
The value of the coefficient C in formula  (2) for  the measured  values of q0 and p~ was chosen on the basis 
of cal ibrat ion experiments  with f luoroplas t ic-4  samples and was 0.15 (for argon). 

The obtained distr ibutions of p r e s s u r e s  and heat fluxes over  the c r o s s  section of the jet shown in Fig. 2a, 
b pe rmi t  us to determine the zones of flow where the variat ions of q0 and P'0 do not exceed 20%. This zone has 
a d iameter  of 14 nun; therefore ,  for conducting ablation investigations samples  were p repared  with diameter  
not exceeding this size. The ablation tes ts  of the samples  in the chosen operating reg imes  permit ted  us to 
obtain the dependence of the effective ablation heat H e f  t on the decelerat ion enthalpy of the flow i 0 which, as 
is well known [9], de termines  the behavior of cer ta in  types of ablation mater ia ls .  
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A THERMAL-DIFFUSION MODEL OF THE EROSION 

OF ELECTRODES IN AN MHD GENERATOR 

V. N. S o s h n i k o v  UDC 537.523:538.4 

We propose a diffusion-heat-conduction model of erosion at a cathode spot, on the basis of which 
we est imate the charac te r i s t i c  l ifetimes of cathode spots and the erosion of e lect rodes  made of 
graphite,  copper,  iron, and chromium under the conditions of an MHD generator .  We show that 
the rate of erosion depends substantially on the geometr ic  shape of the cavity. 

The most  complete measuremen t s  of the macroscop ic  pa rame te r s  of cathode spots on copper  electrodes 
in a s t ream of p lasma with an easily ionizable additive were apparently made in [1]. The measurements  in- 
dicated a heat flux of Q0 ~ 20 W / A  for  both cold and hot e lectrodes  and a spot lifetime of T -~ (10-3-10 -2) see, 
depending on the averag e cur rent  I = (2-5) A at the spot, where r denotes the t ime required for  the spot to move 
a distance of the order  of its diameter ;  an erosion value of G = (0.1-0.7) /ag/C and other pa r ame te r s  were  also 
measured.  

It seems unexpected that it is possible to obtain a T(I) that agrees  with the experimental  resul ts ,  starting 
only with the balance of electrode vapor concentrat ions in the region of the spot, if wetake as the initial pa r am-  
e te r  the h e a t  flux 00, which it is natural  to cor re la te  with the cathode potential drop, amounting to about 15- 
20 V, and therefore  consider  pract ical ly  independent of time, electrode tempera ture ,  and other conditions, and 
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Fig .  1. Ra t e  of e r o s i o n  g* ( g / c m  2. sec)  fo r  
c h r o m i u m  e l e c t r o d e s  at  v a r i o u s  e l e c t r o d e  t e m -  
p e r a t u r e s  T o {~ at  an a v e r a g e  c u r r e n t  d e n s i t y  
to  the  e l e c t r o d e  of j = 4.5 A / e m  2 (fl i s  a g e o -  
m e t r i c  f a c t o r  equa l  to  uni ty  f o r  a h e m i s p h e r i c a l  
cav i ty ;  u --- 1.2); y = yg , /~_4,  ~g /C .  

a l s o  a s s u m e  tha t  the  i o n i z a t i o n  of the  e l e c t r o d e  v a p o r s  p l a y s  a s u b s t a n t i a l  r o l e  in  the  p r o c e s s e s  t ak ing  P lace  
a t  the  spot .  

S ince  we have  no i n f o r m a t i o n  c o n c e r n i n g  the  d i s t r i b u t i o n  of hea t  f lux  o v e r  the  s u r f a c e  of the  cav i ty ,  we 
a s s u m e  tha t  the  s u r f a c e  i s  h e m i s p h e r i c a l .  An  elemen~owy so lu t ion  of the  s t a t i o n a r y  h e a t - c o n d u c t i o n  equa t ion  
fo r  co ld  e l e c t r o d e s  wi th  a g i v e n  po in t  s o u r c e  Q = Q01 g i v e s  us  the  r e l a t i o n  be tween  t e m p e r a t u r e  and r a d i u s :  

T =  Q il) p 

2~• 

w h e r e  ~ i s  the  a v e r a g e  t h e r m a l  conduc t iv i ty .  

The  i n i t i a l  p r o c e s s  of v a p o r i z a t i o n  to Rb, c o r r e s p o n d i n g  to  a bo i l ing  t e m p e r a t u r e  Tb,  at  a p r e s s u r e  
equa l  to e x t e r n a l  p r e s s u r e ,  wi th  g a s d y n a m i c  e m i s s i o n  of e l e c t r o d e  v a p o r s ,  t a k e s  m u c h  l e s s  t i m e  than  ~- and 
wi l l  not  be  c o n s i d e r e d  h e r e  ( the g a s d y n a m i c  t i m e s  T* a r e  m u c h  s h o r t e r  than  the  t i m e  r e q u i r e d  fo r  e s t a b l i s h i n g  
the  t h e r m a l  and d i f fus ion  p r o c e s s e s ,  about  10-6-10 -5 sec ,  which  i s ,  in tu rn ,  much  l e s s  than T); the  t o t a l  p r e s -  
s u r e  of the  g a s  in the  c a v i t y  i s  t h e r e f o r e  c o n s t a n t  and equa l  to the  e x t e r n a l  p r e s s u r e ,  about  1 a tm.  The  p a r t i a l  
p r e s s u r e ~  PCu, of the  v a p o r s  of a c o p p e r  e l e c t r o d e  n e a r  the  s u r f a c e  of the  c a v i t y  i s  d e t e r m i n e d  by the  v a p o r -  
i z a t i o n a n d t h e d i f f u s i o n  of the  v a p o r s  to  the  e x t e r n a l  b o u n d a r y  of  the  c a v i t y ,  on which,  a s  can  be conc luded  f r o m  
a c o m p a r i s o n  of the  a v e r a g e  r a t e  of  d i f fus ion  with  the  v e l o c i t y  of the  p l a s m a  f lux  in  a l a m i n a r  b o u n d a r y  l a y e r  
at  a d i s t a n c e  ~ R b f r o m  the  s u r f a c e  of the  e l e c t r o d e  u n d e r  the  cond i t i ons  of [1] and the a v e r a g e  d i f fus ion  r a t e ,  
PCu i s  c l o s e  to z e r o .  "~ The  e n e r g y  r e q u i r e d  f o r  v a p o r i z a t i o n  c o n s t i t u t e s  a n e g l i g i b l y  s m a l l  f r a c t i o n  of the  
hea t  flux. We a s s u m e  tha t  the  ca thode  spo t  i s  f ixed.  

The  b a l a n c e  of c o n c e n t r a t i o n s  N(r ,  0) i s  d e t e r m i n e d  by the  d i f fus ion  equa t ion  zXN = 0, which  in s p h e r i c a l  
c o o r d i n a t e s  t a k e s  the  f o r m  

or r ~sin 2 0 O0 , 

wi th  the  b o u n d a r y  c o n d i t i o n s  
N ( r , O ) = O  for O ~ n / 2 ;  (3) 

kT  ON 
N D 

] / 2 n k T m  - -  V = 
2rim - ~ -  for r = R, (4) 

w h e r e  D i s  the  a v e r a g e  c o e f f i c i e n t  of d i f fus ion  of the  v a p o r s  at  the  c a thode  spot ;  0 < 0 < ~ /2 ,  and  the angle  0 = 
r / 2  c o r r e s p o n d s  to the  o u t e r  b o u n d a r y  of the  cav i ty .  The  l e f t - h a n d  t e r m s  in  (4), wi th  A,  B = cons t ,  d e s c r i b e  

Tald~ag accoun t  of  the  p r e s e n c e  of  c o n v e c t i v e  f lows  even  when t h e r e  i s  no a x i a l  f low of g a s ,  we can  hope tha t  
the  p r o p o s e d  m o d e l  f o r  e r o s i o n  at  the  ca thode  spo t  i s  m o r e  g e n e r a l  in  n a t u r e  and i s  a p p l i c a b l e  not  only  to the  
s p e c i f i c  c o n d i t i o n s  of MJ-ID g e n e r a t o r s .  
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the ra te  of vapor iza t ion  [2] and the ve ry  subs tant ia l  ra te  of r e v e r s e  deposit ion of e l e c t r o d e - m a t e r i a l  vapor s  
cor responding  to it  by the pr inc ip le  of deta i led equi l ibr ium. Since the avai lable  informat ion  is  insufficient,  in 
�9 (4) we ave rage  with r e s p e c t  to 0, so that  we can cons iderab ly  weaken the r e q u i r e m e n t s  imposed  on the solu- 
tion of (2) and g rea t ly  s impl i fy  the p rob lem.  

Equations (2)-(4) a r e  sat isf ied,  in pa r t i cu la r ,  by the t w o - p a r a m e t e r  c h a r a c t e r i s t i c  function of (2): 

N(r ,  O) : Cr~Pn (cos O); n : 1, 3 . . . . .  (5) 

where  the Pn a r e  Legendre  polynomials  and C = const;  the solutions with n > 1 may  be d iscarded ,  s ince for  
these  N(r ,  0) may  become negat ive,  which is  imposs ib le  by the physica l  nature  of the p rob lem,  and in that 
case~  

(6) N (r, O)= 2 kT R  

The var ia t ion  of the cavi ty  radius  with t ime  is  de te rmined  f rom the di f ferent ia l  equation 

where  ~ is  the ex te rna l  n o r m a l  to the pro jec t ion  of the cav i ty  onto the e lec t rode  sur face ;  S = vR2; and the ba r  
indicates  averaging  with r e s pec t  to r. Making use of (1) and (6), we reduce  (7) to the f o r m  

with the solution 

dR _ ~ mAD e x p [ _  B ] (8) 
dt 4 pleTR T (R) 

R =  ~ _ l n (  ~ mABD 
4 pka 2 

t + e x p ( ~ - R b  ) ) ;  a ~  2~• Q ; R ~ R b .  (9) 

According to (1), (6), 

The quantity 

and (9), we find N(r, 0) as a function of t ime: 

�9 ~ r r cos 0 
N(r ,  0, t ) ~  

8 mBD 4pkcz~ex p\( B T b  ) 

t +  
z~mABD 

89ka~exp ( + ' ) 2pkQ~ 

T = zlmABD -- ~3• ~ (Po = 1 atm) 

(10) 

(11) 

can be taken as the c h a r a c t e r i s t i c  l i fe t ime of the cathode spot; it co r r e sponds  to a reduct ion in the p r e s s u r e  
of the sa tura t ing  vapor s  by a fac tor  of 3 and is  found to be propor t iona l  to the square  of the cu r r en t  at the spot. 
This  t ime  may  be cal led the m a x i m u m  t ime,  since f luctuations of var ious  kinds and p r o c e s s e s  not taken into 
account in the ideal ized case  cons idered  he re  may  lead to a shortening of the l i fe t ime of the spot. $ In the 

We can convince ou r se lves  without difficulty that s ince the diffusion ra t e  is  low, condition (4) can be �9 
with 

]/- 2~kTm - -  N 2z~mkT _,~ 0 for r ~ R, 

which g ives  us a solution N(r, 0) differing f rom the a l te rna t ive  solution (6) in the fact  that N(R, 0) depends 
on 0. As has been noted, the final choice between the solution is  made m o r e  difficult by the lack of i n fo rma-  
tion concerning the dis tr ibut ion of heat  f luxes over  the su r face  of the cavi ty  [among other  things, we do not 
know the actual  function T(R, 0) etc. ]. 
$ Both the l i fe t ime and the e ros ion  may  be cons iderably  reduced as  a r e su l t  of a t rans i t ion  to au toemiss ion  
r e g i m e  (the effect  of the additive, su r face  f i lms  of oxides,  etc. ). 
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case�9 of a c o p p e r  e l ec t rode ,  i f  we take  the g a s - k i n e t i c  r ad ius  of a coppe r  a t o m  as  ~ 1.3 A, the ga s -k ine t i c  
rad i i  of  the m o l e c u l e s  of  the m e d i u m  will  be N 1.5 A [3]; T b = 2850~ B = 39.3.10~~ [2]; the a v e r a g e  t h e r m a l  
conduct iv i ty ,  including the sol id  and l iquid phases ,  wil l  be n ~ 2.5 W / c m .  deg [4, 7]; we find D -~ 3.5 c m 2 / s e c ,  
and in the 2-5  A c u r r e n t  r ange  ~ = (1 .2-8) .  10 -3 sec ;  g -~ (1 .3-20) .  10 -2 ~g. 

Using an expans ion  in a s e r i e s  in p o w e r s  of T0/T,  we could d e s c r i b e  (1) in a m o r e  p r e c i s e  f o r m  as  

r (r) "~ To + q (la) 
2 ~ r  

Th i s  m a k e s  it n e c e s s a r y  to  mul t ip ly  the r igh t  s ide  of (11) by the coef f ic ien t  (1 + T0/Tb) 3 (T O = 400~ 

Even  though R changes  l i t t le ,  the a v e r a g e  r a t e  of e ro s ion  of a c o p p e r  e l ec t rode  is  d e t e r m i n e d  by �9 and, 
acco rd ing  to  (1), (11), i s  equal  to 

G = ~ g  = ~QomT~ BDpo 
xl 12uk(T~ --T~) a--- 5 pg/C, (12) 

whe re  P0 = 1 atm. 

If  we r e d u c e  the t h e r m a l  conduct iv i ty ,  o ther  condi t ions  r emain ing  the s ame ,  we find a p ropo r t i on a l  in-  
c r e a s e  in the e r o s i o n  r a t e  G, which m a y  take p lace  when we change  f r o m  coppe r  to s t a in l e s s  steel .  Thus ,  if  
we used  the value B = 46.2 .  103~ and T b = 3130~ fo r  i ron  [2], taking ~ - 0.3 W / c m "  deg [3], we would obtain 
G = 32 ~ g / C .  

A m o r e  convenient  quant i ty  �9 G m a y  be the a v e r a g e  r a t e  of e ro s ion  p e r  unit  of e l ec t rode  su r f a c e  

g* ~_ OnI~ -- z~Uc]p~ (13) 

Sel 1 2 ~ ( 7 " b  - -To)al  1 + T~bb~ ' 

where  n = I / I  0 is  the n u m b e r  of s imu l t aneous ly  exis t ing ca thode  spots ;  I is  the to ta l  c u r r e n t  to the e l ec t rode ;  
I 0 is the a v e r a g e  c u r r e n t  a t  an individual  spot;  and Uc = 20 V is  the ca thode drop  c o r r e s p o n d i n g  to a heat  f lux 

Q0. 

Thus ,  under  t yp i ca l  condi t ions  of an MttD g e n e r a t o r  in the c a s e  of g raph i t e  e l e c t r o d e s  with j ~ 3 A / c m  2, 
= 4200~ B = 92.3.  103~ ~ - 0.25 W / c m .  deg, and D ~- 18 c m 2 / s e c  we would obtain g* = T o --- 1300OK, T~o 

! . 4 . 1 0  -4 g / c m ' ,  sec.  

Because  of the poss ib le  p r a c t i c a l  use of c h r o m i u m  e l e c t r o d e s  in MIID g e n e r a t o r s ,  the r e s u l t s  of ca l -  
cu la t ions  of the r a t e  of e r o s i o n  of c h r o m i u m  a r e  shown in Fig.  1 as  a funct ion of e l ec t rode  t e m p e r a t u r e  (Tb = 
2850~ B = 46.3.10~~ )r = 0.3 W / c m .  deg; D = 3.5 c m 2 / s e c  [2, 7]). 

The t e m p e r a t u r e  on the s u r f a c e  of the ca thode  spot  is  too low fo r  the a u t o t h e r m o e l e c t r o n i c  e m i s s i o n  
c u r r e n t  to m a k e  any notable  con t r ibu t ion  to the c u r r e n t  at the  spot,  i ~ (10s-10 ~) A / c m  2. 

We can convince  o u r s e l v e s  without diff icul ty tha t  the ion c u r r e n t  can  be equal  to i only fo r  a l m o s t  c o m -  
ple te  ion iza t ion  of the vapors .  T h e r e f o r e ,  i m m e d i a t e l y  at  the su r f ace  t h e r e  m u s t  ex i s t  a thin (possibly 
m e a s u r i n g  s o m e  tens  of  mean  f r e e  paths) noaequ i l ib r ium reg ion  of space  c h a r g e  and ionizat ion,  fo r  which we 
have a ca thode  p o t e n t i a l  d rop  with c onc e n t r a t i ons  of ions held by the f ield that  a r e  subs tan t ia l ly  g r e a t e r  than at 
ex te rna l  p r e s s u r e  P0 ~ 1 atm. Even  though the th ickness  i of th is  r eg ion  is  smal l ,  the high p r e s s u r e  inevi tably  
m e a n s  that  t h e r e  will  be a c o r r e s p o n d i n g  r i s e  in the boiling t e m p e r a t u r e  at the s u r f a c e ,  T~, if  a c o r r e s p o n d i n g  

P0 is  main ta ined ,  T b < T b ,  on the  bounda ry  of l. 

F r o m  the un ive r sa l i t y  of the t h e r m o d y n a m i c  r e l a t ion  

where  q - B is  the hea t  of Eublimation,  and f r o m  the fac t  tha t  if t h e r e  i s  no g a s d y n a m i e  ieakage ,  the ene rgy  
r e q u i r e d  fo r  the t r ans i t i on  of an a tom f r o m  the nonequ i l ib r ium reg ion  to the  equi l ib r ium region ,  with a f ield 
in tens i ty  of E. ,-~ 0 in the l a t t e r ,  will  again,  in the f inal  a t ialysis ,  be equaI to q, it fol lows that  the boundary  
condi t ions  in the diffusion equa t ions  (2)-(4) wil l  be val id,  where  these  a r e  now sa t i s f ied  not i m m e d i a t e l y  on 

the s u r f a c e  of the spot ,  but on the boundary  of  l. 
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Since there  is a rapid escape of vapors  in the initial s tages of the  existence of the spot, the p rocess  
whereby the e lec t r ic - f ie ld  fo rces  balance the high p r e s s u r e  apparently existing at distances less  than i near  
the surface,  with subsequent cessat ion of the escape, must  take a very  small  fract ion of the total lifetime of 
the spot, and this justif ies the proposed diffusion model. 

It follows f rom (1) that the difference between T b and T~ is due to the radial  nonaniformity result ing f rom 
the nonequilibrium region l and may be taken into account by making the substitution 

• ~ ~.eff = ~.rT, / r  b =-- ~ 

in all the formulas .  Thus, when the p r e s s u r e  at the surface is 10 t imes  P0, we find ]" -- 1.2 for  copper. In 
spite of some decrease ,  r co 1/] '  2 does not go beyond the l imits  of accuracy of the experiment,  and its effect 
on the erosion g* oo 1/], is even weaker. 

The erosion values G calculated above, for example, for  copper,  exceed the experimental  values [1, 5, 
6] by one o rder  of magnitude. One of the mos t  probable reasons  for  this is that the geometr ic  shape of the 
cavity is much f lat ter  than hemispherical .  Assuming a cavity depth ~ r b and a diameter  2Rb, f rom the heat- 
conduction equation 

OT Tb Q 

• Or r b R~ 

we find, calculating the volume of the cavity, that V o~ rbRg , and if we introduce the geometr ic  factor  fl - 
rb /R  b V oo' ill. At the same t ime, r is independent of ~. Thus, we can obtain sa t is factory agreement  with 
experimental  data if we reduce the depth of the cavity by a factor  of about 2 (assuming that the geometr ic  shape 
does not vary  with t ime and taking account of ]'). 

Much of the work in this study was done in collaboration with G. V. Gofman, to whom I wish to :express  
my s incere  grati tude. 

NOTATION 

T, lifetime of cathode spot; Q0, heat flux to cathode spot (total thermal  power per  unit of cur rent  in- 
tensity); Q, heat flux to cathode spot (total thermal  power); I, cur rent  intensity (in the arc or  on the whole 
electrode);  I 0, cu r ren t  intensity of arc ;  G, value of erosion (in t e rms  of mass)  at the cathode spot, per  unit of 
e lec t r ic  charge  passing through; T, tempera ture  of vaporizing surface of cavity; To, initial t empera ture  of 
electrode;  Rb, radius of cavity R aL which the t empera tu re  of its surface is equal to the boiling tempera ture  of 
the electrode mater ia l ;  r ,  0, spherical  coordinates of points in the volume of the cavity; ~4, average thermal  
conductivity of the electrode mater ia l ;  N(r, 0), concentrat ion of atoms of electrode vapors  in the volume of 
the erosion cavity; A, B, constants in the formula  giving the p r e s s u r e  of saturated vapors  as a function of 
tempera ture ;  k, Boltzmann constant;  p, density of electrode mater ia l ;  Pn(COS 0), Legendre polynomial of order  
n in cos 0; m, mass  of an atom of the electrode mater ia l ;  D, diffusion coefficient; t, t ime; Tb, boiling t e m p e r a :  
ture of the electrode mate r ia l  at p r e s s u r e  equal to the p r e s s u r e  of the external medium (~ 1 a tm) ;g ,  mass  of 
eroding mate r ia l  per  cavity; PCu, par t ia l  p r e s su re  of copper  vapors;  P0, external  p r e s su re  (~ 1 arm); Sel , 
e lectrode area;  j, e lec t r ica l  cur rent  density averaged over the electrode;  Uc, cathode potential drop; n, order  
of the Legendre polynomial, number  of cathode spots simultaneously existing on the electrode;  g*, ra te  of 
erosion (in t e rms  of mass)  per  unit of electrode surface at a given mean current  density over the electrode;  

, thickness of nonequilibrium region of ionization near  the surface of the cathode spot; ~, geomet r ic  factor  
(ratio of twice the depth of the cavity to its diameter);  T~, boiling tempera ture  at elevated cavity surface p r e s -  
sure  result ing from the presence  of the electr ic  field; T, correc t ion  factor,  equal to Tb /T  b -~ 1.2-1.4; V, 
volume of cavity; N, concentrat ion of atoms in saturated vapors;  rb, effective depth of cavity. 
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T H E R M A L - S H O C K  P E R F O R M A N C E  O F  E V A P O R A T E D  

A 1 2 0 3 ,  Z r O 2 ,  A N D  L A M I N A T E D  C E R M E T  

C O A T I N G S  IN AN E L E C T R I C - A R C  P L A S M A  S O U R C E  

V. S. L e s h c h e n k o ,  V. G. N o v i k o v ,  
A.  V. P e t r o v ,  A.  D. S u k h o b o k o v ,  
a n d  E .  A .  T u r k i n  

UDC 533.6.071.1:62-69. 
629. 78. 023. 222 

Measurements  have been made on the thermal  stability and per formance  of protect ive coatings 
deposited by p lasma-gun techniques on copper  with an arc  heater. 

The working ma te r i a l s  in an arc  heater  are  subject to very severe  s t ress ,  the main causes  of failure 
being thermal  shock, erosion,  surface react ions,  and embri t t lement  [1]. Protec t ive  coatings can provide 
rel iable operation at high t empera tu res ,  since they r e s t r i c t  oxidation, improve the stability under erosion,  
and provide control  over the heat t r ans fe r  to the circ~L.,Ling coolant by conduction. 

The per formance  of such a coating is dependent on the ra tes  of heat t r ans fe r  and the nature of the sub- 
strate.  At present ,  we have no coatings that can be used at all the t empera tu res  that occur  in such heaters ,  
but such coatings are  of value even at modera te  tempera tures ,  since they ease the s train on the working ma-  
ter ia ls ,  optimize the cooling conditions, and reduce the heat loss. 

The coatings most  widely used are  A120 3 and ZrO2; these are  stable in oxidizing a tmospheres  and have 
high melting points (~ 2300~ while their  thermal  conductivities are  re la t ively  low, 0.5 < J\ < 4, and in- 
dustr ial  techniques are  available for deposition [2]. 

The working gas pa r ame te r s  in such heaters  are  1000 < T O < 5000~ and P0 > 50.105 N/m2, and the heat 
loss through the d isehargs  chamber  increases  with the p res su re ,  and so the components have to be protected 
f rom high heat fluxes; also, the continuous working t ime is such that a s teady-s ta te  tempera ture  distribution 
is usually set up. 

This steady state is reached  in a short  time, and therefore  a thermal  shock occurs  on switching the 
device on; naturally,  the coating mater ia l  must  be res is tant  to such shocks. 

The deposition technique must  ensure good adhesion to the substrate;  if the bond is poor,  the coating 
may fail for mechanical  or  thermal  reasons ,  and also on account of differences in l inear  expansion coefficients.  

TABLE 1. 

Material 

AltOs 
ZrO2 
NA -67 

Deposition Conditions 

]z~E 

5--7 

Gas flow, liters/sec 

At H~ 

30--60 6--8 
40--50 4--5 
30--50 6--8 

Gas used 
to supply 
powder 

3--6 

l~ lDistance from i ~ ,endofnoz~le 
to workpiece, 

~*r > mm 

350 t 60 ' 100--130 
460 60--75 100--120 
350 60 200--250 

Transla ted  f rom Inzhenerno-Fiz icheski i  Zhurnal, Vol. 31, No. 3, pp. 443-448, September,  1976. 
Original  ar t ic le  submitted July  23, 1975. 
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