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The ene rgy  c h a r a c t e r i s t i c s  of two const ruct ions  of SHF p l a sma t rons ,  waveguide type and 
r e s o n a t o r  type, a r e  de te rmined  by the c a l o r i m e t r i c  method and the heat  t r a n s f e r  of the 
p lasma  of SHF discharge  in a i r ,  carbon dioxide, and hel ium is invest igated.  The r e su l t s  
of the invest igat ion of heat  t r a n s f e r  a r e  p re sen ted  in the fo rm of cr i ter ia1 dependences.  

Super -h igh- f requency  (SHF) d ischarge  as  well as  h igh-f requency d ischarge  can be obtained in a wide 
range  of p r e s s u r e s  f r o m  thousandths of m m  Hg to tens of  a tmosphe re s .  The range of power  is a l so  wide and 
at  p resen t  v a r i e s  f rom a few tens of watts  to s eve ra l  ki lowat ts .  

The high stabi l i ty  of the SHF d i scharges  and the energy  density in them, the s impl ic i ty  of feeding 
energy to the p l a sma  and providing radiat ion protect ion,  and the high coefficient  of t r a n s f e r  of energy  to 
the p l a sma  have a t t r ac ted  the attention of inves t iga tors  to the SHF d ischarge  as  a convenient agent  for  use  
in industr ia l  p r o c e s s e s .  However,  unlike h igh-f requency d i scharge ,  SHF discharge  at a tmospher i c  p r e s -  
sure  has begun to be invest igated r a t h e r  recent ly .  Severa l  publicat ions [1-4] can be enumera ted  in which 
mainly  the const ruct ions  of p l a s m a t r o n s  a r e  desc r ibed  or some r e su l t s  of spec t r a l  m e a s u r e m e n t s  of SHF 
discharge  a r e  given. 

We have a t t empted  to de te rmine  the energy  c h a r a c t e r i s t i c s  of SHF p l a s m a t r o u s  of mos t  extens ively  
used  const ruct ions ,  using different  gases  and to obtain data on the poss ibi l i ty  of using SHF discharge  in 

some industr ia l  scheme or other  f r o m  the point of view of power  
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Fig. 1. Schematic  d i ag ram of the 
equipment: 1) SHF osc i l la tor ;  2) 
d i rec t ional  coupler ;  3) p l a sma t ron ;  
4) matched wate r  load; 5) m i c r o -  
wave power  me t e r ;  6) gas supply 
sys tem;  7) e l ec t r i c  supply sys t em;  
8) wa te r  supply sys t em.  

Insti tute of Heat  and Mass  T r a n s f e r ,  Academy of Sciences of the Be lo russ ian  SSR, Minsk. T r a n s -  
lated f rom Iuzhenerno-Fiz ichesk i i  Zhurnal ,  Vol. 26, No. 6, pp. 1001-1007, June,  1974. Original a r t i c l e  
submit ted June 22, 1973. 

indices of the d i scharge .  

Two SHF osc i l l a to r s  were  used  for  the invest igat ion of 
SHF discharge:  one with 2.5 kW power  and the other  with 5 kW. 
The osc i l l a to ry  power  of both was regulated by measu r ing  the 
anode voltage of the osc i l l a to rs ,  up to 250 W for  the f i r s t  and to 
1.5 kW for  the second. The energy  of the osc i l l a to rs  was fed 
through a waveguide (Fig. 1) to the d ischarge  gap where the d i s -  
charge  was init iated.  The d ischarge  was invest igated in wave-  
guide and r e s o n a t o r  p l a s m a t r o n s  (Fig. 2). The incident and r e -  
f l ec ted  power  was m e a s u r e d  with an IMM-6 m i c r o w a v e m e t e r  
with ca l ibra t ing  di rec t ional  coupler .  The e r r o r  in the power 
m e a s u r e m e n t  was not m o r e  than 57o SHF; the power  absorbed  
in the wa te r  load ( t ransmi t ted  power  Pt) was m e a s u r e d  f rom the 
flow ra te  of water  and the t empe ra tu r e  drop a~ the ent rance  and 
exit  of the load. 

In the waveguide p l a s m a t r o n  the d ischarge  was init iated 
by an H10 wave,  in the r e sona to r  type p l a s m a t r o n  by E020 wave.  
The d ischarge  was in the fo rm of a cyl indr ical  rod of 5 to 
40 m m  d i ame te r  and 50 to 350 m m  length depending on the 
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Fig.  2. SHF p t a s m a t r o m  a) r e sona to r  type [1) r e s o -  
nator ;  2) waveguide s lot  antenna; 3) sl i t ;  4) outer  tube; 
5) gas ring; 6) quar tz  tube]; b) waveguide type with 
wa te r  load [1) waveguide; 2) quar tz  tube; 3) matched 
water  load; 4) waveguide f r ame ;  5) flange; 6) g a s r i n g ;  
7) device for  igniting d i scharge ;  8) outer  tube]. 
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Fig.  3. Dependence of re la t ive  
magnitude of t r ansmi t t ed  and r e -  
f leeted power  on P inc /Pmin :  
1, 2) for  wavegnide construct ion;  
3) for  r e s o n a t o r  type cons t ruc -  
tion; 1, 3) P r e f / P i n c ;  2) P t /P inc  
- P i n c =  2.4 kW. 

nature of the gas,  i ts  flow ra t e ,  the d i ame te r  of the quartz  tube, and 
the incident power .  

The gas f r o m  the cyl inders  was fed to the d ischarge  tangen- 
tially; i ts  flow ra te  va r i ed  in the range 0.2-1.5 g / s e c  for  a i r ,  0.3- 
1.8 g / s e c  for  carbon dioxide, and 0.02-0.2 g / s e c  for  hel ium. The 
flow ra te  was m e a s u r e d  by RS-5 r o t a m e t e r s .  

In o rde r  to analyze the ene rgy  c h a r a c t e r i s t i c s  of the SHF d is -  
charge  we m e a s u r e d  the quanti t ies that enable one to f o r m  the com-  
plete energy  balance of the osc i l l a tor .  Fo r  operat ion under  a load 
the energy  balance is wr i t ten  in the fo rm 

P~o q- Ph = Pcool@ Pd @ Pref -~- Pt,  (1) 

where  Pcool  is cons idered  for  operat ion of the osc i l la tor  with 
matched  load. 

Of m a x i m u m  in te res t  is the uti l ization coeff icient  of the osc i l -  
l a tory  power  of the osc i l l a to r  

Pd 
~losc-- Pao - -  Pcool" (2) 

Fo r  an osc i l l a to r  loaded to a r e s o n a t o r  type p l a s m a t r o n  ~osc var ied  f r o m  0.85 to 0.95, while for  the 
waveguide p l a s m a t r o n  i t  was equal to 0.7-0.85 for  l a rge  d i a m e t e r s  of tubes d/a >- 0.4 and 0.4-0.6 for  smal l  
tube d i a m e t e r s .  
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TABLE 1. Cr i ter ia lDependences  for Heat T rans fe r  in SHF P l a sma-  
t rons  
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St = 0,19 Re-0.1~ (~-) -~ 
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Fig. 4. General ized cha rac t e r i s -  
t ics  of heat t r ans fe r  to the wall of the 
discharge tube: a) a i r ;  b) carbon 
dioxide; c) helium; I) l / d =  0.05; 
II) 1.5; III) 2.2; 1) for resonator  
construction; 2) for  waveguide. 
For  a and b, values of Re �9 10. 

C 
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The efficiency of the anode circui t  of the osci l la tors  was also 
est imated f rom the measurements  for the two types of osci l la tors  
during the variat ion of their  osci l la tory power. In the rated regime 
for  operation with matched load the maximum value of the efficiency 
did not exceed 0a = 0.55, where 

Pa, - -  Pcool % (3) 
Pa, 

The efficiency of gas heating, represent ing the rat io of the power 
derived f rom the plasma jet beyond the discharge region to the 
power absorbed in the discharge 

P'd 
~ld: Pd ' 

was 7/d = 0.8-0.85 for a i r ,  ~/d = 0.7-0.8 for carbon dioxide, and ~/d 
= 0.2-0.25 for helium. 

The minimum values of the incident power for such flow 
ra tes ,  which will still sustain the plasma filament at the center  of 
the quartz tube for both p lasmatron construct ions,  were de te r -  
mined experimental ly.  The quenching of the discharge with the 
decrease  of power is apparently re la ted to the decrease  of the dis-  
charge temperature  below the ionization temperature .  

The magnitude of the power ref lected f rom the discharge 
and the power absorbed in the discharge depends pr imar i ly  on the 

radius of the discharge,  which in turn depends on the diameter  of the discharge tube and the amount of the 
incident power.  

The dependences of P r e f / P i n  c and P t /P inc  on the quantity P inc /Pmi  n are  shown in Fig. 3. The r e -  
flected power P re f  inc reases  monotonically with the radius of the discharge and the incident power for the 
waveguide construction;  the power absorbed in the water  load increases  sharply with the decrease  of the 
radius of the discharge tube. 

Quartz tubes with 20, 30, 40, and 50 mm diameter  with wall thickness of 1.5-2 mm were invest i -  

gated. 

For  the resonator  type p lasmatron  a change of the mode of operation, change of the tube d iameters ,  
and the replacement  of the p lasma- fo rming  gas do not resul t  in large changes of the reflected power.  

In the investigation of the heat t ranspor t  phenomena at the wall of the discharge channel it must  be 
noted that the basic  form of t ranspor t  at the wall of the quartz tube is the t ranspor t  caused by molecular  
and turbulent thermal  conductivity, since energy t ranspor t  by radiation f rom the discharge is a small  
quantity of the o rder  of 3-5%. F r o m  a general izat ion of the experimental  resul ts  on heat t ranspor t  at the 
wall of the discharge channel we make use of Strat ton 's  cr i ter ion,  which is expressed in t e rms  of enthalpy 
in the following way: 

S t =  Ha - -  Hex d (4) 
H a -:- H w 41 
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Strat ton '  s c r i t e r i on  can be e x p r e s s e d  in t e r m s  of quanti t ies  that  a r e  d i rec t ly  m e a s u r e d  in the exper iment :  

St = Pf d (5) 
P inc- -  P r e f - -  P t  4I 

F o r  this purpose  in the waveguide cons t ruc t ion  of the p l a sma t ron ,  the sur face  of the waveguide feed-  
ing energy  is made wate r -coo led ,  while in the r e sona to r  type p l a sma t ron ,  the side walls of the r e sona to r  
a r e  cooled. 

The t e m p e r a t u r e  drops  were  m e a s u r e d  in al l  e l ements  of the p l a s m a t r o n  in the s ta t ionary  r eg ime  by 
m e r c u r y  t h e r m o m e t e r s  and the rmocouptes ;  bes ides ,  in o rde r  to check the heat balance specia l  exp e r i -  
ments  were  conducted with a wa t e r - coo l ed  quar tz  c a l o r i m e t e r  to de te rmine  the heat content of the d ischarge  
jet .  

The intensi ty  of heat  t r a n s f e r  f r o m  the d i scharge  to. the wail  and f r o m  the supplied gas flow to the 
d i scharge  is de te rmined  by the gas dynamic equations.  As a c r i t e r ion  for  a rgumen t  a r b i t r a r i l y  c h a r a c -  
te r iz ing  the s ta te  of the turbulence in the flow, we take Reynolds number  

R e =  vpd (6) 

The d i a m e t e r  and the length of the d i scharge  region,  the amount  of the power  supplied, and a lso  the ra t io  
of the az imuthal  and axial  veloci t ies  of the gas affect  the heat t r anspor t  to the wall  of the d ischarge  c h a m -  
be r .  

T h e r e f o r e  

S t = f ( R e ,  V,.v: ' d'l" k e ) ,  (7) 

where  k e is an energy  c r i t e r ion  r ep re sen t i ng  the ra t io  of the total  supplied energy  to the init ial  enthalpy of 
the gas .  

The re la t ive  heat  t r a n s f e r  to the wall  d e c r e a s e s  with the i nc rea se  of the flow ra te  of the gas; this is 
apparen t ly  due to b e t t e r  ref lec t ion  of the jet;  at  the same  t ime  the ra t io  of the az imuthal  to axial  veloci t ies  
does not affect  the nature  of heat  t r a n s f e r  in the inves t igated region.  

The r e su l t s  of these  invest igat ions on the heat  t r a n s f e r  of SHF d ischarge  with the wall  a re  gen e ra l -  
ized by the dependences shown in Table  1. 

The dif ference in the genera l iza t ions  for  the two types of const ruct ions  is probably  caused by the 
n o n s y m m e t r i c  supply of ene rgy  to the d i scharge  in the waveguide const ruct ion of the p l a s m a t r o n  and by 
the d i f ference  in the lengths of the d ischarge  tubes.  

The approx imat ing  dependences for  the two const ruct ions  of p l a s m a t r o n  a r e  shown in Fig. 4 by the 
continuous l ines .  

The genera l iza t ion  of the expe r imen ta l  r e su l t s  for  these gases  by a single c r i t e r i a l  dependence using 
Prandt l  number  was not poss ib le .  

Pe rhaps  there  ex is t s  some other  m e c h a n i s m  which af fec ts  the heat  t r a n s f e r  of SHF d ischarge  with 
the wall  of the d ischarge  tube. 

Pa 0 
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Pcool  
Pd 
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Pt  
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Hw 
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N O T A T I O N  

power  spent  in the anode c i rcu i t  of the magnet ron;  
power  spent in f i lament  heating; 
power  spent in cooling the anode; 
power  consumed by the d i scharge ;  
power  re f lec ted  f r o m  the d ischarge ;  
power  t r ansmi t t ed  through the d i scharge  and abso rbed  in the wa te r  load; 
power  spent for  heat ing the p t a s m a t r o n  f r a m e ;  
gas  density;  
gas veloci ty;  
gas v i scos i ty .  
enthalpy of the gas  in the boundary layer ;  
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Hex is  the enthalpy of the gas a t  the exit ;  
H a is  the conventional gas  enthalpy de te rmined  f r o m  the SHF power supplied to the d ischarge;  
d is the inner  d i a m e t e r  of the quar tz  tube; 
a is  the d imension of the wide wall  of the waveguide, a = 90 m m ;  
l is the length of the d ischarge  region;  
b is  the dimension of the na r row wall  of the waveguide,  b = 45 m m .  
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