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Induction heating of a gas flowing through a coil is widely used. but 
only ~e static case (induction heating of a substance at rest where all 
the heat is lost by conduction to the cooled walls) has been considered 
theoretically [3.,2]. An approximate theory is proposed here for elee- 
trodeless discharge, and the process is found to be analogous to flame 
propagation in a combustible mixture. 

1. Genera l  p ic tu re ;  analogy with f l ame  propagat ion .  
We use  the p a r a m e t e r s  of the appara tus  made  by M. 
I. Yakushin at the  Ins t i tu te  of Mechanics  P r o b l e m s  AS 
USSR. F i g u r e  1 shows the sys t em,  i n w h i c h l i s a t u b e ,  
2 is  a coil ,  3 is an annulus  th roughwhich  the gas en t e r s ,  
4 is  the flow of cold gas ,  5 is  the eddy reg ion ,  6 is  the 
hot gas ,  and 7 is the emerg ing  hot je t .  The quar tz  tube 
c a r r i e s  a i r  or  a rgon  at a tmosphe r i c  p r e s s u r e .  The 
d i scharge  is s tab i l ized  and d isp laced  f rom the wall  by 
tangent ia l  supply [3], so the gas flows ma in ly  at the 
pe r iphe ry  of the tube in  a sp i r a l  fashion  (longitudinal  
veloci ty v about 1 m / s e c ) .  The re  is  a reduced  p r e s -  
s u r e  at the axis on account  of the cen t r i fuga l  act ion of 
the gas ,  and he re  the re  a r e  eddies  together  with ve ry  
slow longi tudinal  mot ion.  The r ad ius  of the d i scha rge  
d e c r e a s e s  as the gas flow r a t e  i n c r e a s e s  [4] and is 
usua l ly  0 .4 -0 .8  of the tube r ad ius .  

Consider  a s t e a d y - s t a t e  d i scharge .  Induct ion hea t -  
ing r e q u i r e s  that  the gas en te r  the d i scha rge  r eg ion  
adequately ionized,  i. e, ,  hot .* Ear ly  work (see [1] for 
survey) showed that the gas is  heated by conduct ion 
f rom the hot l a y e r s ,  and the p r o c e s s  in that  r e spe c t  is 
analogous to slow combus t ion ,  in which the combus t ib le  
m ix tu r e  is heated b y  conduct ion to the igni t ion point  
[5]. * *  

The e l ec t r i ca l  conduct ivi ty  (r r e s e m b l e s  a r eac t ion  
r a t e  in that  it  i n c r e a s e s  with T, espec ia l ly  below 8000 ~ 
K, where  a is  p ropor t iona l  to the e l ec t ron  concen t ra t ion ,  
while  crcoT 3/~ above about 12 000 ~ K. F o r  a d i scha rge  
we speak of a s t r ik ing  (ionization) t e m p e r a t u r e  To, be -  
low which the gas behaves  as a lmos t  nonconduct ing and 
s c r e e n s  off the magne t i c  f ield only weakly,  while for 
T > T o the gas is  heated by the induct ion c u r r e n t s  and 
a t tenuates  the magne t i c  f ield.  We cal l  the su r face  at 
T o the d i scha rge  f ront .  

The d i scha rge  (energy re lease )  occu r s  in some 
annu la r  l ayer  (effective width a) wi th in  the coil,  where  

~Scm 

Fig.  1. D iagram of Appara tus .  

a is  half the th ickness  5 of the skin l ayer  for p e n e t r a -  
t ion of the magne t ic  field; a is often smal l  r e l a t ive  to 
the r ad ius .  F o r  ins tance ,  a = 6 / 2  = c/4~F0w = 0.15 cm 
[see (3.1)] for a i r  at a tmosphe r i c  p r e s s u r e  with T = 
= 104 deg K, a = 25 o h m - t e r n  -1 = 2.2.1013 sec  -1, and 

= 15 MHz, while  the d i scha rge  r ad ius  R is about 2 cm. 
The th i ckness  A of the heated l ayer  ahead of the 

d i s c ha r ge  f ront  is  s e v e r a l  t i m e s  a. The d i scha rge  
(reaction) zone f o r m s  with the heat ing zone the equ iv-  
a lent  of a f l ame  (hatched r eg ion  in Fig.  21. This  f igure  
shows also the gas s t r e a m l i n e s  or r a t h e r  the p r o j e c -  
t ion of the s p i r a l s  on a d i a m e t r i c a l  p lane .  These  l i nes  
bend at the "flame, " s ince  the heated gas expands and 
a c c e l e r a t e s  ma in ly  in  a d i r e c t i on  p e r p e n d i c u l a r  to the 
sur face .  The space within the d i scha rge  su r face  
is  f i l led with gas  heated to the f inal  t e m p e r a t u r e  T k. 

This  convergence  on the axis  r a i s e s  the p r e s s u r e  
the re  within the coil ,  and some of the hot gas may 
r e t u r n  u p s t r e a m  to the eddy zone, where  the p r e s s u r e  
is lower (recirculation of hot gas [3]). If the flow rate 
is high, a hot tongue may penetrate a long way in this 
fashion (all speeds are subsonic and the pressure dif- 
ferences are small). 

The lateral discharge front is inclined to the inci- 
dent gas flow in such a way that (as in a flame) the cold 

gas enters along the normal with a definite velocitY. 
Analogy with the theory of combusion [5] leads us to 
call the normal velocity of discharge propagation u, 
which will be shown to be about 10 cm/sec, so the in- 
clination of the f ront  is sma l l  for  v ~ 1 m / s e a .  

The lateral front can never be strictly parallel to the gas flow, 
and the gas must enter the discharge with a tateraI velocity. Imagine, 
for example, that the front was instantaneously parallel to the flow. 
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Fig.  2. Theore t i ca l  r e p r e s e n t a t i o n  of 
the p r o c e s s .  The "f lame" is hatched�9 

*Relaxat ion p r o c e s s e s  a re  rap id  at a tmosphe r i c  p r e s -  
su re ,  and the gas can be cons ide red  as be ing  e v e r y -  
where  in  t h e r m o d y n a m i c  equ i l ib r ium.  
**Diffusion of act ive  r e a g e n t s  f rom the f lame is a s e c -  

ond method of p r e pa r a t i on  for  igni t ion;  the analogy 
he re  is  e l ec t ron  diffusion.  However,  the diffusion is  
ambipo la r  and is  s lower  than heat  t r a n s f e r  because  
ions diffuse m o r e  slowly than do neu t r a l  p a r t i c l e s .  
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The heat propagates radially, and the discharge from migrates when 
T o is reached. Heat is also carried by the flow, so it is carried to the 
rear part of the coil, where it later is carried off. The T O isotherm 
thus becomes inclined to the flow, and the steady state is reached 
when the heat input and removal come into balance, which occurs 
when the rising speed of gas entry into the discharge along the normal 
attains the velocity u. 

An electrodeless discharge has some major differences from com- 
bustion. In the absence of loss, T k is independent of the conditions 
for flame propagation and is determined solely by the calorific value 
of the mixture. For a discharge Tk is dependent on the external con- 
ditions even for a fixed rate of suppty of electromagnetic energy, and 
the power itself is actually not known. 

The main object of the theory is to calculate Tk, the flow rate 
for the hot gas, and the power supplied to the discharge as functions 
of the magnitude and frequency of the current in the coil. 

2. Idea l i zed  s t e a d y - s t a t e  d i s c h a r g e  p ropaga t ion .  We 
make  some  s impl i fy ing  a s sumpt ions  about the " f l ame"  
of F ig s .  2 and 3. T h e  l a y e r  i s  r e l a t i v e l y  thin, so we 

cons ide r  it  p lanar  and o n e - d i m e n s i o n a l ,  i. e. ,  f r e e  f r o m  
g rad i en t s  along the su r face .  In wr i t i ng  the f ie ld  equa -  
t ions  we neg lec t  the inc l ina t ion  of the  d i s c h a r g e  f ron t  

tolthe coi l  axis  and a s s u m e  that the coi l  is  an unbounded 
solenoid.  Then v e c t o r s  E and H a r e  tangent ia l  to the 
su r f ace .  We also neg lec t  r a d i a t i v e  loss  and heat  l o s s  
to the l aye r  of cold gas  that  keeps  the d i s c h a r g e  away 
f r o m  the tube wall  but that  does  not en te r  the d i s c h a r g e .  
Heat  t r a n s f e r  to the l a y e r s  of cold gas  that  subsequent ly  

en te r  the d i s c h a r g e  is  not a s o u r c e  of lo s s .  
We se t  the x - a x i s  p e r p e n d i c u l a r  to the su r f ace  of the 

d i s c h a r g e  and d i r e c t  i t  into the l aye r  in which the en -  
e rgy  r e l e a s e  o c c u r s  (Fig.  3). iThe tangent ia l  component  
of the ve loc i ty  in the incident  obl ique flow r e m a i n s  un-  

changed because  t h e r e  is  no g rad ien t  along the su r f ace ,  
whi le  the n o r m a l  component  v x changes  in a c c o r d a n c e  

with  the equat ion of continuity pv x = p0u, in which P0 is  
the  dens i ty  of the cold gas.  The densi ty  p (x) d e c r e a s e s  

s T (x) i n c r e a s e s  roughly  as l / T ,  s ince  the p r e s s u r e  

r e m a i n s  roughly  cons tan t .*  
We w r i t e  the ene rgy  equat ion bea r ing  in mind that  

d T / d t  : vx(dT/dx)  fo r  a gas p a r t i c l e  in the s teady s ta te :  

dT d J dT 
pou%--d-Zz = - - - ~ - q - ~ ( E 2 ) ,  J = - - ~ .  (2.1) 

H e r e  Cp is  the spec i f i c  heat  at constant  p r e s s u r e ,  
i s  t h e r m a l  conduct iv i ty ,  and <> denotes  ave rag ing  

with r e s p e c t  to t i m e  o v e r  the pe r iod  of o sc i l l a t i on  of 
the f ie ld  (H, E ~ e - iwt ) .  We d i r e c t  the z - a x i s  along 
the magne t i c  f ie ld  (H -- Hz, E = Ey), and then Maxwe11's 

equat ions  b e c o m e  

dH 4~ ~E, dE io~ H 
dz c ~ = c " (2.2) 

The boundary condi t ions  fo r  s y s t e m  (2.1), (2.2) 
fol low d i r e c t l y  f r o m  the phys ica l  fo rmula t ion .  The 
f ie ld  does  not p e n e t r a t e  :deeply into the conducting 
p l a s m a ,  whi le  the t e m p e r a t u r e  takes  the s teady value  
Tk, i . e . ,  t h e r e  is no heat  flux. The gas  is cold at a 
suff ic ient  d i s t ance  ahead of the d i s c h a r g e ,  i . e . ,  the  
in i t ia l  t e m p e r a t u r e  T_oo << Tk, while  the ampl i tude  
H 0 of the f ie ld  h e r e  is r e a l  and is  found as usual  for  
a solenoid  [6] as  the p roduc t  of the c u r r e n t  I and tu rns  
p e r  unit length n. T h e r e  a r e  thus f ive  boundary con-  

ditions to be met by the solution to the four first- 
order equations for T, J, H, and E, ** 

J = 0 ,  H==0 for  x -}-0% 

T ~ T _ ~ . O , J = O ,  H = H o = 4 ~ I n  fo r  x = - - e o .  (2.3) 
6 

This  is  pos s ib l e  only for  a p a r t i c u l a r  value of u, 
which mus t  be d e t e r m i n e d  as a r e s u l t  of solving the 
equat ions  ( compare  the s i tuat ion in the theory  of f l ame  
propagat ion) .  

Sys tem (2.1)-(2.3) has an in tegra l  that  e x p r e s s e s  
the conse rva t ion  of the total  ene rgy  flux. We in tegra te  
(2.1) f r o m  - ~  to x with (2.2) and (2.3) to get 

pou, u,' + J q-, S = So, (2.4) 

T 

cpdT, 
. j  

0 

c < E H ) -  c ~" t //azl~dH 2 S (2.5) 

H e r e  w is  the spec i f i c  enthalpy and S is  the flux 
dens i ty  of the e l e c t r o m a g n e t i c  ene rgy ,  whi le  S o r e f e r s  
to x = -~o and is the e l e c t r o m a g n e t i c  power  pas s ing  
f r o m  the solenoid to unit d i s c h a r g e  su r face .  We r e f e r  
(2.4) to x -- + ~o to get  the e n e r g y - b a l a n c e  equation for  

the layer :  

pouw~ = So, w k = w (T~). (2.6) 

Th is  t r i v i a l  equat ion r e l a t e s  u, Wk, and so ,  which 
have  to be de t e rmined .  We use  (2.6) to put the in tegra l  

of (2.4) as  

J = P 0 u ( w ~ - - w ) - - S  (2.7) 

Then the power  P supplied to the d i s c h a r g e  and the 

flow r a t e  G of heated gas a r e  

P = S SodF,  G = ~ udF,  

(2.8) 

in which the i n t eg ra l s  a r e  taken ove r  the outer  s u r f ace  

of the d i s c h a r g e ,  
3. Approx ima te  solut ion.  Equat ions  (2.2) and (2.3) 

a r e  c losed  if we know (~(x), the dis t r ib t l t ion of the 
conduct ivi ty .  F i g u r e  4 shows the gene ra l  f o r m  of T (x) 
and (r [T (x)]. We r e p l a c e  the actual  u (x) by a step func-  
tion-. ~ : 0 for  x < 0 and (~ = const  fo r  x > 0 (dashed l ine  
in F ig .  4). T h e l a t t e r  mus t  c o r r e s p o n d t o  const  = u(Tk) = 

= o k. The conduct ivi ty  step is  equiva len t  to To, which 
is  e s sen t i a l l y  the s imula t ion  p a r a m e t e r  and is  natur~ally 
dependent  on Tk; it i s  d e t e r m i n e d  by subst i tut ing the 

*The p r e s s u r e  d i f f e r ence  a c r o s s  the l aye r  is 
[Pk - P01 -- IP0 u2 - PkVxk2[ ~ po2U2/pk<< P0. The magne t ic  
p r e s s u r e  is l e s s  than the gas  p r e s s u r e  d i f f e rence  and 
p lays  no pa r t .  

**The ampl i tudes  of E and H a re  complex,  so the 
actual  num ber s  of equat ions  and boundary condit ions 

a r e  twice  as g rea t .  
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amp- tu rns  T ks, Tk '  To, wk, 

H~, lOadeg103deg iO~deg k J / g  

19 
37 
53 
66 
72 
94 

4.7 
t0 
20 
-?,2 
52 
77 

24 
46 
66 
76 
91 

t19 

, ~ 9  

25 
40 
65 
97 

7.2 
8.9 

t0,4 
t l  ,0 
11.9 
~3.0 

7.1 
8.1 
9.1 

t0.3 
t t .6  
t3.0 

6.4 
7.t 
6.9 
7.6 

i08"8 

6.4 
7.3 
8.t 
8.8 
9.5 

i0.6 

Table 1 

s~ec-1 

Air  

26 0.24 
38 0.66 
43 t.38 
48 2.18 
53 2.92 
62 3.7i 

Argon  

3.65 1 0.41 
4.231 1.35 
4.961 2.34 
6.061 3.i5 
8.i7 3.87 
t .8 4.77 

r e p r e s e n t a t i o n  in to  t h e  s y s t e m  of e q u a t i o n s  o r  in to  

' s o m e  e q u a t i o n s  d e r i v e d  f r o m  t h e m .  

E q u a t i o n s  (2.2) and (2.3) can  b e  s o l v e d  [6] if  a = 0 

o r  a c o n s t a n t .  F o r  t h e  c o n d u c t o r  

H,  E ~ e --~';~ S = Soe->:"'L f o r  x ~ O, 

~Ho ~ (. o~ '~'/, ,$ _ c 
So - -  ~ \ ~ )  , a ~ 2 l r 2 ~ , . .  

A h e a d  of t h e  conductor 

H = H o ,  S = S o  f o r x ~ O  

(3.1) 

T h e  f i r s t  f o r m u l a  of  (3.1) d e f i n e s  t h e  f lux  of  e l e c -  

t r o m a g n e t i c  e n e r g y  in to  t h e  d i s c h a r g e  if  T k i s  known;  
f o r m u l a  (2.6) t h e n  g i v e s  u. 

Now w e  c a n  f ind  T (x). We  s u b s t i t u t e  in to  (2.6) f o r  

J and S to g e t  an  e q u a t i o n  f o r  T (x). F o r  x > 0, w h e r e  

T 0< T < Tk, w e  h a v e  

. . . . .  (IT 
J : - - •  )~g = - - p ~ u w ( T )  + p o u w ~ ( t - - e - ~ / a ) .  (3.2) 

(3.3) 

It w i l l  b e  s e e n  f r o m  t h e  r e s u l t s  of t h e  c a l c u l a t i o n s  

t ha t  T k - T O i s  s m a l l ,  so  (3.2) can  be  l i n e a r i z e d ,  t h e  

m o r e  so  s i n c e  n and  Cp a r e  no t  g r e a t l y  d e p e n d e n t  on  
T. S e t t i ng  

• 2 1 5 2 1 5  w = w ~  + c v ~ ( T - - T ~ )  

and i n t e g r a t i n g  (3.2) w i t h  T = T k f o r  x = +0% we g e t  

T ~ T k wk e~x /a  
Cpk l+A;~ /a  ' A k =  z~ . poUCpk 

We a p p l y  t h i s  f o r m u l a  to x ~ 0, w h e r e  T = T 0. We 

t r a n s f o r m  t h e  e q u a t i o n  v i a  t h e  a p p r o x i m a t i o n  Cpk 

(Tk - T 0) ~ w k - w 0 and  s u b s t i t u t e  u = S0/P0 w k f r o m  
(2.6),  w i t h  S o and a r e p l a c e d  v i a  (3.1),  t h e  r e s u l t  
b e i n g  

T __ C~Ho 'z w0 1 

(3.4) 

T h i s  e s s e n t i a l l y  e x p r e s s e s  T o in  t e r m s  of  Tk, and 
i t s  s i g n i f i c a n c e  wi l l  b e c o m e  c l e a r  l a t e r  on.  

In t h e  r e g i o n  x < 0, w h e r e  S = So, w e  h a v e  f r o m  

(2.4) t h a t  J - p0uw. To l i n e a r i z e  ~4dT/dx = p0uw o v e r  

t h e  w i d e  r a n g e  0 < T < T o c a n  l e a d  to  a s u b s t a n t i a l  

xk•  
erg 

c m  sec deg 
cm P,  kW c m 

cm---~ ~'e~- see 

40 
35 
i2 
10 
t3 
18 

0.085 
0.20 
0.27 
0.28 
0.36 
0.54 

t .9 0.004, 
2.5 0.01i 
3.6 0.031 
5.2 0.070 
7.0 0.16 

12 0.3i 

2.6 
4.1 
4.9 
4.6 
5.2 
6.9 

0.62 
I I.5 

3.5 
161.5 
t5 

2o 8.5 

27. 
28 
36 
54 

0.4 
1.1 
3.t 

i 7.0 

3i 

260 
4t0 
490 
450 
520 
680 

62 
t50 
350 
650 

1100 
1500 

quantitative e r r o r ,  but it gives at once a general 
indication of T (x) in this region. 

Setting ~4 = const, Cp = const, Wp = CpT and integrat- 

ing subject to T = T O at x = 0, we get 

T = T o e x  p ( - [ x  l /  a ) ,  a = •  pouc r .  

Then A~ A k and is several times larger than a.  

The distribution T (x) in the heating zone does not 

affect Tk, so we will not derive it more exactly. 

The equation for T k is derived via an integral 

relation that is a generalization of the second integral 

of the system, which exists [2] in the static ease. We 

multiply (2.7) by or(T) and use (2.1) and (2.5) for J and 
S to integrate the equation with respect to x from -~o 

to + ~ to get 

T k 

o = ~ "  (3 .5)  

In t h e  s t a t i c  c a s e  (u ~- 0) w e  ge t  [2] i n s t e a d  of  (3.5) 

t h a t  

Tk s 

z ( T ) •  = 
c2Y0 2 

~ (3.6) 
0 

This relation gives* directly Tks (H0) , the maxlmum 
temperature far from the wall. 

We substitute the J (T) implied by the approximate 
solution for T into the exact equation (3.5); we elimi- 

nate ~4 from (3.2) and (3.3), and bear in mind that, from 
(3.3) and (3.4), 

A~: Wo 

(~ w k - -  ~t! 0 

(3.7)  

w h i c h  g i v e s  

] = - p o u w o  (w~ - w) / (wT.: - Wo) 

f o r  x ~ O, T o ( T ~ T ~ . .  

*In fact, the discharge has a small but finite separa- 
tion from the wall in the static case, and the wall tem- 

perature T I ~ 0, so the integral of (3.6) is taken from 
Ti, not from zero [2]; however, if(T) falls rapidly for 
low T, so this is of no importance in calculating the 
integral of (3.6) 
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F i g .  3. P a r t  of  t h e  " f l a m e "  

l a y e r .  T h e  v e l o c i t y  r e s o l u t i o n  

s h o w s  t h e  c a u s e  o f  s t r e a m l i n e  

b e n d i n g .  

I 
SO '~ 

_ 2 1 / i  . 
0 x 

9 Y 

F i g .  4.  D i s t r i b u t i o n  o f  

T and  ~, a n d  r e p r e s e n -  

t a t i o n  o f  (r. 

A l s o ,  J - P 0 u w  f o r  x < 

(3.5) to  g e t  

Tk To 

64n~ w~,:" (3.8) 
0 o 

T h i s  i s  c o m b i n e d  w i t h  (3.4) to  g i v e  

Tk T~ 

0 o 

T h i s  d e f i n e s  T0(Tk) ,  w h i c h  c a n  b e  u s e d  w i t h  (3.8) 

to find Tk(H0) , whereupon (2.6) and (3.1) give S O and u. 
The quantity T k is independent of the frequency (on 
the basis of the assumption about the small thickness 

of the skin layer). 
Equation (3.9) gives another view on parameter To. We put (3.5) 

in the equivalent form 

co 

i ~(~,) (z) = 
cZHo 2 

S dx 
64n~ " (3.10) 

- -oo 

Equation (3.9) is the result of equating the integrals in (3.5) or 
(3.10) to the quantity obtained j)y approximating the integrands; in 
other words, T o (or the point at which we place the discontinuity in 
o(x)) is chosen so as to keep roughly unchanged the area bounded by 
the weighted o(x) cu~e,  the weight being S(x). This choice for the 
step gives the correct approxihnation corresponding to the internal 

properties of the equations. 
tt is readily seen~hat this approximation corresponds to Zel'dovieh's 

approximation in the theory of flame propagation [5]. If in (3.7) we 
put Ak = • ' (see (a.3)), we can represent u in a form charac- 
teristic of the thermal conduction mechanism of propagation: 

u - -  p o  a w 0  Z~= . (3.ii) 

Here X k is the thermal diffustvity Of the gas at T k. The power 
per cm 3 of gas is as follows in this approximation: 

dS So e _ X / a ~ q m a x e _ X / a  ' 
q = - - d x - -  a 

0. We s u b s t i t u t e  f o r  J ( T )  i n t o  

This formula agrees with ZeI'dovich's for the flame speed apart 
from a factor (Wk/2W0) ~ 1 (the calorific value of the mixture equals 
the final enthalpy). 

4. Results. Table 1 gives results for air and argon at atmospheric 
pressure and u = 15 MHz; the electrical conductivity for air was cal- 
culated from [1], while o(T) for argon was taken from [7J. Tbethermal 
conductivities were taken from [8] (air was equated to nitrogen). 

The value of T k - To is found to be fairly small, which gives 
another major analogy with combustion. Reaction rates vary rapidly 
with T, so the ignition temperature is only a little below the final 
temperature of the products [5]. The heat produced in the reaction 
zone is transferred almost entirely by conduction to the initial mixture 
in order to heat it to the ignition point. 

The analogous situation here means that the balance equation 
(2,7) differs little from J + S = 0 for the release zone, and the latter 
corresponds to the static condition, with w 0 not very different from 
w k, and the second integral in (3.8) is substantially tess than the first, 
so (3.8) does not differ very greatly from (a.6) and T k is not far below 
the maximum temperature Tks corresponding to the static case with 
the same In (Table 1). 

The last two columns of the table give P and G, which have been 
calculated without allowance for the difference in the conditions at 
the various parts of the discharge surface (see (2.8)), namely as P = 

= SoF, G = uF, and F = 2~rRL, where R is the mean radius of the dis- 
charge ring and L is its length, which is obviously close to the length 
of the coil. We assumed R = 2cm (neglecting the power dependence 
of R [4]), L = 8 em, and F = 100 cm 2. Theresultsareingeneralagree- 
ment with experiment. The P corresponding to the highest T (10 000 to 
12 000 ~) may have been underestimated on account of radiative loss. 

5. Lines of development. The above solution may be used as a 
first approximation, e .g . ,  by extending a procedure [2] for the static 
case; numerical calculations are here essential, of course. The prob- 
lem is easily formulated and readily solved approximately for cylin- 
drical geometry (the gas enters radially into an infinite discharge cyl- 
inder). This takes some account of the effects of the axial symmetry, 
which are important at low frequencies, where the thickness of the 
skin layer is comparable with the radius. We can refine P and G by 
applying (2.8) with allowance for the variation in H 0 over the dis- 
charge surface because the field of a short coil differs from that of 
an infinite solenoid. Here one should use experimental evidence on 
the shape of the surface. 

A detailed theory requires a knowledge of the flow distribution 
at the entry to the hot zone, which, in particular, would enable one 
to determine R as a function of G [4]. A general picture of the spiral 
flow can be obtained from the approximate theory of centrifugal 
pmnping [9], which for our conditions gives that all the gas flows with 
a constant axial velocity in a peripheral layer whose thickness is 0.08 
of the tube radius, the rest of the tube being filled by an eddy. How- 
ever, this theory makes no allowance for viscosity and the reduced 
speed at the wall, which appear to be very important for the tube 
lengths usually employed. The viscosity makes the treatment much 
more complicated. Here experimental evidence should be used in 
conjuetion with the ealcuIations. 

Also, one should consider the gas dynamics of the flow in the hot 
zone, since without this one cannot determine the recirculation of the 

hot gas. The radiation from the hot gas should also be considered, as 
well as the inward heat flux due to radiation from the energy*release 
z o n e .  

The above model forms the basis of a program of experimental 
studies. 

I a m  i n d e b t e d  to  M.  I .  y a k u s h i n  f o r  m a n y  h e l p f u l  d i s -  

e u s  s i o n s  a n d  to G.  I .  B a r e n b l a t t  f o r  i n t e r e s t  in  the  w o r k .  

So pt)UWk 

q m a x  a - -  a t 

We sdbstitute the expression for a in terms of qmax into (3.11) 
and replace w k - w 6 by Cpk(T k - To) to get that 

. = ~ [ z % q  . . . .  (r~ -- To) \ T  ~-$/] 
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