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A simple thermophysical model is proposed for cold electrode erosion in electric-arc heaters. The model 

regards erosion as characterized by an effective enthalpy for the change of  state of  the electrode material in 

the arc spot from solid to plasma. We show that the erosion problem can be represented by a system of three 

one-dimensional equations. The total heat flux in the arc spot can be represented by the electrode voltage 

drop. A magnetically driven arc rotating between copper ring electrodes was used for the experiments. The 

present model enables us to reveal the relative significance of the different parameters in the erosion process 

and to predict the erosion behavior in cold-electrode electric-arc heaters over a wide range of  parameters. 

1. INTRODUCTION 

Cold-electrode electric-arc heaters have many potential applications in different areas of technology. How- 

ever, the lifetime of arc heaters is seriously limited by the erosion of the electrodes, mainly the copper cathode, 

hindering their wide application in industry. To prevent their fast destruction by erosion, cold electrodes must be 

operated with fast moving arc attachments, provided by a magnetic field or a swirling gas. For a long time, it has 

been considered that the main role in the erosion of copper electrodes was played by complex physical-chemical 

processes in the oxide layers of the electrodes surfaces. Much progress has been achieved by Guile et al. in showing 

experimentally that the basic mechanism in the erosion rate of oxide-covered electrodes was dominated by fusion 

of the substrate metal [1 ]. They proposed an Arrhenius-type relationship for the calculation of erosion [1 ]: 

d m / d T  = A exp - (AGer/kNT) , 

where d m / d T  is the mass erosion rate, A is the "rate factor," AGer is the erosion reaction activation energy, k is 

Boltzmann's constant, N is Avogadro's constant, and T is the electrode surface temperature. The value of AGer was 

found by Guile et al. to be rather close to the activation energy for interatomic bond "loosening" (fusion) of the 

substrate material. In this paper, a theoretical model is presented that is based on the same fusion thermophysical 

concept and applied to our and other authors' experimental data, showing that the model is able to take account 

of the main features of the copper electrode erosion process [2-5 ]. 

2. THEORY 

If current density in the arc spot does not exceed 107 A/cm 2 (for copper, 108 A/cm2), Joule heating of the 

electrode material under the arc spot can be neglected [6 ]. In this case, we can imagine the arc spot replaced by 

an ideal circular heat source with uniformly distributed heat flux density qo = jU = const [2-4, 6 ], where j is the 
arc spot current density and U we call the volt-equivalent of the arc spot heat flux (it is defined as the relation 

between the integral heat flux input to the arc spot and the arc current and is measured with the aid of a special 

experimental setup). We, then, study the heating of the electrode surface in coordinates attached to and moving 

with the source with constant velocity v (see Fig. 1). The maximum time of a given electrode point heat exposure 
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Fig. 1. Schematic  d iagram of the arc s ~ot heat  source: M R N P M  - zone below 

the melt ing t empera tu re  Tt; MPNQM - fusion zone. 

to the arc spot is equal to rmax =" d / v ,  where  d is the arc spot d iamete r  and  v is the  arc velocity. Due to the  high 

arc  velocities, the  Fourier  num ber  Fo d - ar,,,ax/d 2 << I [4-6 ], where  a is the  electrode thermal  diffusivity. T ak in g  

into account  that  d << b, or  Fob = armax/b 2 << 1, where b is the thickness of the electrode wall, we solve for a 

semi-infini te  body  (0 __< z < oo) and  for T > 0 the one-dimensional  heat  conduction problem under  the  condit ion 

qo " const;  for  T = 0, z = 0 a n d  z = ,o, we take respectively,  T(z,  O) = T = const ,  qo = -2OT(O, O / O z  and  

aT(o% T) /0z  = 0, where  2 is the the rmal  conductivity of the electrode mater ia l ,  and  z is perpendicular  to the  e lectrode 

surface. T h e  solution of this problem is given by  the equation [7, 8 ]: 

T (z, T) = T + 2q0 ..... ~ ierfc 
it 

) .  (1) 
2 r  

Making T(0, T 0) -- Tf, we obtain the t ime required for the electrode surface to reach the fusion t empera tu re  Tf: 

,r [ (Tf - 73,  2 (2) 
TO = ~a  [ q0 

For  points in the electrode surface that  lag behind the arc spot front  edge by a distance of l < lo (lo = vTo (see Fig. 

1), the t empera tu re  of the electrode benea th  the heat  source is de te rmined  by  equat ion (1), and  heat  removal  Qr 

through heat  conduction into the electrode body is equal to the arc spot heat  input Q0. Start ing at T -- T 0 (line M P N  

in Fig. 1), for points whose dis tance l _> l o, i.e., within the area  MPNQM (the fusion area) ,  the t empera tu re  T = 

Tf -- const. We use the p a r a m e t e r / '  = lo /d  = Tov/d  to character ize  the fusion zone extent  in the arc spot. It  is easy  

to see that  [ can be writ ten in the following form: 

~ l ' 5 v i t 2  (Tf -- T) 2 

1=  8 a / s v 2 P 5  ' 
(3) 

if we replace d by  2 , r  z 0 by (2) and  qo by jU, where I is the arc current .  
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If we take the hypothesis, that the erosion mass originates in the fusion zone and that the mass erosion rate 

G (kg/sec) is proportional to the "erosion heat" Qer [4 ] (heat spent in transforming the electrode mass in the fusion 
zone from the solid state into the plasma one), we can write: 

Qer = Qo - Qr = herG = her g l  , (4) 

where he/ is  the erosion effective enthalpy and g is the specific erosin rate (kg/C).  

Our aim is to calculate Qr and (20 in the fusion zone. Neglecting the thickness of the liquid layer  and 

assuming T -- Tr at z --- 0, the heat conduction problem for the fusion zone can be solved for r > r o, with equation 

(1) as the initial condition at r = r0. The solution of this problem gives the heat  flux density which is removed 
through the fusion zone [9 ]: 

2q0 - 1 W f ( ) t O  (S) 
qr T tan _ _  = ~ " 

We integrate (5) over all the fusion zone area. After some substitutions and simplifications, the integral of (5) 
yields: 

8qor2/3 
= -- 4qor2[  + wl + w21,  

(6) 

1 
where r is the spot radius, x and y are coordinates of the arbitrary point A in Fig. 1 and Wl = f ~ dp, w2 

0 
1 

- f y(p)tan-l(xFf/V ~,(p) - f) dp, fl = ~ l - f - - ~ ,  p = x / r v r ~  _ / 2  and y(p) = X/1 -p2(1 - / 2 ) .  
0 

The integral heat  flux input in the fusion zone area Q0 can be expressed as being proportional to its area 
FMPNQ M (see Fig. 1). Accordingly, we obtain 

Q0 = 2q0 fo  " / ~ r r ~ 7 ~  (2 ~ - %) dx  = 2q0 r2 (sin-1 fl _ f f l ) .  (7) 

Taking into account the above equations yields: 

Oer = U l l u  = U e r / =  (he/g) 1,  (8) 

where Uer -- U W  we call the volt-equivalent of the erosion heat  and W is a function of the / parameter,  is given by: 

2[ , 1 W =  ~ s i n - l  fl + ffl - -~ fl ( ~ Wl +w2)  , 

which can be approximated by a rather  simple expression: 

(9) 

' ( 7 . 1 3  0 . 4 4 2 1 . 4 7 7 )  (10) 
W =  W = 1 - f  2 . 4 7 5 + / +  0.04+------~ 

The s tandard deviation of (10), with respect to (9), is equal to 0.011 (Wma x = 1). From (8) we obtain the expression 
for the specific erosion rate [4 ], 

v w  (11) 

g ---- he f " 

In (8) we note that Uer is a linear funct ion of g, i.e., Uer = hefg. This equation will be usefull when comparing 

the erosion experimental data with the present theory, where we should make the constraint Uer = 0 for all points 
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Fig. 2. Scheme of the experimental setup for measuring the volt-equivalent of 

the arc spot heat flux U and the arc spot current density j. 1) current-fed 

rings; 2, 3) electroneutral rings. 

Fig. 3. Oscillogram records of the temperature of the ring electrodes versus 

time. The arrow position corresponds to the critical regime when d T / d r  starts 

to drop (beginning of electrode fusion). 
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giving f _ 1, as for these points, g-- 0. As a matter of fact, there is observed in different experiments some minimum 

erosion level for .f >_ 1, which we take into account by introducing the term go (called microerosion) into equation 

(11), giving for g, the final expression [4 ]: 

UW Uer (12) 
g =  go +-~-ef = g o +  hef 

From the above results, we see that the thermophysical model can be represented, in the simpliest form, by the 

system of three equations (3), (9) or (10), and (12). The main specifying parameters for calculating the total 

specific erosion g are the current I, the arc velocity v, and the electrode surface temperature T. 

3. EXPERIMENTAL INVESTIGATIONS 

3.1. Experiments on U and j. A coaxial experimental setup (Fig. 2) with uncooled copper tings as electrodes 

and a magnetically driven arc was used for thermal measurements of the volt-equivalent of the arc spot heat flux 

U and current density j. U was measured using an nonstationary method: a thermocouple records the heating curve 
of the electrode surface temperature as function of time (see Fig. 3). From the slope dT/d~  of the linear portion 

of this curve we calculate U. Details of the experiments are described elsewhere [51. Table 1 shows the measured 

values of U and a comparison between Uc + Ua and the sum of cathodic and anodic near-electrode voltage drops 

AUc + AUa (this last one, measured by a conventional method). A linear dependence of U (in volts) on magnetic 

field strength B (in Tesla) for atmospheric pressure is obtained: 

U = 6.52 + 4.28B. (13) 

Two methods were used for the measurements of j: an nonstationary and a stationary method. For the first one, 

we used the same experimental setup (Fig. 2) as for U. The parameter jean be obtained by reading the temperature 
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TABLE 1. Cathode and Anode Arc Spot Parameters for Different Experimental Conditions. Data in Brackets and Without 
Brackets Were Obtained by Different Procedures (see [5 ]) 

B , T  

0.133 

0.133 

0.133 

0.50 

0.24 

0.95 

P, atm 

1 

8 

20 

40 

1 

1 

u o v  

6.8 (7.5) 

9.4 (10.1) 

10.2 

(12.51 

7.4 

10.6 

Ua, V 

10.9 (11.4) 

10.4 (I 1.4) 

11.4 (10.6) 

13.7 (14.4) 

Ave + aVa, V 

18 

22 

27 

Wr + Va, V 

17.7 (18.9) 

19.8 (21.5) 

21.6 

24.3 

TABLE 2. Anode and Cathode Arc Spot Current Densities j and Arc Spot Diameters d for Different Experimental 
Conditions Obtained by Nonstationary Method (see [5 ]) 

I, A v, m/sec T, K d, mm ], A/cm 2 

1170 

1140 

1377 

I410 

1170 

1170 

790 

1172 

790 

226 

239 

260 

289 

226 

226 

189 

265 

189 

Cathode 

797 

817 

874 

947 

Anode 

933 

941 

886 

916 

953 

1.08 

1.07 

1.27 

1.39 

1.28 .105 

1.27-I05 

1.08-10 s 

0.93-I05 

1.85 

1.87 

1.41 

1.71 

1.56 

0.43.105 

0.42.10 s 

0.51.10 s 

0.51-105 

0.41-10 s 

T, where the slope dT/d~  of the straight line of the thermocouple heating curve versus time mentioned above begins 

to drop (see Fig. 3) [5 ]. This drop indicates the beginning of electrode melting at the arc spot. We obtain the arc 

spot current density by making f = 1 in equation (3). This yields the following equation: 

j = - -  
4 

2 4 v 2 ( T f -  T) 4 

a 2 v4i  

1/3 

(14/ 

Current densities calculated in accord with (14) are presented in Table 2. The stationary method for measuring j 

will be described in the next section, together with the erosion measurements. 

3.2. Erosion Experiments. A similar experimental setup (Fig. 2) to that used for the measurements of U 

and j, but equipped with water-cooled commercial copper ring electrodes, was used for the cathode erosion meas- 

urements in magnetically driven arcs. Compressed undehumidified atmospheric air was used as the working gas. 

The mass erosion rate was measured by the weighting method. The details of the experimental procedure are 

described elsewhere [5 ]. The experiments were realized for two values of the inner ring electrode diameters Dr: 

50 and 90 mm. The range of variation of the main parameters was the following: I -- 24 .5- I000 A, v = 19.3-344 

m/see, T = 300-1073 K, B = 0.03-0.242 T, g -  6.3 �9 10-1~ -8 kg/C, where B is the magnetic field strength. 
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TABLE 3. Cathode Arc Spot Current Densities .1' and Arc Spot Diameters d for Different Experimental Conditions 

Obtained by Stationary Method [5] 

I, A v, m/sec T, K U, V d, mm j, A/cm 2 

360 

370 

375 

395 

400 

440 

450 

490 

495 

705 

725 

765 

l l 0  

67.4 

62.0 

65.5 

111.2 

66.0 

128.6 

63.8 

55.0 

81.0 

80.0 

87 

633 

507 

585 

472 

660 

577 

692 

535 

563 

472 

485 

460 

7.09 

6.65 

6.65 

6.65 

7.09 

6.65 

7.09 

6.65 

6.65 

6.65 

6.65 

6.65 

0.55 

6.57 

0.63 

0.58 

0.60 

0.68 

0.64 

0.71 

0.77 

0.80 

0.82 

0.81 

1.53. l05 

1.47- 105 

1.23.105 

1.49.105 

1.41.105 

122- 105 

1.40- 105 

1.24- 105 

1.07- 105 

1 , 4 2  �9 l05 

1.37 �9 105 

1.47- 105 

4 -  

3 .  

A 

2- 

I 

0 

3 
•  " " 

�9 . . : ; 7  .J 

o 200 400 800 aoo looo 
I(A) 

Fig. 4. Specific cathode electrode erosion g vs current I: 1, 2) cathode with 

inner ring diameter 2R 1 = 50 mm; 3) cathode with inner ring diameter 2R1 

= 90 mm; 4) points with f > l; C2, theoretical curve for experimental points 

2; C3, theoretical curve for experimental points 3. 

A stationary experiment was carried out consisting in the registration of the inner, heated by the arc, 

electrode ring surface temperature T, the arc velocity v, the current I, the integral heat flux Q supplied to the inner 

ring electrode surface, and the change in weight of the eroded ring during the experiment (measurement of G or 

g). The total heat flux (2 was obtained by cooling water calorimetric measurements. 
3.3. Erosion Experimental Results. Experimental data (108 points) on the specific erosion g versus the arc 

current I for the cathode erosion are presented in Fig. 4. We observe a strong increase in the erosion intensity, 
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Fig. 5. Volt-equivalent of cathode erosion heat Uer vs specific erosion ~ a) for 

average values U =  6.78 V a n d j =  1.35 �9 10 -9 A/m2; b) for U=f(B) in accord 

with equation (15) and average value j = 1.35 �9 l0 -9  A/m2; c) for U = f(B) 
and j = f (B)  in accord with equations (15) .and (17), respectively. 

beginning at some critical current  value, which depends on the value of the electrode diameter.  For  the electrode 

with the 90-mm diameter,  erosion begins to increase at higher  currents  than for the 50-mm ring d iameter  (compare 

the two groups of points enclosed in frames in Fig. 4). 

Assuming that the abrupt  increase in erosion at the critical current  value is due to the fusion onset  in the 

arc spot 0 ~ = 1), it is possible to estimate the arc spot current  densi ty (s tat ionary method of measur ing arc spot 

current  densi ty)  [5 ] using formula (14) for the points inside the frames in Fig. 4. Values of the arc spot current  

densities for these  points are  given in Table  3. Th e  average value is equal to / = 1.35 �9 109 A / m  2. 

The  minimum erosion value go (microfusion erosion) corresponds to f > 1 [4, 10 ]. This  value can be 

est imated from Fig. 4 as 2 . 5 - 3 / ~ g / C ,  approximately,  for points marked as crosses (with f > 1). From processing 

of experiments  in the form Uer = f(g) we can derive more accurate averaged values for go and  her, as follows from 

equation (l 2). In o rder  to reject points pertaining to the onset  of erosion ~ = t ) ,  and also points pertaining to the 

minimum of erosion (f > 1), we applied the constraint  U e r  -- 0 for all points with f >_ 1. The  plot Uer = f(g) is shown 

in Fig. 5a, where we used the average values j = 1.35 �9 109 A / m  2 and U = 6.78 V for all exper imental  points. For  

the best l inear fitting equation Uer = A + Bg, we obtained a correlation coefficient R = 0.801. However,  if we take 

into account the dependence  of U on the magnetic field B, in accord with (13), the correlation coefficient improves 

appreciably (R = 0.887), with her = 49.6 _+ 2.5 MJ/kg and go = (2.81 +_ 0.85) �9 10 -9  k g /C  (see Fig. 5b). 

Returning to Fig. 4, we highlight two groups of points (for the cathode diameters)  DI = 50 mm and  D 1 -- 

90 mm).  The  distinguishing feature of each of the groups of points is that all the controlling parameters  (the 

magnetic field, the air flow rate,  and the cooling-water mass flow rate) remained constant.  T h e  magnetic fields for 

the cathode diameters  50 and 90 mm were, respectively, B = 0.133 T and B = 0.03 T. For each of these groups, 

we plot ted exper imen ta l  values of e lec t rode t empera tu re  and  arc velocity versus current .  Th en ,  these  were  

approximated by analytical expressions T = f ( / )  and v = f ( / ) .  

In Fig. 4, we plot the theoretical functions g(]) (curves C2 and C3) for the highlighted data,  in accord with 

equations (3), (10), and (12), taking account the analytical approximations T = f ( / ) ,  and v = f ( / ) ,  ment ioned  above. 

Due to the different  magnetic field intensities used for the two groups, the value of the arc spot cur ren t  densi ty  

was chosen individually for each group of points to obtain value f = 1 at the corresponding region of abrupt  erosion 

increase (points in frames) and the best theoretical line for the remaining points at f < 1. This  gives, for  the first 

556 



2.5 

2.0 

1.5. 

,y. 
o 
v 

1.0. 
O) 

0.5- 

0.0 

2.5 �9 a 

,o (a) 'i oi 
"~ / i 

1.0 ..;" i t. 

L'%../" d 
0.5 ~ . . / /"  

0 . o  �9 , �9 , �9 , , I 

] ) ) ~  40 80 120 160 

2'0 ,'o ~o 8'0 1~o 12o 
v (m/s) 

Fig. 6 (a) Theoret ical  specific erosion g vs arc velocity v for different  values 

of d T / d v  (Ks /m)  (shown) for I = 100 A, TO = 480 K, her = 130 MJ/kg;  b) 

experimental  data taken from [11 ]. 

group (B - 0.133 T) ,  j = 1.62- 109 A / m  2, and for the second one (B = 0.03 T) ,  ] = 1.36.109 A / m  2. Then ,  the 

following expression can be derived: 

j = (1.282 + 2.6B)-109 , (15) 

where j is given in A / m  2 and B in teslas. 

Substitution of (13) for U(B) and (15) for ](B) in (3) and then in (10) results in a much bet ter  agreement  

of the theoretical straight line function Uer = f (g)  with the experimental  data shown by the two groups of highlighted 

points (see Fig. 5c). The  best-fi t  s traight line in Fig. 5c gives a correlation coefficient R = 0.942, her = 66.1 _ 2.3 

MJ/kg  and  go = (3.12 _+ 0.58)- 10 -9  kg /C.  

The  two theoretical  curves C2 and C3 for the two groups of highlighted experimental  data  in Fig. 4 are 

shown taking into account the obta ined above values her = 66 MJ/kg and go -- 3.1 �9 10 -9  kg/C.  As one can see in 

Fig. 4, the theoret ica l  curves show a r a the r  good agreement  with the cor responding  highl ighted  groups of 

experimental  points. The  same groups of points are also highlighted in Figs. 5a, 5b, and 5c. We see from the last 

figures that  the deviation of these groups of points from the fitted lines decreases progressively as the U and  ] 

dependences  on the magnetic field are taken into account. 

In a gasdynamical ly  driven arc, the colder gas tends to flow closer to the electrode wall with an increase 

of the swirl velocity, resulting in a decrease in the electrode temperature,  i.e., d T / d v  < 0, if we take a l inear 

dependence  T = To + v ( d T / d v )  of e lec t rode  t em p e ra tu r e  on arc velocity, where  To is the init ial  e lec t rode  

temperature  and d T / d v  = const. For  a magnetically driven arc, the gas velocity tends to lag behind the arc velocity, 

which causes gas disturbances and increased heat t ransfer  to the electrode. This leads to an increase in the electrode 

surface temperature,  resulting in d T / d v  > O. 

Fig. 6a shows theoret ica l  plots of the  erosion behavior  with increasing arc velocity. For  d T / d v  < 0 

(gasdynamic case), the dependence  is trivial: higher velocity, less erosion. However,  for d T / d v  > 0 (magnetically 

driven arc),  there is a range of arc velocities for which the specific erosion decreases,  attains some minimal level 

g - go, and then increases with increasing velocity. 

In Fig. 6b we give a qualitative comparison of the theoretical behavior of erosion with an increase in the 

velocity of the arc using experimental  data presented in [11 ]. This comparison is qualitative, since the authors  do 

not communicate the tempera ture  conditions of the copper cathode. We selected the average values U = 6.7 V and 

] = 1.41 �9 l09 A / m  2 for a magnetic field of 0.05 T according to (13) and (15). We used go -- 1.7 btgC - ]  for the 
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minimum level of erosion, as noted in [11 ]. We assumed T = 480 K, so that f =  1 is obtained at the minimum level 

go. With dT /dv  = 4 and hef ~ 130 MJ/kg, a good qualitative agreement of the theoretical curve with the experimental 

data is obtained. As can be seen in Fig. 6b, with a further increase in velocity it is possible to expect an increase 

in the erosion. Unfortunately, the authors do not give experimental points in this region. We note that the obtained 

values of her and go differ quite markedly from the ones extracted from our experiments: 130 MJ/kg and 1.7 

�9 10 -9 kg/C, respectively, for their experiments. This difference could be explained by the different cathode 

materials and working gases: while we used commercial copper and undehumidified compressed atmospheric air, 

they used [11 ] electrolytic copper and pure argon-nitrogen mixtures, respectively. 

CONCLUSION 

We have demonstrated that our and other authors' experimental results on copper electrode erosion are 

resonably explained by a thermophysical model. By plotting the volt-equivalent of the erosion heat Uer calculated 

from experimental data as a function of the experimentally measured specific erosion g we were able to obtain the 

main parameters of the erosion behavior, go and hef. We have shown data on the volt-equivalent of the arc spot 

heat flux and on the arc spot current density, measured by thermal methods. These measurements have 

demonstated that these parameters are functions of the magnetic field strength in magnetically driven arcs. We 

were able also to explain an unexpected behavior of the erosion, observed by different authors, when, increasing 

the magnitude of magnetic field, at first, the erosion decreases, attains or stabilizes at a certain minimum level, 

and then starts increasing. In conclusion, a thermophysical model of copper-electrode erosion under the action of 

a fast moving arc spot has been realized. Simple equations have been obtained that enable one to predict the level 

of electrode erosion on the basis of the main parameters of electric arc heaters. 
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acknowledge the financial support of CNPq, FAPESP and FINEP of Brazil. 
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