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The phenomenon of par t ia l  shunting of the column by the stabilizing diaphragm in a so-ca l led  
"cascade" a rc  is examined. Experimental  data on the dependence of this effect on the current ,  
the thickness of the diaphragms,  and the gas flowrate are  presented for the case  of an argon 
arc .  

Arcs  stabilized by cooled copper  diaphragms a re  often used to obtain plasma for  experimental, pur-  
poses [1]. In these a rcs  the column plasma is in c lose contact  with the conducting metal  wall of the char~,- 
nel. Shunting of the arc  by the wall is prevented by the fact that the stabilizing channel is divided into short, 
e lec t r ica l ly  insulated segments .  However,  the possibi l i ty of par t ia l  local shunting of the column by the 
walls  of the individual d iaphragms still r emains .  An analysis  shows that the shunting cur ren t  should de- 
pend on the nature  and p r e s s u r e  of the working gas,  the inside d iameter  and thickness of the diaphragms,  
the cur ren t  and the e lec t r ic  field strength in the d ischarge  column, and the ~ature and intensity of the gas 
flow in the stabilizing channel. 

The e lec t r ica l  interaction of the column and the diaphragm walls was experimental ly investigated in 
[2] for  a weak-cur ren t  a rc  in a i r  at a tmospher ic  p r e s s u r e  (the d iameter  of the stabilizing channel is not 
specified). At an a rc  cu r r en t  of 20 A and a diaphragm thickness of 15 mm the shunting current ,  according 
to measurements  made by the authors  of [2], was 5 mA. Nothing has been published on the shunting cur -  
rents  for a rcs  in other gases  under different conditions. 

We have investigated part ial  shunting in relation to the thickness of the diaphragms,  the current ,  and 
the intensity of the axial gas flow in a s tabil ized argon arc  (p = i aim) at a channel d iameter  of 5 ram. 

1. In the "cascade" a rc  the shunting cur ren t s  through the d iaphragms a re  caused by the differences 
in distr ibution in the column and at the channel wall: the plasma potential V var ies  continuously along the 
z axis of the a rc ,  whereas the potential of the segmented metal  wall V w has a p stepwise variat ion (Fig. 1). 
Accordingly,  radial  potential differences Ur(Z) = V p ( z ) -  Vw(z), a re  established between the column plasma 
and the channel walls. It is a s sumed  that within the thickness of each diaphragm there  is a sect ion z = 
eonst  = z 0 (the z coordinate is reckoned f rom the left edge of the diaphragm),  in which V w = Vp and hence 
Ur(z) change sign: to the left of the plane z 0 they a re  di rected f rom the column to the wail (are positive), 
to the r ight of the plane z 0 in the opposite direct ion (Fig. 1). We assume that the distr ibution of potential 
in the column V_(z) is l inear,  at least  within the thickness of the diaphragm. Then, as may be seen f rom p. 
Fig. 1, the radial  voltages 

(~o -- z) = E (~o -- ~) ( 1.1 ) 

Here,  E is the e lectr ic  field strength in the a rc  column. 
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In the presence  of a finite boundary- layer  res i s t ance  the radial  voltage must  produce radial  cur ren t s  
closing ac ros s  the diaphragm. These s t ray  cur ren t s  flow* f rom the column to the wall on the left of the 
diaphragm (cathode side of the plane z 0) and f rom the wall to the column on the right. We denote the total 
radial  cu r ren t  flowing into the wall by i + and the r e v e r s e  cur ren t  by i- .  For  an insulated (from the adja- 
cent diaphragms)  diaphragm 

I~*i=1~-I=~ (1.2) 

where i is the cur ren t  flowing through the body of the diaphragm in the section formed by the plane z = 
const  = z 0. Thus;  each d iagram part ial ly shunts its own segment  of the column, reducing the cur ren t  through 
the p lasma by an amount i (as compared  with the cur ren t  I at the electrodes) .  

We will consider  two possible models of radial  cur ren t  flow through the boundary layer  of gas : the 
d is t r ibuted-contact  and lumped-contact  models .  In the f i rs t  case  the radial  s t ray  cur ren t s  a re  distributed 
over  the entire inner wail of the diaphragm (Fig. la) .  Here  we must  introduce the concepts of a specific 
contact r es i s t ance  p and a specific radial  cur ren t  j per unit length of channel. We denote the specific r e -  
s is tance to positive cur ren t s  j (z) (i.e., to cur ren t s  due to the positive voltages Ur(z) to the left of the plane 
z 0) by p+ and the r e s i s t ance  to negative radial  cur ren ts  by p- .  The quantities p+ and p- are  assumed to be 
constant (independent of z) for  given conditions and a specific a re -burn ing  regime,  since the positive and 
negative radial  cur ren t  flow p rocesses  a re  physically different [2], the values of p+ and p- must  evidently 
be different. On the basis of cer ta in  experimental  data [2] we may expect that p+ < p- .  In this case  in o r -  
der to ensure  the sat isfact ion of (1.2) the radial  voltages Ur(z) to the left of the section z 0 must  on average  
be less  than the voltages Ur(z) on the r ight side of the diaphragm. Hence the plane z 0 must  be located clo-  
se r  to the left edge of the diaphragm, as shown conventionally in Fig. 1. 

In accordance  with Ohm's  law and using (1.1), the specific radial  cur ren t s  

{ U r ( z ) / p + = ( z o - - z ) E / p +  (0< z < ~o) (1.3) 
I' (z) : U r (z)/p- -- (zo -- z) E/p- (Zo < z < s) 

where 5 is the thickness of the diaphragm. 

The total cur ren t s  f rom the plasma to the wall and f rom the wall to the plasma are  given by the 
expr es sions 

zo 8 

, . :  ' ,_ ( 1 . 4 )  

0 Zo 

*Here the positive direct ion of the cur ren t  is assumed to be the direct ion of motion of the electrons under 
the influence of the electr ic  field. 
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In tegra t ing  (1.4) with a l lowance for  (1.3) and using (1.2), we obtain 

i E t E E 6 2 ( c ~  1 1 zo 2 
2 p -  = 

The ra t io  z0/6 and hence the quantity c I a r e  de te rmined  by the r e s i s t i v i t y  ra t io  p+ /p - .  
the equation z02/p + = (6 - z0)2/p - ,  contained in (1.5), it can be shown that  

zo t t 
~' - -  l + l % - / P * '  ~ = 2 ( t  + V ( , + l ~ - ~  ( 1 . 6 )  

The seeond model  p r e s u p p o s e s  that  the s t r a y  c u r r e n t s  i + and i -  a r e  eoncent ra ted  at the points of 
m a x i m u m  radia l  voltage at  the edges of the d i aphragm (Fig. lb)o This  f o r m  of c o l u m n - d i a p h r a g m  contact  
might  be  rea l i zed ,  fo r  example ,  as  loca l ized  s e m i s e l f - m a i n t a i n e d  m i c r o d i s c h a r g e  through the boundary 
l aye r .  We denote the r e s i s t a n c e s  of the contact  nbridges u at  the lef t  and r ight  edges  of the d iaphragm by 
R + and R- and the co r respond ing  rad ia l  vol tages  by Ur + and Ur- ,  r e spec t ive ly .  

F r o m  Eq. (1.1) and Chin 's  law 

Ur § = U r (13) --_ Ezo, U~.- = U~. (6) ---- - -  E (8 - -  zo) 

Ur+ E U r -  E 
~+ = R ~  = ~ zo, i - _  t~-  - -  - -  t l =  (6 - -  zo) 

(i.5) 

Start ing f r o m  

(1.7) 

(1.s) 

If the d iaphragm is comple te ly  i so la ted  f r o m  its ne ighbors ,  we get a s e r i e s  s t r a y - c u r r e n t  c i rcu i t  
( f rom p l a s m a  to d iaphragm wall and f r o m  wall to p l a sma)  with overa l l  r e s i s t a n c e  R -- R + + 1R- and effect ive  

voltage u~ = I ~i~+ ] + I ~r- ] = E5 

(1.9) 

Then the shunting cu r r en t  

Ur E 
~ = - ~  = --h- 8 ( 1 . t 0 )  

T h e s e  two models  lead to di f ferent  r e l a t ions  between shunting c u r r e n t  and d iaphragm th ickness :  for  
d is t r ibuted  contacts  i ~ 62, whereas  for  lumped contacts  i ~ 5 (see (1.5) and (1.10), r e spec t ive ly ) .  In o r d e r  
to es tab l i sh  which model  is the m o r e  rea l i s t i c ,  it is n e c e s s a r y  to know the actual  nature  of the dependence 
o f i  onS. 

2. The shunting currents were experimentally determined on a stabilized argon arc [1] with channel 
diameter D = 5 mm. On one of the diaphragmsthere was a radial window for optical observations. The a r -  
gon was fed to the are from the cathode end. 

We measured the arc current I, the electric field strength in the arc column E, the luminous diame- 
ter  of the column d, the gas flowrate q, and the shunting currents i. The field strength E was found from the 
the energy balance of the column (at low argon flowrates) and from the potential distribution in the arc 
measured using the diaphragm as electric probes. The column diameter d was estimated from the size of 
an image of the column on a screen adjacent to the arc. Small gas flowrates were determined and moni- 
tored in relation to the pressure drop at a calibrated capillary, higher rates with the aid of RS-3 and RS-5 
r o t a m e t e r s .  

F o r  detect ing and de te rmin ing  the shunting c u r r e n t s  we used  a s imp le  m e a s u r i n g  c i rcu i t  composed  
of two adjacent  d i aphragms  of the s a m e  th ickness  6 '  shor ted  a c r o s s  an a m m e t e r  (Fig. 2a, b). The resu l t ing  
coupled d iaphragm of th ickness  6 = 26 ~ + 6 ~ (6 ~ is the gap between the two d iaphragms)  is equivalent  with 
r e s p e c t  to e l ec t r i ca l  in terac t ion  with the a rc  column to a continuous d iaphragm of the s a m e  th ickness  6 
(provided that  6 ~ << 6). 

If  it is a s s u m e d  that  the rad ia l  cu r r en t s  a r e  f o rmed  in acco rdance  with the d i s t r ibu ted-con tac t  model ,  
then when z 0 < 5 /2  the c u r r e n t  i* r e g i s t e r e d  by the a m m e t e r  should be somewhat  l e s s  than the total  shunt-  
ing cu r r en t  i (see Fig.  2a). The m e a s u r e d  c u r r e n t  is given by the express ion  

~* ----]~+l--h-I= I~-l---- i i ( z ) d z  (2.1) 
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Integrat ing (2.1) with allowance for (1.3), we obtain 

E / 3 ~ t \ E 5 ~ (ca= a x i*---~-(-C5---TSzo), or ~*--c~.-- V- [ ' T - Y ( - ~ - ) ] )  (2.2) 

Comparing (2.2) with (1.5) at var ious  values of z0/5, we find that the cur ren t  rat io i*/ i  should lie on 
the interval  ~0.75-1.0 (the leas t  value of i*/ i  = 0.75 cor responds  to the case  when p+ << p-  and, in accord -  
ance with (1.6), z0/6 ~ 0). 

Thus, we have shown that, when the d is t r ibuted-contact  model holds, the cur ren t  i* r eg i s t e red  by the 
ins t rument  a lmost  cor responds  (both with respec t  to the nature  of its dependence on 6 and in magnitude) to 
the shunting cu r ren t  i in the continuous diaphragm. 

If the lumped-contact  model is cor rec t ,  then, as is c lear  f rom Fig. 2b, all the shunting cu r ren t  flows 
through the ammete r ,  i.e.,  i* = i or ,  using (1.10), 

�9 E 
----,-~-5 ( 2 . 3 )  

In view of the perfect  coincidence of the cur ren ts  i* and i in the lumped-contact  var iant  and their  
near-equal i ty  in the d is t r ibuted-contac t  var iant  we may approximately assume that i* = i i r respec t ive  of 
which model is valid. Accordingly,  we shall henceforth drop the as te r i sk  used to denote the measured  
shunting current .  

To de termine  the nature of the dependence of i on 5, the shunting cur ren t s  were measured  on coupled 
diaphragms of different thickness a r ranged  one behind the other in the same assembly as part  of another 
device. These  measuremen t s  were made at a low argon flowrate (q = 0.05 g / s ec )  in o rde r  to ensure the 
uniformity of the column [3] and thereby eliminate the effect on the cur ren t s  i of the distr ibution of the 
d iaphragms along the length of the channel. 

The resul ts  of the measurements  a re  presented in Fig. 3. Here,  curves  1, 2, 3, and 4 descr ibe  the 
points obtained at d iaphragm thicknesses  5 = 4.5, 7.1, 10.8, 13.4 ram, respect ively .  

It is c lea r  f rom Fig. 3 that the shunting cur ren t s  a re  highly dependent on the a rc  current .  Thus, at 
5 = 7.1 ram, as the cu r ren t  I i nc reases  approximately f rom 40 to 157 A (by approximately a factor  of four), 
the cur ren t  i inc reases  f rom 0.044 to 4.75 A (i.e., by a factor  of more  than 100). This sharp  dependence in- 
dicates that the a rc  cur ren t  has a s t rong influence on the contact  r es i s t ances .  The la t ter  should be de ter -  
mined by the thickness and state  of the boundary layer.  According to experimental  es t imates  of the col-  
umn diameter  d, the thickness of the boundary layer  5 '  = 0.5(D-- d) var ied very  considerably with variat ion 
of the a rc  current .  

In Fig. 4 the measured  cu r ren t s  i have been plotted against  the diaphragm thickness 5. The experi-  
mental  points a re  quite well fitted by s t ra ight  l ines drawn f rom the origin (curves 1-5 cor respond  to a rc  
cur ren t s  of 84, 94, 104, 124, and 147 A, respect ively) .  
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The l ineari ty of the dependence of i on 5 indicates that of the two models considered above the more  
probable is the lumped-contact  model (Fig. lb),  which also leads to a l inear dependence of i on 5 (1.10). On 
the other  hand, the dis t r ibuted-contact  model,  according to which i ~ 52 (1.5), c lear ly  does not ref lec t  the 
actual i-5 dependence. Thus, for  the purpose of the subsequent analysis  we shall employ the lumped-con-  
tact  model and the corresponding equation (1.10). 

Knowing 5 and the experimental ly measured  values of i and E, f rom (1.10) we can determine the over -  
all contact r es i s t ance  R. In this case  it is convenient to take the rat io i/5 f rom the slope of the approxima-  
ting s t ra iga t  lines (Fig. 4). The values of R thus calculated have been plotted against  the a rc  cur rent  I in 
logar i thmic coordinates  in Fig. 5. The points obtained a re  sa t i s fac tor i ly  descr ibed by a s t ra ight  line of the 
form 

tgR ~ lnA -~- n l g I  
(2.4) 

at values of A ~ 4.0.106 and n ~ -2 .86 .  Hence 

R = Atn..~. 4.0.10nI -~,s~ (2.5) 

Thus, the contact  r e s i s t ances  a re  inverse ly  proport ional  to the third power of the arc  cur rent .  After  
substituting (2.5) in (1.10) we obtain the following express ion for the shunting cur ren t s  

i ,~ 2.5. i0-76EI ~,s~ (2.6) 

The values of the cur ren t  i calculated f rom this express ion a re  within 20 % of the measu red  values.  

Express ion (2.6) can also be ~ : i t t en  in the fo rm 

~ 2.5. iO-7~EI I'~6 ( 2 . 7 )  

where ~ = i / I  is the shunting rat io.  

It should be kept in mind that express ions  (2.5), (2.6), and (2.7) were  obtained for  quite specific con- 
ditions in the a rc  (D = 5 ram, q = 0.05 g / s e c ,  p = 1 arm). 

The value of a was calculated f rom (2.7) for  d iaphragm thicknesses  5 = 1, 2, 5, 10, and 20 mm on the 
arc  cur ren t  interval  f rom 20 to 400 A. The values of the field s trength E were taken direct ly  f rom exper i -  
ment on the cur ren t  interval  f rom 20 to 200 A and f rom the extrapolation of the experimental  E(I) curve  
for cur ren t s  I := 200-400 A. The resul t s  of the calculat ions a re  presented graphical ly  in Fig. 6. 

These  calculat ions can be used to es t imate  the required  thickness of the stabilizing diaphragms.  Thus, 
for  example, given c~ ~ 2% and I ~ 150 A, according to Fig. 6, the thickness of the diaphragms should not 
exceed 5 mm. 

The effect of the axial gas flow on the shunting p rocess  is i l lustrated in Fig. 7, where we have plotted 
i and R against  the gas f lowrate q using the data of measuremen t s  on a coupled diaphragm of thickness 
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6 = 8.1 ram. The same f igure shows the dependence of 5 '  = 0.5(D - d) on q obtained on the basis  of e~rper- 
imental es t imates  of the column diameter  d by the method descr ibed.  The measurements  were made at 
a constant  a rc  cur ren t  t = 100 A. 

As may be seen f rom Fig. 7, increasing the argon flowrate f rom 0.05 to 1.5 g / s e c  leads to a decrease  
in shunting cur ren t  i approximately f rom 1.5 to 0.03 A (by a factor  of about 50). Af ter  passing through a 
minimum (at q ~ 2 g / s ec )  the shunting cu r ren t  begins to inc rease  slightly. This behavior  can be explained 
as follows. 

As the gas f lowrate increases ,  the per iphery  of the a rc  column is m o r e  and more  strongly cooled. 
As a resu l t  the thickness of the '~cold ~ boundary l ayer  significantly increases ,  especial ly in the region 
0.05 < q ~ 0.5 g / s e c  (Fig. 7). In these c i r cums tances  the c o l u m n - w a l l  contact res i s tance  increases  very  
sharply.  This causes  a sudden drop in the radial  s t ray  cur ren t  despite the fact that as q increases  there  
is a substantial  inc rease  in the field s trength E (and thus the effective voltage U r (1.9)). The lat ter  factor  
begins to play a significant ro le  only af ter  the R(q) curve  reaches  ~saturation. ~ This occurs  in the region 
q ~ 2 g / s ec ,  where the i(q) s ta r t s  to turn upward. 

As q increases  f rom 0.05 to 3.2 g / sec ,  the overal l  contact r e s i s t ance  R i r c r e a s e s  approximately 
f rom 6 to 800 ohm (by a factor  of about 130), the thickl~ess of the boundary layer  6" approximately f rom 
0.t  to 1.2 m m  (by a factor  of about 12). The s t ronger  increase  in R as compared  with 6* may be at tr ibu- 
table to a fall in the mean tempera tu re  of the boundary layer  T* as q increases  (obviously the gas flowrate 
affects the heat t r ans f e r  mechanism,  thus the radial  t empera tu re  distr ibution near  the wall and hence T*).  

One means of increas ing the plasma t empera tu re  in the a rc  column is to increase  the cur ren t  I. The 
above experimental  data and calculations indicate that in the case of an argon arc  at low gas flowrate the 
possibil i ty of increasing the cur ren t  I is ser iously  l imited owing to the strongly increasing shunting ratio.  
Thus, according to calculat ions based on (2.7), for  diaphragms 5 mm thick the shunting rs t io  is about 3 % 
at I -- 200 A, about 10% at I = 300 A, and about 20% at I = 400 A (see Fig.  6). Moreover ,  as exper iments  
have shown, a Strong increase  in the shunting ra t io  a dis turbs  the stability of the arc .  An ext reme increase  
in a may also lead to the des t ruct ion of the copper d iaphragms (especially the r ight cathodic edges).  

This constra int  is pract ical ly  eliminated at elevated f lowrates,  s ince in this case the shunting cu r -  
rent  is very sharply reduced (Fig. 7). 

The data obtained may also prove useful in cer ta in  other respec ts .  Fo r  example, a knowledge of the 
contact  r e s i s t ance  is requi red  in select ing the c i rcui t  for  measur ing  the potentials and field s trength in the 
a re  column by means of d iaphragm probes [2]. At high shunting rat ios  (for example, in the .case of a heavy-  
cur ren t  argon arc  at low flowrates)  a knowledge of ~ makes it possible to introduce a cor rec t ion  for the 
cur ren t  measured  in the external  c i rcui t  of the a rc .  It is desirable  to introduce such a cor rec t ion  in con- 
nection with cer ta in  quantitative investigations of the a r c  (for example, in determining the plasma conduc- 

tivity). 
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