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The current--voltage characteristics of direct-action plasmatrons operating with 
air, nitrogen, or argon are analyzed and generalized. 

Many studies have been made [1-8] of direct-action plasmatrons used for cutting metals, 
for plasma-arc smelting, for plasmomechanical processing, and for rotary extrusion with 
plasma heating. The principal parameters in most of these processes are the integral ther- 
mal flux and the specific thermal flux into the metal, both determined primarily by the 
current--voltage characteristic of the direct-action plasmatron and by the position of the 
latter relative to the processed object constituting the anode. This is suggested by the 
fact that the coefficient of effective heat transfer here varies within the 0.4-0.65 range 
[8]. So far, however, no generalization of the current--voltage characteristics of direct- 
action plasmatrons has been made, these characteristics intricately depending on electrical 
as well as gasdynamic parameters of the electric arc which, in turn, intricately depend on 
the design of the arc chamber (diameter and length of the nozzle, distance from the throat 
of the plasmatron nozzle to the cathode, etc.). The object of this study was an experimen- 
tal determination and subsequent generalization of the current--voltage characteristics of 
direct-action plasmatrons operating under atmospheric pressure and using air, nitrogen, or 
argon as the plasma generating gas. 

Attempts to generalize the current--voltage characteristics of the entire arc of a 
direct-action p]asmatron in a criterial form or in a complex form without subdividing the 
arc into segments have been futile, because of the large number of independent parameters. 
Better results have been obtained by subdividing the electric arc into two segments (segment 
I from the cathode to the throat of the plasmatron nozzle and segment II from the throat of 
the plasmatron nozzle to the anode surface) and generalizing the current--voltage charac- 
teristics on that basis. The current--voltage characteristics on both segments are, respec- 
tively, ascending and descending in all plasmatron operating modes under consideration. 
The trend of the current--voltage characteristic of the entire arc is determined by the sign 
of the sum of derivatives dU/dI=dUi/dI+dUii/dI at each value of the arc current. Accor- 
dingly, these authors deemed it correct to generalize the voltage drop across each segment 
and to calculate the resultant voltage across the electric arc as the sum of those voltage 
drops. 

With the aid of the electric circuit shown in Fig. i, we recorded I, V, and VI by trac- 
ing the signals on a model N-II7 light-beam oscillograph. The potential VI was measured by 
the conventional method [9] with an electric probe in the form of a tungsten wire 0.3 mm in 
diameter cuting across the electric arc at the velocity of 1 m/sec. The resistor R3 was 
410 k~, it had been selected on the basis of data in another study [i0]. The correctness 
of measurements was checked with a voltage probe along the segment from the throat of the 
plasmatron nozzle to the cathode. For this purpose, the probe was twice inserted into the 
arc under the same operating conditions. During the first cutting through the arc column 
was measured the voltage drop across the segment from cathode to nozzle throat; during the 
second cutting was measured the voltage drop across the segment from nozzle throat to anode. 
The sum of both voltage drops was found to be equal to the voltage across the entire arc, 
within the limits of measurement error (• A steel shaft 120 mm in diameter rotating 
at ii0 rpm served as the anode. Insertion of a smoothing filter F into the arc supply cir- 
cuit reduced the ripple of the supply current to 4%. The variation of the arc length (dis- 
tance Lo =L/cos ~+h) due to wobble of the rotating processed part did not exceed • 
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Fig. i. Schematic diagram of measure- 
ments: SS) supply source; F) filter; 
GI, G2, G3) galvanometers for recording 
the current and the voltage drops across 
the arc and across the segment from 
cathode to nozzle throat, respectively; 
RI, R2, R3) external auxiliary resis- 
tors; Rsh) shunt resistor. 

The parameters determining the arc performance were varied as follows: N from 18 to 
65 kW, I from 80 to 400 A (during operation with nitrogen or argon), I from 80 to 320 A 
(during operation with air), G from 0.5"10 -3 to 2.5-10 -3 kg/sec, Lo from 2.10 -2 to 10"10 -2 
m, a from 0 to 60 ~ , h from 4-10 -3 to 14-i0 -~ m, and d= (3, 4, 5, 6, 8)'10 -~ m. The angle 

in these experiments was in planes passing through the axis of the processed part. The 
cathode, 5.10 -3 m in diameter, for operation with nitrogen or argon was made of thoriated 
grade VT-10 tungsten and pressed into a water-cooled copper jacket. This tungsten cathode, 
sharpened to a point with a 90 ~ opening angle, protruded 1-10 -2 m beyond the jacket. The 
zirconium cathode was of the conventional construction [ii]. Some typical current--voltage 
characteristics of direct-action plasmatrons with various I, G, d, and h are shown in Fig. 
2a-c. Depending on the arc parameters, these current voltage characteristics are continously 
descending, continuously ascending, or have both descending and ascending segments. 

The method of dimensional complex groups was used for generalizing the current--voltage 
characteristics on both segments. For generalizing the current--voltage characteristics on 
segment I the general form of the expressions [9] was used 

O I " <. 
U, =A \ - ~ - 1  

One c a n  r e g a r d  ( p d ) q  a s  a c o n s t a n t  q u a n t i t y  and  i n c o r p o r a t e  i n  i t  t h e  f a c t o r  A. I n d e e d ,  
[ 1 2 ] ,  t h e  p r e s s u r e  i n  e x p r e s s i o n  (1 )  i s  t h a t  a t  t h e  e x i t  s e c t i o n  o f  t h e  n o z z l e ,  e q u a l  t o  
0 . 9 8 . 1 0 3  N/m 2 u n d e r  t h e  c o n d i t i o n s  o f  t h e  e x p e r i m e n t  and  n o t  v a r i e d  d u r i n g  t h e  m e a s u r e m e n t s .  
C o n s e q u e n t l y ,  t h e  p d - c o m p l e x  t h u s  b e c o m e s  a d - c o m p l e x .  F u r t h e r m o r e ,  w i t h  t h e  n o z z l e  d i a m e -  
t e r  i n  t h e  d i r e c t - a c t i o n  p l a s m a t r o n  v a r i e d  o v e r  a n a r r o w  r a n g e  ( t h r o u g h  a f a c t o r  o f  2 . 6 6  
o n l y )  and  t h e  n u m e r i c a l  v a l u e  o f  q much s m a l l e r  t h a n  u n i t y ,  i t  h a s  b e e n  f o u n d  p o s s i b l e  n o t  
t o  e n t e r  t h e  p d - c o m p l e x  i n  a n  e x p l i c i t  f o r m .  

TABLE i. Values of Coefficients A, B, C and Exponents m, n, 
r, x, y, z in Expressions (1)-(3) 

Plasma gen- 
erating gas 

Air 

Ni=ogen 

Argon 

0,75 

0,25 

0,30~ 

B C 

160 210 

65 2}0 

38 210 

0,2 

0,23 

0,2 

0,356--1,2 d 

O, 5--50 d 

0,504--38 d 

r x 

0,50 0,27 

0,75 0,16 

0,75 0,22 

L 
5 , 4 - -  

COS O~ 

L 
4 , 7 - - - -  

--38 G 

COS Cr 

-- 65 G -}- 0,035 
0,13 

z q 

0,55 0 

0,64 0 

0,861 0 
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Fig. 2. Dependence of the voltage drop across 
the arc V (volts) (a, b, c) and of the voltage 
drop across the segment from cathode to nozzle 
throat V, (volts) (d, e, f) on the current I 
(amps): (a), (d) G=1.27.10 -3 kg/sec, 1-5) 
L=?, nozzle diameter d= (3, 4, 5, 6, 8)'10 -3 
m, respectively; (b), (e) G=1.27'I0 -s kg/sec, 
d =4.10 -3 m, 6-8) distance to the processed 
part L= (30, 60, 90).10 -3 m, respectively; (c), 
(f) L=60"10 -3 m, d=4.10 -3 m, 9-11) air flow 
rate G= (0.54, 1.27, 2~47).I0 -s kg/sec. 

An evaluation of the experimental data (some of them shown in Fig. 2d-f) indicates 
that curves plotted on the basis of expression (i) agree with them within • The values 
of coefficient A and exponents m, n, r obtained experimentally are given in Table i. The 
correspondence between experimental results and theoretical results based on calculations 
according to expression (i) is shown in Fig. 3d-f. 

The current--voltage characteristics on segment II were generalized by the method 
shown in the earlier study [13]. Here the voltage drop V~I was experimentally determined 
as the difference between that across the entire arc and that across segment I. In the 
search for a generalizing expression we used some results of another study [i0], where it 
had been demonstrated that the electric field intensity in the open part of the arc increa- 
ses with increasing flow rate of the plasma generating gas but decreases with increasing 
arc current and increasing plasmatron diameter. In addition, we have also taken into 
account that the cross section of the electric arc tapers less as the distance from plas- 
matron nozzle to processed part is increased. The current--voltage characteristics on 
segment II were generalized in the form 

UII=BGx(--~)Y( dcos~L )z .  (2) 

An evaluation of the results has established that the exponent y is a function of the 
gas flow rate and of the distance to the surface of the processed part constituting the 
anode. The values of coefficient B, C and exponents x, y, z are given in Table i. The 
experimentally obtained values differ by not more than • from those calculated theoreti- 
cally on the basis of expression (2) and given in Table i. The generalized equation of 
the current--voltage characteristics for a direct-action plasmatron operating with various 
plasma generating gases (air, nitrogen, argon) is 

U=A~ Gd ] ~ d ] +BGX dcosa , (3) 

The e x p e r i m e n t a l l y  ob ta ined  va lues  d i f f e r  by not  more than • from those  based on exp re s -  
s ion  (3) .  The cor respondence  between exp re s s ion  (3) and expe r imen ta l  da ta  i s  shown in  Fig .  
3a-c. 

The results of this study facilitate i) the engineering design of direct-action plas- 
matrons and 2) selection of the plasmatron operating mode as well as setting the proper 
distance to the processed part. 
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Fig. 3. Correspondence between experimentally 
determined voltage drops across the arc Ve 
(volts) and across the segment from cathode to 
nozzle throat V!e (volts) and those calculated 
theoretically V t (volts) and Vlt (volts), 
respectively, on the basis of expressions (3) 
and (i) for the same operating conditions as 
in Fig. 2. 

NOTATION 

V (volts), voltage drop across the arc; V I (volts), voltage drop across the arc seg- 
ment from cathode to nozzle throat; VII (volts), voltage drop across the arc segment from 
nozzle throat to anode; I (A), arc current; Lo (m), arc length; L (m), distance from the 
center of the nozzle throat to the anode; ~ (deg), angle between the plasmatron axis and 
the normal to the surface of the processed part, at the intersection of both; h (m), dis- 
tance from the throat of the plasmatron nozzle to the cathode; N (kW), arc power; G (kg/sec), 
flow rate of the plasma generating gas; and d (m), diameter of the plasmatron nozzle. 
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