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Resu l t s  are  given f rom experiments on heat t r ans fe r  in the motion of a high-enthalpy gas 
through a tube; the resul ts  are  presented in the fo rm of a general  relat ionship St = f(Re, H 

/H O, I/d). 

In determining the thermal  charac te r i s t i c s  of a hea ter  it is n e c e s s a r y  to consider  the hea t - t r ans fe r  
coefficient in the flow of a high-enthalpy gas in the tube. The m e a n - m a s s  t empera tu re  of the gas in a d is -  
charge  chamber  may be 5000-8000~ in the case  of ni trogen or  air in an eddy-type heater  with a se l f - s tab i -  
l izing arc  length [1]. 

The following relationship has been recommended for  calculations of the hea t - t r ans fe r  ra te  in the 
tube; it was derived for  a s teady-s ta te  flow with re la t ively  cool gas (a few hundred degrees) :  

Nuav = 0,024 ~e~" 0,Say ~rav~ o.4 . 

Equatioa (1) applies for tubes with lid > 50; for  short  tubes there  is a cor rec t ion  dependent on Re and I/d. 

The expression proposed in [1] contains the enthalpy rat io (Hwa/H) ~ ra ther  than the t empera tu re  
ra t io  of (1) and takes the wall t empera tu re  as the definitive t empera tu re  for  the sys tem.  

Heat t ransfer  in a gas heater  is ae'eompanied by dissociation and ionization of the gas,  a marked  de- 
pendence of the proper t ies  of the gas on t empera tu re  and p ressure ,  and by twisting of the flow. The rat io 
of the channel to its diameter  is usually quite small ;  the channel in a discharge chamber  is the entrance 
par t  of the tube where the flow develops [3]. The gas flow in the channel and the heat t r ans fe r  may  be af- 
fected by adjacent elements in the discharge chamber .  

The following equation has been used [4] to approximate the resul ts  of a calculation of the cooling of 
air  flowing in a tube with a developed flow for  a wall t empera tu re  of 300~ and a liquid t empera tu re  of 300- 
700~ �9 

Nuz - -  i-i- 1 + O.O65 1 + rz / ] 

Calculations [41 show that the nature  of the gas has Iittle effect in such process ing  in t e rms  of Nu. 

An expression has also been derived [4] for  the hea t - t r ans fe r  coefficient in the flow of an appropriately 
dissociated gas kn a tube, the detailed resul ts  being for  hydrogen with the dependence of Nu as a function of 
the proper t ies  of the gas at various wall and liquid t empera tu res .  

Similar conditions apply for  the use of (1) and (2), but they a re  difficult to compare ,  because in (2) 

we have no explicit entry for Re. 

The conditions in an arc  gas heater  a re  such that these relat ionships cannot be used without a special 
tes t  on the heat t r ans fe r  in the mutual channel of the hea te r .  

Institute of Heat and Mass Transfer ,  Academy of Sciences of the Beloruss ian SSR, Minsk. Translated 
f rom Inzhenerno-Fizichesldi  Zhurnal. Vol. 19, No. 5, pp. 846-849, November,  1970. Original ar t ic le  

submitted January  21, 1970. 

�9 1973 Consultants Bureau, a division of Plenum Publishing Corporation, 227 ~/est I7th 3treet, New York, 
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without 
permission of the publisher. A copy of this article is available from the publisher for $15.00. 

1382 



Qnc 

50 

20 

*I 
, 2  
, J  
. - 6  
,v5 

o g ^ 15 / 
�9 I0 < 16 
�9 It �9 17 7 ~ ' - - ] [ - -  
AI2 

Ho I i 

oo 

40 80 120 160 200 ?I 0.6 tO 14 t8 22 26 Renc-10 "3 

Fig. 1 Fig. 2 

Fig. I. The dependence of the heat loss Qnc, kW, in the neutral channel on the dis- 
charge power N, kW: 1-4) G = 2 g/see; 5-8) 3; 9-11) 4; 12, 13) 5; 14-16) 6; 17) 7; I, 5) 
I/d= 3, 33; 2, 6, 9, 12, 14, 17) 51 8, 7, I0, 13, 15) 6, 67; 4, 8, II, 16) I0. Scheme of 
discharge chamber: I) cathode; If) gas inlet; KI) anode; IV) neutral channel; V} plas- 
ma jet. 

Fig. 2. The dependence of St on Renc(d = 20 ram): 1-4) calculation from average re- 

lationships; Qnc = f(N), Qde = f(I), Renc= f(G, d); I) N = 207 kW; 2) 120; 3) 80; 4) 55; 
the  points  a r e  expe r imen ta l  va lues .  

Measurements have been made [5] on the heat transfer in the electrically insulated inserts between 
the electrodes, which serve to restrict the diameter of the arc in the heater, which have eddy stabilization 
of the a r c .  

The r e su l t s  we re  p r e sen t ed  in the f o r m  

where  A and n a r e  cons tan ts .  The exper imenta l  points had a l a r g e  sp read ,  which for  smal l  N/G was 100%; 
in p a r t i c u l a r ,  for  N /G  of 2k~/g,  Equation (3) took the fo rm 

Nu = 1.65.10-~RePr (N/G) ~ (4) 

The l a s t  f a c to r  in (4) c h a r a c t e r i z e s  the enthalpy of the hot gas .  

Equation (4) [51 has a s t r u c t u r e  s i m i l a r  to that  of (1) and can be used to ca l cu la t e  the heat  t r a n s f e r  for  
a hot gas flowing in art i n se r t  in an eddy chamber  with b i l a t e r a l  flow and s tepwise  change in channel d i a m e t e r  
for  the above range  of gas - f low p a r a m e t e r s .  

A typ ica l  e lement  in a d i s cha rge  chamber  is an e l e c t r i c a l l y  neut ra l  channel placed at  the exit  f rom 
the are  h e a t e r  and se rv ing  to s t ab i l i z e  the flow, to r egu la t e  the flow p a r a m e t e r s ,  or to join the hea te r  to 
o ther  p a r t s  of the appa ra tu s .  

H e r e  we cons ide r  the heat  t r a n s f e r  in flow of a n i t rogen p l a s m a  in such a channel .  

The design of the d i s c h a r g e  chamber  and neut ra l  channel is shown in F ig .  1; the in terna l  d i a m e t e r  of 
the  channel was va r i ed  f rom 10 to 30 m m  and was always equal to the in ternal  d i a m e t e r  of the anode; the 
channel length was 100 ram.  An i n s e r t  1 m m  thick was used for  sea l ing  at the point where  the anode joined 
onto the neut ra l  channel .  The length of the anode was a lso  100 ram.  See [6] for  a m e r e  de ta i led  desc r ip t ion  
of the  c h a r a c t e r i s t i c s  of the d i s c h a r g e  chamber  and the jet  p a r a m e t e r s .  

The channel was a p iece  of th i ck -wa l l ed  copper  tube cooled on the outside by wa te r ;  the heat  flux to 
the channel wall was de t e rmined  f rom the flow r a t e  t e m p e r a t u r e  r i s e  of the wa te r .  The gas flow r a t e  va r i ed  
f rom 2 to 7 g / s e e ,  while the power  suppl ied to the d i s cha rge  va r i ed  f rom 40 to 220 kW. These  values c o r -  
responded  to va r ia t ion  in Renc at  the exit  f r o m  the neut ra l  channel f r o m  0.5 �9 103 to 4.5 �9 103; the gas enthalpy 
at the en t ry  to the neut ra l  channel va r i ed  in the range 10,900-21,000 kJ /kg .  The Rean at the en t ry  to the 
channel is r e l a t e d  to Renc by  Renc = 1.09 Rean.  
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Dependence on Rent  of the complex  M = St/[exp(1.56 �9 10 -2 H a n / H 0 - 5 . 3 ) - R e n c  
�9 exp(4.02.10-2Han/q-I0-16)] �9 [0.341 ( d / / - 0 . 1 )  ~  + 63]: 1-8) d = 10 ram;  9-15) 15; 16-22) 
20; 23-29) 30; 1) Har t .10  -3 = 8.4 kS/kg;  2, 9, 16) 10; 3, 10, 17) 11.7; 4) 11, 18; 23) 13.4; 5, 
12, 19, 24) 15; 6, 13, 20, 25) 16.7; 7, 14, 21, 26) 18.4; 8, 15, 22, 27) 20; 28) 21.7; 29) 23.5. 

Fig.  4. Compar i son  of Eq. (7) with dependence f r o m  [1]: 1, 4) calculat ion according to 
[1]; 2, 3) according to (7); 1, 2) H = 19,200 kV/kg;  3,4) 10,000. 

Measu remen t s  (Fig. 1) showed that  in the range  cons idered  the heat  los s  in the neutra l  channel is 
dependent on the power in an approx imate ly  l inear  fashion.  

Published evidence shows that the heat  loss  is due so le ly  to convection.  

The r e su l t s  we re  p r o c e s s e d  to obtain a genera l ized  re la t ionship  by the method of [7]. Then Staaton 's  
c r i t e r ion  is given by (5) as 

St - qnc= d~ Qnc (5) 
(H - -  Hwa~ 4G 4l/d (N Qdc)" 

This express ion  applies when the gas enthalpy at the wall t e m p e r a t u r e  is smal l  r e la t ive  to the m e a n - m a s s  
enthalpy of the hot gas;  in our case ,  the f o r m e r  is only 5-10% of the l a t t e r  and the loss  in (5) r e f e r s  to the 
m e a n - m a s s  enthalpy at the en t ry  to the channel.  We deduced the Reynolds nt~mber Re f r o m  the gas flow 
r a t e ,  the nozzle  d iamete r ,  and the v i scos i ty  V of ni t rogen [8], all in re la t ion  to the m e a n - m a s s  t e m p e r a t u r e :  

Re = 4G/vd~. 

We moni tored  the arc  input power,  the flow r a t e  and t e m p e r a t u r e  r i s e  in the wa te r  cooling the anode 
and cathode, and the gas flow r a t e ;  these  values  enabled us to ca lcula te  St, Re, and the m e a ~ - m a s s  enthalpy 
at the inlet and outlet of the neutra l  channel.  

The dependence of Renc on G and d is ~pproximated by 

Renc= 8.13.1086]d. (6) 

We found on plotting St as a function of Renc for  constant  l / d  that the points l ie  on dist inct  cu rves ,  the 
p a r a m e t e r  of which is the a rc  input (Fig. 2); this  separa t ion  was not observed  [7] when data we re  p r o c e s s e d  

fo r  the anode in this way.  

We found that the i nc rea se  in St with Hen was just as pronounced as that  of St on Renc; the f o r m e r  
re la t ionship  was close to being l inea r ,  while the dependence of St on Renc and Haa is m o r e  compl ica ted  
than that  r e p r e s e n t e d  by  (1). We found it imprac t i cab le  to fo rmula t e  St as the product  of power  functions 

of the independent va r iab le .  

The r e su l t s  for  the var ious  l / d  showed ~hat the p a r a m e t e r  P = St/[exp(1.56 �9 10-2Han/q-I0-5.3)-Renc 
exp(4.02 �9 10-2Hen/H0-16)] is dependent only on l / d ;  m o r e  detailed exgmination revea led  a ce r t a in  sp read  
in the points,  which means  that the re  is some dependence of P on the gas enthalpy, but this can be neglected 
in the range  covered ,  which was 8400-25,000 l ~ / k g .  
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The following is then the general relationship for the heat-transfer rate for a nitrogen plasma in a 
tube: 

S t =  [exp(  l'56.10-~HanH0 5"3)--RenceXp( 4"02'10-'~HanHo 16)1 [0341 (~- -0"1)~  ]" 

This express ion descr ibes  the values of Fig.  3 to 10-15%; we have stated above the range of variat ion of 
the p a r a m e t e r s  applicable to (7). 

We see  f r om (3) and (7) that St is affected by Re and l/d as well as by the gas enthalpy; the absolute 
values of the heat f luxes in our case  were  about twice those for  identical values of the p a r am e te r s  in a 
neutral  inser t  between the e lec t rodes  [5], which is ascr ibed to a cold l aye r  of gas near  the wall in the la t te r  
inser t .  

F igure  4 compares  (7) with (1) in the fo rm given in [1]. The resu l t s  f rom the two formulas  a re  s imi-  
l a r  in this range of p a r a m e t e r s ,  but t he re  is some difference in the dependence of St on the enthalpy and on 
Renc in these two cases .  

TZ 
T a r  = (T 1 + Tin)/2;  
H 
N 
G 
l 
d 

Qnc, Qdc 

Han, Hnc 

H 0 = 335 kJ /kg  
Renc 

N O T A T I O N  

is the mean -mass  t empera tu re  of the liquid; 

is the mean -mass  enthalpy of the gas; 
is the d ischarge  power,  kW; 
is the gas flow ra te ,  g / s ec ;  
is the length of the neutral  channel; 
is the d iameter  of the neutral  channel, ram; 
a re  the heat losses  in the neutral  chatmeI and the d ischarge  chamber ,  respec t ive ly ,  

kW; 
a re  the m e a n - m a s s  enthalpy of the gas at the entrance to neutral  channel (or anode 

exit) and at the exit f rom the neutral  channel, respec t ive ly ,  kJ/kg;  
is the enthalpy of the cold gas; 
is Reynold's number  at the exit f r o m  the neutral  channel.  
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