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We investigate and generalize the results of experimental measurements of heat 
fluxes in a metal anode from a plasma jet of a plasmatron with an external arc 
(PEA) whose operating conditions vary over a wide range. 

In plasma-mechanical treatment (PMT) of metals [1-3] a problem sometimes encountered 
is that of intensification in the heating of a cut-off layer of a billet by an electric 
arc stabilized by a gas vortex and the walls of the PEA nozzle. The essence of the tech- 
nological process is that the metal subjected to compression by the cutting tool is heated 
by an electric arc, oneof whose electrodes is the billet itself. In what follows, we shall 
mean by the term "optimization of the heating of the metal" the choice of such conditions 
of combustion for the electric arc that the effective coefficient of heating of the metal 
(the efficiency) n =Qel/IU will be maximum. The choice of optimal operating conditions for 
the PEA enables us to maximize the productivity of metal treatment, increase the purity of 
the treated surface, and make maximum use of the technological possibilities of the PMT 
process for metals. 

The measurement of heat fluxes entering the metal anode has been investigated in a 
number of studies [4-6]. However, the experimental data given in these cannot be used for 
intensifying the process of heating because it is impossible to obtain from them a correla- 
tion formula for the heat flux. Using the results of theoretical and calculated investiga- 
tions [7, 8] on heat fluxes in metal is impossible because of the large error (up to 300%) 
resulting from the fact that the experimental conditions are not identical. It should be 
noted that the combustion of the arc with maximum effective efficiency of heating of the 
metal is not the only factor determining the effectiveness of the process of heat treatment 
of the metal. It is also necessary that the efficiency of the PEA be the maximum possible, 
that the work resource of the cathode be sufficiently high, that the electric arc retain 
its spatial stability, and that the rules of safety technology be observed. Experience in 
working with PEAs (with argon as the working gas) has shown that its efficiency is fairly 
high (92-96%) and that the work resource of a tungsten cathode is several hundred hours [9]. 
An argon arc, for the conditions of present investigations, retains its spatial stability 
at gas flow rates not less than 10 -4 kg/sec. The noise does not exceed 60 dB, and the arc 
combustion voltage is 180 V, i.e., the rules of safety technology are observed. 

To optimize the heating of the metal by the electric arc, we must make clear the funda- 
mental parameters affecting the process of heat transfer from the PEA to the material being 
treated and establish a mathematical relation between them. At present this problem has 
not been solved. 

The purpose of this study is the experimental investigation and generalization of heat 
fluxes in a metal anode from the electric arc of a PEA whose design parameters vary over a 
wide range: d = (4-10).10 -3 m, h = (0-14).10 -3 m, and the diameter of the calibrated tungsten 
cathode is (5-7).10 -s m. In the experiments, we used the generally accepted scheme for 
measuring heat fluxes which is described in [5]. However, the sensor for measuring the 
heat fluxes was itself completely different in design from the one described in [5]. 

As the sensor for measuring the heat fluxes entering the anode, we used a rotating 
calorimeter (Fig. i)~ consisting of two coaxially mounted tubes between which cooling water 
flows. The outer tube is made of copper, and the positive pole of the electrical power 
source for the arc is fed to it through contact brushes. The inner tube is made of a ther- 
mally insulating material, namely, plastic. In order to reduce the thermal inertia of the 
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Fig. i. Scheme of rotating calorimeter With flow- 
through coolant for measuring heat fluxes entering 
the anode: i) heat-absorbing copper surface; 2) 
hollow insert; 3, 4) junctions of differential 
thermocouple; 5) packing; 6) contact rings; 7, 8) 
brushes. 

calorimeter, the junctions of a differential thermocouple are set up in its interior at the 
minimum possible distance from the site of the heating, and the outputs of the thermocouple 
are joined to the contact rings. The calibration of the inner thermocouple was carried out 
with the calorimeter rotating, using the readouts of a nonrotating calibrated thermocouple 
whose junctions were situated near the junctions of the first thermocouple, at the water 
outlet and inlet. 

We did not observe any boiling of the water under the heated surface of the calorimeter 
for any of the conditions investigated; this is confirmed by the absence of any sharp jumps 
in the thermocouple signal. Using an experimental and computational method [i0, ii], we 
determined the time constant of the calorimeter (i.i sec), its sensitivity threshold for a 
water flow rate of 20-10 -3 kg/sec (40 W), the upper limit of measurement of the heat fluxes 
(45.103 W), and the minimum duration of one measurement (6 sec). The linear velocity of 
rotation of the sensor (i m/sec) was calculated by the formula Vo=2ro/0.1To, where To, the 
time up to the beginning of melting, is found from the formula [12] 

~o= [tP--t~ ~ 
q 4a 

The v a l u e s  o f  t h e  p a r a m e t e r s  ro and q a r e  t a k e n  f rom [1 3 ] .  

In the experiments the heat fluxes were measured by calorimetering of the water cooling 
the heat-absorbing surface of the sensor, the cathode, and the nozzle of the PEA. The water 
flow rates were determined with P~-4 rotameters. We also recorded other parameters of the 
process: the gas flow rate, the current of the electric arc, and the voltage drop across 
it. The recording of the thermocouple signals, the current, and the voltage was carried out 
by means of a K-II5 light-ray oscillograph. 

In order to reduce the voltage pulsations of the power source feeding the electric arc, 
we included in its load circuit a smoothing filter which reduced the pulsations to 2.6% for 
a current of 200 A through the active load. 

Because the calorimeter rotates during the measurements, there may be convective heat 
losses; taking these into account, on the basis of the criteria in the formula given in [14], 
we found that for V= 1.5 m/sec, D=0.1 m, tl = 20~ and t2 =50~ they do not exceed 1%. 
The heat losses at the sensor surface by radiation, estimated from the data of [15], were 
less than 1%. The total error in the measurement of the heat fluxes into the calorimeter 
did not exceed 6%. 

In order to generalize the results of the experimental investigations, we use the for- 
mula for the balance of energy at the metal anode, which is valid for a regime with a posi- 
tive potential drop at the electrode [16-18]: 

Qel=G(hs--ha)+l( 52 kTee -~ Ua-IL q~a) ' (2) 
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Fig. 2. Comparison of the 
heat fluxes entering the 
anode obtained from the 
Qel experiment and those 
calculated by formula (4). 
Qel, Qp in kW. 

from which it follows that the heat flux Qel must be proportional to the current of the 
electric arc. Furthermore, we took the diameter of the PEA nozzle , the depth to which the 
cathode was inserted into the nozzle, the length of the open part of the electric arc, and 
the gas flow rate, as the determining parameters. For the conditions of the experiment it 
should be noted that the heat flux entering the metal anode is a monotone increasing func- 
tion of L and h and a monotone decreasing function of G and d. It is therefore convenient 
to approximate the heat flux into the sensor by the following formula: 

�9 I ~ L  ~ 
Qp = A G-~d 0 (1 § Bh). (3) 

For  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  ( I '  80-500 A, U = 27-65 V, G = ( 0 . 4 - 2 ) ' 1 0  -~ k g / s e c ,  
h =  ( 5 - 2 0 ) . 1 0  -3 m):we found t h a t  t h e  c o e f f i c i e n t  v a l u e s  were  t h e  f o l l o w i n g :  A = 1 . 1 2 . 1 0 - 2 ;  
B=450; ~=1.63; B =0~.37; y=0.04; 8=O.87. The final formula for the heat flux entering 
the sensor has the following form: �9 

1 l.s3Lo.~z 
' Qp = 1.22.10 -2 -60.04 dOl;S7 (1 + 450h). (4) 

For  t h e  c a l c u l a t i o n s ,  a l l  t h e  q u a n t i t i e s  a p p e a r i n g  i n  t h e  e x p r e s s i o n  a r e  t a k e n  i n  t h e  
SI sy s t e m (Qp i n  W). With an e r r o r ' o f  up to  15%, we can c a l c u l a t e  by f o r m u l a  (4) t h e  h e a t  
f l u x  e n t e r i n g  t h e  s e n s o r  f rom an e l e c t r i c  a r c  s t a b i l i z e d  by  a gas  v o r t e x  and t h e  w a l l s  o f  
t h e  PEA n o z z l e .  F i g u r e ' 2  shows a c o m p a r i s o n  o f  t h e  h e a t  f l u x e s  o b t a i n e d  by e x p e r i m e n t  and 
t h o s e  c a l c u l a t e d  by  f o r m u l a  ( 4 ) ,  and t h e  v a l u e s  a r e  s een  to  be  i n  f a i r l y  good a g r e e m e n t .  

From the dita of our investigation it follows that the effective voltage equivalent 
U* =Qel/I is a complicated function of I, L, hs, G, and h. Unfortunately, an attempt to 
verify the suitability of the resulting calculation formula on the basis of data published 
by other authors [5, 6] was unsuccessful, since the published studies do not include all the 
parameters necessary for the calculation. 

NOTATION 

n, efficiency of heating of the metal; Qel, heat flux into the calorimeter; I, current 
of the electric arc; U, voltage drop across the electric arc; V, linear velocity of rotation 
of the sensor; ro, thermal radius of arc spot; m o, time until surface of calorimeter begins 
to melt; tp, melting point of copper; to, initial temperature of calorimeter surface; q, 
specific heat flux in the heating spot; a, thermal diffusivity; D, diameter of rotating 
calorimeter; tl, temperature of surrounding medium; t2, temperature of the surface of the 
rotating calorimeter; G, argon flow rate;�9 hs, specific enthalpy of argon in the region near 
the anode; ha, specific enthalpy of argon at the surface of the calorimeter; k, Boltzmann 
constant; Te, electron temperature in the anode region; e, charge of the electron; Ua, poten- 
tial drop at the anode; ~a, work function of electrons leaving copper; L, length of open 
part of the arc -- distance from the cut in thenozzle of the PEA to the sensor; h, depth 
of cathode insertion into the nozzle -- distance from the cut in the PEA nozzle to the 
cathode; d, diameter of the PEA nozzle; U~, effective voltage equivalent. 
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