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Power and Current Distributions in Gas 
Tungsten Arcs 

An improved method of data analysis for determining 
power- and current-density distributions in welding arcs has 

been developed 

BY M . LU A N D S. K O U 

ABSTRACT. The power- and current-
density distributions in a welding arc can 
significantly affect heat and fluid flow in 
the weld pool during arc welding, which 
in turn affects important weld character
istics such as weld penetration, segrega
tion, gas porosity and solidification struc
ture. In order to provide quantitative 
information for studying heat and fluid 
flow in the weld pool, an experimental 
study was carried out to measure the 
power- and current-density distributions 
in gas tungsten arcs using a split-anode 
technique. The method for determining 
the power- and current-density distribu
tions from the experimental data generat
ed by the split-anode technique is rather 
critical. A new, improved method devel
oped in the present study, as well as four 
other previous methods, were employed 
to determine the power- and current-
density distributions from the experimen
tal data. The validity of the approximation 
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of the Gaussian distribution was exam
ined, and the effects of the arc length, arc 
current and electrode diameter were 
observed. 

Introduction 

In the classical welding heat flow theo
ry of Rosenthal (Ref. 1), the heat source 
was treated as a point. In reality, howev
er, the heat source is more often finite in 
size than merely a point. In gas tungsten 
arc welding, for instance, the arc covers a 
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certain area on the workpiece surface, 
depending on the welding condition 
used. The welding experiments con
ducted by Savage, et al. (Ref. 2), and 
especially by Key, et al. (Ref. 3), have 
strongly suggested that the distributions 
of power and current in a gas tungsten 
arc can significantly affect the geometry 
of the resultant weld bead — a more con
stricted arc tends to produce a higher 
depth/width ratio of the weld bead. Kou, 
et al. (Ref. 4), have developed a heat-
flow model and have demonstrated with 
the help of the model the effect of the 
power-density distribution on the geo
metry of gas tungsten arc welds. More 
recently, Oreper, et al. (Refs. 5-7), and 
Kou, et al. (Refs. 8-12), have developed 
fluid-flow models and have demon
strated with the help of the models the 
effect of the power- and current-density 
distributions on weld pool convection 
and penetration in gas tungsten arc 
welds. To effectively use these models to 
simulate heat and fluid flow during weld
ing, the power- and current-density distri
butions of the welding arc must be spec
ified first. 

In order to better understand the pow-
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Fig. 1-Schematic illustration of the split-anode technique 

er- and current-density distributions in 
welding arcs and, at the same time, 
provide quantitative information for 
studying heat and fluid f low during arc 
welding, it is essential to have a reliable 
method for determining such distribu
tions. This, in fact, is the objective of the 
present study. 

The power- and current-density distri
butions in electric arcs have been mea
sured by Nestor (Refs. 13, 14) using a 
split-anode technique. Schoeck (Refs. 15, 
16) has also measured the power-density 
distribution in electric arcs, using both a 
split-anode technique identical to that 
used by Nestor and a point-probe-anode 
technique. However, neither of the two 
investigators was concerned with weld-

fig. 2 — The split-anode 
coordinate system. The 
shaded area represents 

the heat flux to the right 
dee, i.e., F(x). R and x are 

the arc radius and 
position, respectively 

ing arcs, and the experimental conditions 
used were quite different from those 
encountered in arc welding. Neverthe
less, both studies have provided useful 
information about the basic experimental 
techniques and methods of data analysis 
for determining the power- and current-
density distributions. 

Recently, Tsai (Ref. 17) had adopted 
the same split-anode technique previous
ly used by Nestor and Schoeck to mea
sure the power- and current-density dis
tributions in gas tungsten welding arcs. 
Three different methods of data analysis 
were used to determine the distribution 
curves from the split-anode data. Due to 
difficulties associated with each of the 
three methods, however, all three meth

ods were used, and the results were 
compared to attain the best solutions for 
the power- and current-density distribu
tions. 

During the early stage of the present 
study, the three data analysis methods 
used by Tsai were also adopted, and 
rather abnormal distribution curves were 
frequently obtained. It was soon realized 
that the method of data analysis is very 
critical, and a reliable method must be 
found. Two additional methods were 
then employed, including the new meth
od developed in the present study. 

Experimental Technique 

The split-anode technique (Refs. 13, 
15) was used in the present study for 
measuring the power- and current-densi
ty distributions in gas tungsten arcs. The 
basic principle of this technique is illustrat
ed schematically in Figs. 1 and 2. As 
shown, the center of the arc (O) is a 
distance x to the left of the splitting plane 
AB in the copper anode. The heat trans
fer rate to the right anode section is 
described as follows. 

F(x) = 2 JI f(r) r cos"1 (x/r) dr (1) 

where R is the radius of the arc and f(r) is 
the heat transfer rate per unit area over 
the annular zone bounded by radii r and 
r + dr. The integrated function F(x) is 
measured directly, while the radial distri
bution f(r) is the function to be deter
mined. From Equation 1, the slope of the 
function F(x) is as follows. 

F'(x) = = - 2J! 
f(r)r 

V' 2_v2 
dr (2) 

The above equation is an Abel integral 
equation, and the solution f(r) is as fol
lows. 

* > - ? / 
F"(x) 

^dx (3) 
Vx r 

In the above equation, F"(x) is the second 
derivative of the heat transfer rate to the 
right anode section F(x) with respect to 
the arc position x. 

Apparatus and Procedure 

The experimental apparatus used in 
the present study is similar to that 
employed by Tsai (Ref. 17). In brief, the 
split anode consisted of two identical 
copper dees of 76-mm (3-in.) diameter 
with their plane edges separated by an air 
gap of 0.1 mm (0.004 in.). This air gap 
serves as a thermal and electric insulator 
between the two copper dees. Both 
copper dees were water-cooled during 
experiments, as illustrated in Fig. 1. 

The cathode was a 2% thoriated tung
sten welding electrode of 2.4- or 3.2-mm 
(%2- or Vs-in.) diameters. The electrode 
was machined to an included angle of 50 
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or 75 deg with a 0.5-mm (0.02-in.) diam
eter truncation at the tip. A programma
ble gas tungsten arc (CTA) welding 
machine was used as the power source. 
Direct current, electrode negative 
(straight polarity) GTA welding was oper
ated with a 0.567-m3/hr (20-cfh) argon 
shielding gas. 

The temperature rises of the cooling 
water passing through the copper dees 
were sensed by means of differential 
thermistors (Omega 44201), as shown in 
Fig. 1. The water flow rates were mea
sured using turbine flowmeters and were 
maintained within ±0.005 gpm (0.019 
L/min). The electric pulse signals generat
ed by the flowmeters were amplified and 
converted to analog values. At the 
upstream of the water line, a water 
deoxygenator was used to remove dis
solved oxygen in the water so that gas 
nucleation would not occur as the water 
temperature increased. 

For the measurement of the current-
density distribution, electric current was 
measured across a shunt of 0.0005-ohm 
resistance placed in the circuit. A PDP-
11/73 data acquisition system with an 
analog-digital converter was used to 
record the data. 

The split anode was mounted flat on a 
horizontally travelling stage driven by a 
synchronous motor at a speed of 1.8 
mm/min (0.07 ipm). The arc was initially 
positioned on one copper dee, and the 
horizontal stage was driven so that the 
splitting plane of the anode moved 
across the arc in the direction perpendic
ular to itself. 

Data Analysis 

An example of thermistor outputs as a 
function of time is shown in Fig. 3. Curve 
1 shows the result from the cooling water 
passing through the copper dee upon 
which the arc was initiated, while Curve 2 
shows that from the other copper dee. 
The heat transfer rate F(x) as a function of 
the arc position x can be obtained from 
the results shown in Fig. 3, using the 
travel speed of the anode and the follow
ing equation: 

F(x) = AT(x) CpW(x) 

where AT(x) is the temperature rise 
determined from the output from the 
differential thermistors. C, p and W(x) 
are, respectively, the specific heat, densi
ty and flow rate of the cooling water. The 
results obtained were treated with spline 
smoothing (Ref. 18). 

The following methods were used to 
derive the radial distribution of the power 
density f(r) from the smoothed data of 
F(x): 

1) Derivation of the distribution func
tion from Nestor's tabulated values (Ref. 
13). 

2) Numerical integration using Equa-
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Fig. 3 — Thermistor outputs, due to temperature rises in cooling water passing through copper 
dees, recorded as a function of time 

tion 3, with the values of the double 
derivative F"(x) taken from the smoothed 
data. 

3) Approximation of the recorded 
data F(x) with a high polynomial function 
and integration using Equation 3 with F"(x) 
derived from the polynomial function 
(Ref. 17). 

4) Dividing the circular area of radius R 
into N annuli and solving the resultant N 
linear simultaneous equations for the dis
tribution function by backward substitu
tion (Ref. 15). 

5) Using a statistical approach called 
"non-parametric minimization" and con
straints set forth by the characteristics of 
the power-density distribution. Exponen
tial functions were also tried in Method 
3. 

The first three methods were used by 
Tsai (Ref. 17). They were also used in the 
early stage of the present study. Because 
the double derivative of the measured 
F(x) is very sensitive to experimental 
noises, Methods 1 and 2 resulted in 
unstable and abnormal values. An 
approximation with a high order polyno
mial function produced results similar to 
Methods 1 and 2. An approximation with 
an exponential function resulted in a 
monotonically decreasing radial distribu
tion, but oftentimes, the value at the 
origin of the distribution curve was not 
physically meaningful. In fact, in Abel 
transformation, all of the above three 
methods involve either a single or double 
derivative of measured F(x), and as a 
result, the distribution function obtained 
tends to be unstable and abnormal. 

Since Method 4 involves no derivatives 
of F(x), it generally yielded results better 
than those produced by the above three 
methods. The circular area of radius R 

was divided into N annuli, and the resul
tant N-linear simultaneous equations 
were solved for the distribution function 
by backward substitution. The detailed 
calculation procedure has been de
scribed by Schoeck (Ref. 15). Due to the 
experimental error in F(x) and the statisti
cal error propagation in the backward 
substitution, the resultant distribution 
function f(r) was not always monotonical
ly decreasing from the center to the edge 
of the arc. This problem is illustrated in 
Fig. 4, using the results from Fig. 3. As 
shown, according to this method (Meth
od 4), the power density of the arc, while 
decreasing from the center to the edge 
of the arc, increases suddenly at the radii 
of about 2.8, 5.2 and 6.5 mm (0.1, 0.2 
and 0.25 in.). 

In order to overcome the above-men
tioned problem, a new method was 
developed in the present study. This 
method utilizes a statistical approach 
called non-parametric minimization and 
incorporates constraints set forth by the 
characteristics of the power-density dis
tribution. Specifically, the distribution 
function f(r) is sought by minimizing the 
statistical difference between the experi
mentally measured data of F(x) and the 
corresponding values projected from the 

function, i.e., 2 jR f(r) r cos - 1 (x/r) dr, 

without specifying the form (in terms of 
parameters) of the function first, and with 
the following two constraints being con
sidered. First, the power density of the 
arc should be maximum at the center of 
the arc and decrease toward the edge. 
Second, the power-density distribution, 
when integrated over the area under the 
arc, should yield a power equal to the 
actual power delivered from the arc. The 
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Fig. 5 — Power-density distribution in a 60-A arc with a 2.2-mm arc 
length. The electrode diameter is 2.4 mm 

formulation of this method is given as 
follows. 

Equation 1, which gives the relation
ship between the measured function F(x) 
and the desired function f(r), is expressed 
in the following summation form. For any 
Xk, 

N 
F(xk) = 2 E f| n cos - 1 (xk/n) Ar 

i = k 

N 
= £ fi Ak j 

i = k 

where f| = f(r,). 
The residual, which is defined as the 

difference between the observed and 
fitted values, is 

N 
F(x k ) - E fjAfcj 

i = k 

The residual sum of squares (SS), which 
is called the objective function and is a 
function of f1( f2, . . . fiM, can be written 

as 

N N 
SS(f)= E (F(Xk)- 2 fiAk,i)

2 

k - 1 i = k 

where 

f = 

( ! ) 

The two constraints mentioned previ
ously can be expressed as follows. 

1) f! = f2 > f3 > . . . > fN > 0 

N 
2) 2 E f| \ v = Q 

i = 1 

where Q is the power delivered from the 
arc to the anode. Since the power densi
ty is at its maximum at the center of the 
arc, the slope of the power-density distri
bution curve should be zero there, and 

this is approximated by setting f-i = f2. 
Similarly, for determining the current-

density distribution, the objective func
tion can be written as 

M M 
SS(j)= E ( j ( x k ) - E 

k = 1 i = k 
ii Ak,i)

2 

where j is the current-density vector, and 
J(Xk) is the measured current. The two 
constraints are 

1) J1 = J2 > J3 > • • • > JM > 0 

M 
2) 2 E j; Av = I 

i = 1 

where I is the welding current. 
A statistical procedure called "extend

ed gradient projection" (Ref. 19) was 
used to carry out the minimization under 
the two constraints. The results are 
shown in Fig. 4. As shown, the power 
density decreases monotonically from 
the center to the edge of the arc. 
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Fig. 6 — Power-density distribution in a 60-A arc with a 4.7-mm arc 
length. The electrode diameter is 2.4 mm 

Fig. 7' — Power-density distribution in a 100-A arc with a 2.7-mm arc 
length. The electrode diameter is 2.4 mm 
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Fig. 9 — Comparison between power-density distributions in the present 
and a previous study 

Results and Discussion 

Figure 5 shows the result of the power-
density distribution in a gas tungsten arc 
of direct current and electrode negativity 
(DCEN). The welding current and the arc 
voltage were 60 A and 12 V, respective
ly. The shielding gas was pure argon, and 
the arc length was 2.2 mm (0.09 in.). The 
electrode had a 2.4-mm (%2-in.) diameter 
and a 50-deg tip angle. As shown, the 
power density has a maximum value of 
about 80 W / m m 2 at the center of the arc 
and drops to essentially zero at a radius 
of about 3 mm (0.12 in.). 

The experimental result shown in Fig. 5 
was approximated with a Gaussian distri
bution of the form q(r) = A exp (—cr2). 
The two parameters A and c were deter
mined by meeting the following two 
conditions: 1) the integration of q (r) over 
the anode area equals the power deliv
ered from the arc Q; and 2) the area 
under the Gaussian distribution curve 
equals that under the experimental distri
bution curve (Ref. 17). As shown in Fig. 5, 
the experimental distribution curve is 
steeper than the Gaussian one. However, 
the Gaussian distribution curve appears 
to be a reasonable approximation in this 
case. 

Figure 6 shows the result of the power-
density distribution in a gas tungsten arc 
under a welding condition identical to 
that shown in Fig. 5, except that the arc 
voltage (14.2 V) and the arc length (4.7 
mm/0.19 in.) were higher. As expected, 
the maximum power density at the cen
ter of the arc is lower than that shown in 
Fig. 5, while the power density near the 
outer regions — at the radius of 3 mm, for 
example —is higher. This effect of arc 
length is consistent with that reported in 
previous studies (Refs. 13, 17). 

The result shown in Fig. 6 reveals the 
interesting and important point that the 
Gaussian distribution is in fact a poor 

approximation in this case. 
Figure 7 shows the result of the power-

density distribution in a gas tungsten arc 
under a welding condition similar to that 
shown in Fig. 5, but with a higher welding 
current of 100 A. As shown, the power 
density is generally higher than that in Fig. 
5. However, little difference exists 
between the two in the region near the 
center of the arc. This is perhaps due to 
the fact that the arc length (2.7 mm/0.11 
in.) is somewhat greater in this case and 
that the maximum power density is 
already rather high and is, therefore, 
difficult to further increase. 

An experiment was also carried out 
using a larger electrode of 3.2-mm (Va
in.) diameter with a 75-deg tip angle. The 
welding current and arc length were 100 
A and 4.7 mm, respectively. The result of 
the power-density distribution is shown 
in Fig. 8. As shown, the maximum power 
density is much lower than those shown 
in Figs. 5 to 7, thus indicating that the 
steepness in the power-density distribu
tion is significantly reduced by increasing 
the electrode diameter. 
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Welding conditions close to that in Fig. 
8 have been used by Tsai (Ref. 17), and it 
is, therefore, desirable to compare the 
results in the present study with those in 
Tsai's study. Unfortunately, all results in 
Tsai's work were presented in the form 
of Gaussian's distribution, and no original 
experimental distribution curves or data 
were available for direct comparison. 
Because of this, it was necessary to com
pare the Gaussian approximation to the 
experimental distribution curve in Fig. 8 
against a corresponding Gaussian distri
bution from Tsai's work. The agreement, 
as shown in Fig. 9, appears to be reason
ably good, even though the comparison 
was indirect. 

The measured current-density distribu
tion for the gas tungsten arc shown in Fig. 
7 is shown in Fig. 10. As shown, the 
current-density distribution covers a nar
rower area on the anode surface than 
the corresponding power-density distri
bution shown in Fig. 7, thus suggesting 
that only the inner core of the arc plasma 
is sufficiently ionized to be electrically 
conductive. This is consistent with previ-

Fig. 10 — Current-densi
ty distribution in a 100-A 
arc with a 2.7-mm arc 
length. The electrode 
diameter is 2.4 mm 

Radius, mm 
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ous reports on arc measurements (Refs. 
13, 17). 

Finally, it must be pointed out that the 
power- and current-density distributions 
measured using the split-anode technique 
may differ from those in actual arc weld
ing for the following reasons. 

1) In actual arc welding, the metal 
under the arc is the liquid metal in the 
weld pool, rather than a piece of water-
cooled copper. Therefore, the anode 
surface may not be flat due to the 
depression of the weld pool surface, 
which has been reported to occur under 
high welding currents, say, greater than 
about 225 A. 

2) Evaporation of liquid metal in the 
weld pool may possibly result in some 
changes in the electrical conductivity of 
the arc plasma. 

3) When welding at high speeds and 
arc lengths, the outer regions of the arc 
plasma may become somewhat elon
gated in the direction opposite to that of 
welding. However, since the present 
study was carried out in conjunction with 
research on the gas tungsten arc welding 
of aluminum sheets, where welding cur
rents and speeds are both relatively small, 
the problems mentioned above are not 
expected to be significant. 

Conclusions 

1) A new method has been devel
oped for determining the power- and 
current-density distributions in welding 
arcs from experimental data generated 
by the split-anode technique The meth
od is based on a statistical approach 
called non-parametric minimization. 

2) The new method is superior to 
previous methods due to the fact that it is 
stable, and constraints set forth by the 
characteristics of the power- and current-
density distributions in a welding arc can 
be incorporated, so that the distributions 
obtained are physically meaningful. 

3) The power- and current-density dis
tributions in gas tungsten arcs are in 
general steeper than those based on the 
Gaussian distribution, and the Gaussian 
distribution can in some cases be a poor 
approximation. 

4) The effects of the arc length, elec
trode diameter and welding current on 
the power- and current-density distribu
tions observed in the present study are 
consistent with those reported previous-
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