t r a n s f e r  depends on the cu r r en t  flowing, the ra te  of gas  flow, and the length and d i ame te r  of the 
e l ec t rodes .  I t  is well  known f rom the l i t e r a t u r e  that  the specif ic  t h e r m a l  flux in the bas ic  spot of the a r c  
is many  t imes  g r e a t e r  than the p e r m i s s i b l e  t he rma l  flux fo r  a cooled copper  wall .  The motion of the bas ic  
spot ove r  the sur face  of the e lec t rode  c rea ted  by a gas vor tex  o r  eddy enables us to reduce  the ave rage  
specif ic  t he rma l  flux to values below the m ax imum p e r m i s s i b l e .  The flux then becomes  comparab le  with 
the speci f ic  t he r m a l  flux due to forced convection. I t  has s o m e t i m e s  been a s s e r t e d  in the l i t e r a tu r e  that  
the heat  l o s ses  in the e lec t rodes  of an e l e c t r i c - a r c  gas  hea t e r  a r e  de te rmined  by the e lec t ron t r a n s f e r  of 
ene rgy  in the basic  a re  spot.  It  follows f rom our  p re sen t  r esu l t s  that  the propor t ion  of heat  l o s s e s  due to 
convect ive heat  t r a n s f e r  is ve ry  cons iderable  for  the usual a r r a n g e m e n t  of a hea t e r  in which the d i scharge  
is kept moving by vor tex  fo rces .  

Qan, Qc, Qd. c '  lPs 
l 
d 
G 
N 
H 0 = 0.335 k J / g  
q 

N O T A T I O N  

a re  the hea t  l o s s e s  in the anode, cathode, d i scharge  chamber ,  and a r c  spot,  kW; 
is the length of anode; 
is the d i am e t e r  of anode, cm; 
is the gas  flow, g / s ec ;  
is the a r c  power ,  kW; 
a r e  the enthalpy of the cold gas;  
is the specif ic  t he rma l  flux, kW/cm2; 
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is the length of discharge chamber, cm; 
~s the viscosity of the gas found from the mass-average temperature of the heated gas. 
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