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A new technique of order-of-magnitude scaling (OMS) has been applied to the mathematical modeling
of the cathode region of a long gas tungsten arc (GTA). The estimations obtained are combined with
numerical calculations; thus, important features of both techniques are considered simultaneously:
the high precision of numerical modeling and the generality and simplicity of algebraic expressions.
Power-law expressions for the estimations of characteristic unknowns such as maximum pressure in
the cathode spot and maximum plasma velocity are obtained and are consistent with previous analytical
or asymptotic work. Dimensional analysis is used to identify dimensionless groups governing the
system, and asymptotic considerations are used to identify two dimensionless groups (the Reynolds
number and the dimensionless arc length) as the most significant ones governing momentum transfer
in the cathode region. The estimations obtained are calibrated with functions that depend only on
these two most significant dimensionless groups. It is suggested that the numerical results for different
cases can be reduced to a single general map.

I. INTRODUCTION the electromagnetic forces are dominant.[6] Due to its small
size relative to the rest of the arc, the cathode region canTHE main goal of this work is to demonstrate a new be assumed to be isothermal, in contrast to other regions

technique of order-of-magnitude scaling (OMS)[1] to a com- in the domain, where significant temperature gradients are
plex engineering problem: the welding arc. This technique present. Other regions of the arc cannot be assumed to be
allows the simultaneous use of dimensional analysis and isothermal. In these cases, the OMS technique would still
asymptotic considerations such as dominant balance.[2] The be useful, but new equations (e.g., conservation of energy)
main difference between OMS and previous work in the must be considered. In such cases, the complexity of the
field of dimensional analysis and asymptotic considera- problem would increase substantially, with many more
tions[3,4,5] is that in OMS, the unknown functions are required parameters necessary to describe the problem and many
to vary smoothly between the edges of the domain. This more balances and asymptotic regimes to analyze.
way, these functions and their derivatives up to a second Previous attempts have been made to provide general and
order have special properties and can be characterized by a simple expressions that capture the behaviorof the arc. Some
single characteristic value. Dimensional analysis provides of these have been derived using dimensional analysis or
an exact description of the functional dependence in the asymptotic analysis.[6± 14] In addition, some contributions to
problem, based on a complete set of dimensionless groups. the behavior of the arc involved analysis of results obtained
The asymptotic considerations determine the functional from mathematical models.[6,15±19] The results obtained
expression of the dimensionless groups and describe their herein are consistent with the existing literature, but this
relative importance. This way, dimensionless groups of little work goes further by determining that the discrepancy
influence can be discarded without significant loss in accu- between the simple algebraic expressionsand exact solutions
racy. The asymptotic considerations also provide scaling for can be almost completely captured by the Reynolds number
the problem. The scaling factors and relevant dimensionless and the dimensionless arc length. The thermal properties
groups obtained can be combined with numerical calcula- of the plasma have only a secondary effect through the
tions in order to express these results in a general, dimen- temperature-dependentphysical properties of the plasma for
sionless form. The OMS technique is a useful tool for a wide the range between 200 and 2000 A, at least in argon and
variety of problems, with many driving forces described by air systems.
a set of differential equations. For the sake of simplicity
using this new tool, the present analysis focuses on the fluid
motion of the plasma in the cathode region of the arc, where II. DESCRIPTION OF THE PROBLEM

The focus of this article is on the cathode region of a
long arc. This region (represented in Figure 1) is defined as
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Table I. Boundary Conditions for the Scaling of the
Electromagnetic Field

A B C D

B 0 01
2

m0JCRC
1
2

m0JCRC
2/Ra

Table II. Boundary Conditions for Scaling of the Fluid
Flow

E F G H

VR 0 ’2VRS ’0 0
VZ ’0 ’0 ’0 ’VZS

­2B
­Z2 1

­

­R11
R

­

­R
(RB)2 5 0 [7]

In the previous set of equations, Eq. [2] is the equation
of conservation of mass; Eqs. [3] and [4] are the equations

Fig. 1–Long GTA welding arc and its cathode region. In a long arc, the of conservation of momentum in the R and Z components,
arc length (h) is significantly longer than the characteristic distance ZS. respectively; Eqs. [5] and [6] represent Ampe¡re’s law in R

and Z, respectively; and Eq. [7] is the equation of conserva-
tion of the magnetic field. In these equations, the following
assumptions are made: an isothermal plasma (therefore, con-ZS 5 VZS /max(­VZ /­Z ) [1] stant density and viscosity values corresponding to the maxi-
mum temperature in the cathode region); an axisymmetric,The cathode spot radius can be calculated as RC 5 (I/pJC)1/2,
laminar flow; a steady state (this implies a d.c. arc, or slowwhere the critical current density (JC) depends only on the
current variations); and no magnetic convection, becauseelectrode temperature (for the numerical simulations, it was
the magnetic Reynolds number is very small. The magneticassumed that JC 5 6.5 3 107 A/m2[20] for a tungstenelectrode
Reynolds number is a measure of the ratio between theand that JC 5 4.4 3 107 A/m2[21] for a graphite electrode).
induced magnetic field (due to the conductive fluid motion)Experiments[15] and numerical simulations, including
and the imposed magnetic field;[22] its expression in thisthose to be discussed subsequently,indicate that the tempera-
problem is Rem 5 VZSZSsem0 and it varies between 1023 andture variations within the cathode region are small compared
1021 for the cases studied here. The boundary conditionsto the maximum temperature jump in the arc. This region
for the scaling of the system are listed in Tables I and II.will be assumed to be isothermal,with the physicalproperties

corresponding to the maximum temperature in the arc (Tmax).
The governing equations can, therefore, be simplified as III. SCALING OF THE ELECTROMAGNETIC
follows: FIELD

In order to use dimensional analysis in a problem, it is1
R

­

­R
(RVR) 1

­VZ

­Z
5 0 [2] necessary to define two sets: the complete set of parameters,

{P}, and its subset of dimensionallyindependentparameters,
{Pk}. The set {P} contains all of the parameters necessary

r1VR

­VR

­R
1 VZ

­VR

­Z 2 5 2
­P
­R

[3]
to completely describe the problem. All of the elements of
{P} are independent, which means that no element can be
obtained as a function of the remaining elements. The set

1 m1 ­

­R 11
R

­

­R
(RVR)2 1

­2VR

­Z2 2 2 JZB {Pk} contains a subset of k elements of {P}, such that the
units in each element are independent. Set {P} contains the
independent dimensionless groups generated by the applica-
tion of dimensional analysis. Its number of elements is m,r1VR

­VZ

­R
1 VZ

­VZ

­Z 2 5 2
­P
­Z

[4]
and it is calculated using Buckingham’s theorem: [23] m 5 n
2 k, where n is the number of elements of {P}.

Because constant properties are used, the governing equa-1 m11
R

­

­R 1R ­VZ

­R 2 1
­2VZ

­Z2 2 1 JRB
tions for the electromagnetic field can be decoupled. The
equations for the electromagnetic field contain a complete
set of parameters, {P} 5 {m0, Rc , Jc , Ra , h}, with them0JR 5 2

­B
­Z

[5]
following subset of dimensionally independent parameters:
{Pk} 5 {m0, Rc , Jc}. Therefore, only two dimensionless
groups are necessary to describe this system: {P} 5 {h/m0JZ 5

1
R

­

­R
(RB) [6]

RC , Ra/RC}. The boundary conditions for the scaling of the
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electromagnetic field are represented in Table I. Previous problem (from experiments and numerical models) indicates
that the functions vary smoothly within the corner points.knowledge of the problem (from experiments and numerical

models) indicates that the functions vary smoothly within The functions describing fluid flow can be scaled with
the following relationships:the corner points outlining the cathode region; this is an

important requirement for the application of OMS.
R 5 RCr [14]The functions describing the electromagnetic field can be

scaled with the following relationships: Z 5 d 1 ZSz [15]

R 5 Rar 8 [8] VR(R,Z ) 5 VRSrvr(r,z) [16]

Z 5 hz8 [9] VZ(R,Z ) 5 VZS(vz0(z) 2 fVZ2(Re,h/Rc)r 2vz(r,z)) [17]

JR(R,Z ) 5 JRS jr(r 8 ,z 8 ) [10] P(R,Z ) 5 PSp(r,z) [18]

JZ(R,Z ) 5 JC jz(r 8 ,z 8 ) [11] The scaling of VZ(R, Z ) is such that it varies in a quadratic
manner in R at R 5 0, as Eqs. [2] through [4] indicate.

B(R,Z ) 5 Bs r 8 11 1 1R2
a

R2
c

2 12b(r 8 ,z 8 )2 [12] These scaling relationships are replaced into the governing
equations for the fluid flow (Eqs. [2] through [4]) for the
application of the dominant-balance technique. This tech-where
nique determines that the inertial forces are balanced by
the plasma pressure and the electromagnetic forces in the

BS 5
1
2

m0

R2
C

Ra
JC equation of conservation of momentum in the radial direc-

tion, and that the plasma pressure balances the inertial forces
The scaling factors Ra , h, JRS , JC , and BS are characteristic in the equation of conservation of momentum in the axial

values, of which Ra and JRS are unknown. The scaling of direction. Viscous effects are secondary. With the dominant
B(R, Z ) is such that b(r 8 , z 8 ) 5 1 at point B in Figure 1, and balancing forces established, the characteristic values
b(r 8 , z 8 ) 5 0 at point C in Figure 1, and B(R, Z ) increases ZS , VRS , VZS , and PS can be stimulated as
linearly at R 5 0, as Eqs. [5] through [7] indicate. The radius
of the anode spot (Ra) depends on the electrical properties ẐS 5

1
2
RC [19]

of the plasma, which are determined by heat transfer in
the arc. The characteristic value JRS could be estimated by
balancing Eq. [5]. Normally, for welding arcs, DR/RC . 1, V̂RS 5

1
2

m1/2
0 RCJC

r1/2 [20]
where DR 5 Ra 2 RC. The previous scaling relationships
are valid for flat- or almost-flat-tip electrodes. The dominant

V̂ZS 5
1
2

m1/2
0 RCJC

r1/2 [21]component of the radial current density in sharper electrodes
is given directly by the critical current density generated by
thermionic emission.

P̂S 5
1
2

m0R2
CJ2

C [22]When these scaling relationships are replaced into the
governing equations for the electromagnetic field (Eqs. [5]

The previous estimations are valid when all of the termsthrough [7]), the estimation of the characteristic radial cur-
in the normalized governing equations (Eqs. [2] through [7])rent density JRS can be obtained from Eq. [5] using the
have a magnitude of one or less. This is true for Re . 1,dominant-balance technique.
Ra/RC . 2, and h/RC . 1/2 DR2/(RaRC). In order to further
simplify the problem and avoid the effects of the anode on
the cathode region, an additional condition is necessary:

ĴRS 5 5JC

RcDR

hRa
for

DR
RC

, 1

JC
DR2

hRa
for

DR
RC

$ 1
[13] h/ZS À 1. These conditions are met for all of the cases

considered in the present analysis.

V. NUMERICAL ANALISIS
IV. SCALING OF FLUID FLOW

The formulation of the numerical model is also repre-
The equations governing the coupled electromagnetic sented by the conservation Eqs. [2] through [7], described

field and fluid flow in the cathode region (Eqs. [2] through previously, plus an equation for the conservation of energy
[7]) contain a complete set of parameters, {P} 5 {r, m, m0, with the assumption of local thermodynamic equilibrium
Rc , Jc , Ra , h, Re}, with the following subset of dimensionally (LTE). Since the numerical model covers the whole domain
independent parameters: {Pk} 5 {m0, Rc , Jc , r}. The com- and is not confined to only representing the cathode region,
plete set of dimensionless groups related to the fluid flow the boundary conditions include the cathode, the anode, and
is {P} 5 {Re, h/RC , Ra/RC , Re/RC}, where Re 5 rV̂ZSV̂S/ the column regions. The equation of conservation of energy
m. Because Ra is the only element of {P} that depends on includes the temperature dependence of thermophysical
heat transfer in the arc, the dimensionless group Ra/RC will properties. The additional boundary conditions required to
be neglected in this isothermal formulation. The group Re/RC represent the system are summarized in Table III and include
is also of little importance, because its influence is confined the following assumptions:
mainly to the cathode boundary layer, outside the cathode
region. The boundary conditions for the scaling of the fluid (1) nonslip conditions at the surface of the electrodes (zero

velocity values);flow are represented in Table II. Current knowledgeabout the
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Table III. Boundary Conditions for Numerical Representation of the Arc (The Domain Segments Make Reference to Figure 1)

AB BI IJ JK DK AD BJ

VZ 0 0 ­VZ/­Z 5 0 ­VZ/­R 5 0 0 ­VZ/­R 5 0 –
VR 0 0 0 ­VZ/­Z 5 0 0 0 –
T 4000 ­T /­Z 5 0 1000 1000 2500 ­T /­R 5 0 –
B moIr /2pRc

2 – – moI /2pr ­B/­Z 5 0 B 5 0 moI /2pr

(2) the temperatures at the electrodes are assumed to be (right-hand side) fields for an argon arc produced under 200
A current, with an arc length of 10 mm. The figure showsconstant at 2500 K on the anode and 4000 K on the

cathode;[24] the two characteristic high-pressure regions in the arc,
namely, the one formed in the vicinity of the cathode, which(3) the boundary conditions must reflect the symmetry con-

dition of no flow across the axis (line AD in Figure counterbalances the electromagnetic forces (i.e., the
Maecker pressure), and the region close to the anode, caused1); and

(4) the magnetic flux density (B) at the cathode is obtained by impingement of the jet. This pressure field is responsible
for the velocity jet shown in the right-hand side of the figure.by assuming a constant value of JC in the cathode spot

of known radius, but a value of zero outside this spot. It is noted that the maximum velocity in this case is about
250 m/s.The numerical solution of this problem is essentially the The corresponding temperature results are shown in Fig-same as in Reference 20, where a more detailed discussion ure 3, together with some experimental measurements car-of the previous formulation and boundary conditions can be ried out by Hsu et al.[15] As seen in the figure, the agreementfound. The process consisted of solving the electromagnetic between experiments and predictions is very good. The tem-components, which are coupled to the hydrodynamic equa- perature range shown in the figure defines the conductivetions, the latter having been solved using the commercial region of the arc and covers a wide range of values (i.e.,code Phoenics. A significant difference between the present 11,000 to 21,600 K). It is interesting to note that the cathodework and that of Reference 20 is that a computing-power region includes the maximum temperature and only coversincrease allowed the use of a mesh approximately 10 a small range of temperatures (of about 500 K). This supportstimes denser. the hypothesis that the cathode region, as defined previouslyIllustrative results of this model are shown in Figures 2 for OMS and superimposed in Figure 3, can be consideredthrough 4. In a typical calculation, a grid of 60 3 60 nodes to be essentially isothermal.was employed, and each calculation normally took about 2 Figure 4 shows predicted velocity and pressure profileshours of CPU time on a PENTIUM* II-333 processor. Figure along the axis of symmetry for a 2160 A, 7 cm air arc.
These conditionsare the same used in velocity measurements*PENTIUM is a trademark of the Intel Corporation, Santa Clara, CA.
by Bowman,[25] which are also included in the fure. As

2 shows the computed pressure (left-hand side) and velocity seen in the plot, reasonable agreement is observed between
measured and predicted velocities. The shape of these pro-
files is consistent with the fields shown in Figure 2, where
a steep increase in velocity in the vicinity of the cathode is
due to the Maecker pressure. It is also noted that the higher
current (2160 A) of this computationresults in a significantly
higher maximum velocity (about 4 times larger than in the
argon case described previously). The maximum slope and
maximum values of velocity and pressure are used to define
the characteristic axial length (ZS) used in the scaling formu-
lation described in the previous section.

Table IV summarizes the characteristic values obtained
numerically for a number of arc cases ranging from 200 to
2160 A and including properties of argon and air plasmas.

VI. CORRECTION OF THE ESTIMATION
FUNCTIONS

Figure 5 shows a comparison of the estimations of Eqs.
[19] through [22] with characteristic values obtained from
the numerical analysis described previously. This compari-
son spans a range of currents of more than one order of
magnitude. In all cases, the estimations predict the correct
order of magnitude and functional dependence. The differ-
ence between the numerical results and the estimationsFig. 2–Computed pressure (left) and velocity (right) fields for a 200 A,
depends mainly on the Reynolds number and the normalized10-mm-length argon arc. Pressure contours are relative to atmospheric

pressure and are given in Pascal units. arc length (h/RC). The other two governing dimensionless
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Fig. 3–Comparison between experimental and predicted temperature fields for a 200 A and 10-mm argon arc. The shaded region on top is the boundary
layer region, and the shaded region immediately below is the cathode region.

diameter vary little in comparison (Ra/RC is approximately
3 and Re/RC is approximately 1).

Estimations of the characteristic parameters for fluid flow
can be corrected with expressions that depend on the com-
plete set of dimensionless groups. As was explained pre-
viously, only two of these groups are significant, and OMS
indicates that the corrections should be fairly smooth. There-
fore, the characteristic values can be approximated accu-
rately by the following set of equations:

ZS 5 ẐS fZ (Re,h/RC) [23]

VRS 5 V̂RS fVR (Re,h/RC) [24]

VZS 5 V̂ZS fVZ (Re,h/RC) [25]

Fig. 4–Calculated axial velocity and pressure profiles along the symmetry PS 5 P̂S fP (Re,h/RC) [26]
axis and velocity measurements from Bowman[25] for a 2160 A and 7 cm
air arc. The correction functions of Eqs. [23] through [26] cannot

be determined through OMS alone, but, combined with the
numerical calculations performed in this work (summarized

groups (the dimensionless anode spot Ra/RC and the dimen- in Table IV), simplified but accurate expressions in the form
sionless electrode diameter Re/RC) obtained from dimen- of a power law are proposed:
sional analysis are of little influence in this problem. Our

fZ 5 0.88 Re0.058 (h/RC)0.34 [27]analysis of the practical cases studied showed that the Reyn-
olds number and the dimensionless arc length vary consider- fVR 5 0.22 Re20.026 (h/RC)0.086 [28]
ably (Re ranges from 65 to 2700, and h/RC ranges from 5

fVZ 5 0.55 Re0.073 (h/RC)0.0068 [29]to 36), while the dimensionless anode spot and electrode

Table IV. Characteristic Values Obtained through Numerical Analysis

Gas Electrode l (A) h (m) Tmax (K) r (kg/m2) m (kg/m s) RC (m) ZS (m) VRS (m/s) VZS (m/s) PS (Pa)

Argon W 200 0.01 21600 1.12 3 1022 5.41 3 1025 9.897 3 1024 1.22 3 1023 76 256 574
Argon W 200 0.02 21500 1.12 3 1022 5.41 3 1025 9.897 3 1024 1.47 3 1023 80 266 597
Argon W 300 0.0063 23200 9.97 3 1023 4.59 3 1025 1.212 3 1023 1.30 3 1023 101 353 1084
Argon W 300 0.01 23200 9.97 3 1023 4.59 3 1025 1.212 3 1023 1.49 3 1023 104 363 1062
Argon W 300 0.02 23100 9.97 3 1023 4.59 3 1025 1.212 3 1023 1.75 3 1023 105 372 989
air C 520 0.07 17200 5.70 3 1023 3.26 3 1025 1.940 3 1023 4.76 3 1023 170 574 1492
air C 1150 0.07 19500 4.71 3 1023 1.87 3 1025 2.884 3 1023 5.43 3 1023 247 983 3653
air C 2160 0.07 21300 4.23 3 1023 1.64 3 1025 3.953 3 1023 7.09 3 1023 318 1498 7524
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Fig. 5–Estimations and numerical calculations of VRS VZS , PS , and ZS. In all cases, the estimations predict the correct order of magnitude and functional
dependence. The difference between numerical results and the estimations depends mainly on two dimensionless groups: Re and h/RC.

fP 5 0.13 Re0.17 (h/RC)20.057 [30] provides an estimate of a characteristic axial velocity, is a
better approximation than Maecker’s equivalent expression

The corrected scaling factors can be used to normalize (Maecker’s numerical coefficient overestimates the maxi-
the solutions of the system of equations, such that various mum velocity, while the coefficient obtained here generates
different cases converge toward a single dimensionless rep- estimations closer to the actual values). The previously
resentation. Figure 6 shows a representation of the normal- existing approximate algebraic expressions can be improvedized radial velocity for the two extreme cases from Table

with the use of a constant correction factor, as done byIV: a small 200 A, 10 mm argon arc, and a strong 2160 A,
McKelliget and Szekely.[20] The drawback of that approach7 cm air arc. Although the two contour plots do not overlap
is that a constant fitting factor cannot include the phenomenaperfectly in this limiting case, they present similar features,
that were neglected in obtaining the simplified algebraicsuch as the presence and the location of the maximum VR.
expression.The functionsof Eqs. [27] through [30] proposedThe thickness of the cathode boundary layer is unknown.
here fulfill the role of a correction factor, but their functionalEstimations based on the standard model for a flat plate
dependence is clearly understood. The small exponents insuggest that the difference in cathode boundary-layer thick-
the power-law expressions indicate that the estimations cap-ness represented in Figure 6 is of the correct order of
ture the essence of the behavior of the solution.The exponentmagnitude.
of h/RC in fZ is significantly larger than all the other expo-
nents, suggesting that ZS is particularly sensitive to the arc

VII. DISCUSSION length.
The hypothesis of laminar flow in the cathode region isThe estimations obtained for maximum velocity and pres-

justified by analyzing the onset of turbulence in an axisym-sure have the same functional form as those previously pro-
metric jet, which corresponds to a Reynolds number (basedposed.[6,8,13] These estimations were extracted from the
on measured velocity, not estimated) of the order of 105.[20]

original set of governing equations by using the OMS tech-
All of the cases analyzed here have true Reynolds numbersnique, which relies on asymptotic considerationsand dimen-
smaller than 3 3 103. If fluid flow depended only on Resional analysis. This technique does not require the
and h/RC (as is assumed in Eqs. [27] through [30]), thenumerical solutionof the originalsystem of differential equa-
exact solution could be expressed by Eqs. [23] through [26];tions, neither to impose functional forms of the solutions
however, the actual problem dependson many more parame-nor to assume a priori which the dominant forces are. The
ters, some of which include thermal properties and variationsgoal of the estimationsobtained here is to provide the correct
in these properties. The effect of the simplifications madefunctional dependence and the proper order of magnitude
to the scaling of this problem is translated into an errorof the solutions. Equation [22], which provides an estimate
around the corrected values, with the magnitude of this errorof a characteristic pressure in the cathode region, is exactly

the same as that obtained by Maecker. Equation [21], which indicative of the quality of the simplifications. For the cases
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Fig. 6–Normalized contour plot of VR(R, Z)/VRS for the numerical calculations of an argon arc of 200 A and 10-mm length (solid lines) and for an air
arc of 2160 A and 7-cm length (dashed lines, italicized numbers). These two very different arcs converge to similar normalized representation by using
OMS and considering the effect of the cathode boundary layer.

shown in Table IV, the maximum error for fZ is 13 pct, that The main conclusions of this work can be summarized
as followsfor fVR is 6 pct, that for fVZ is 3 pct, and that for fP is 8 pct.

The small magnitude of these errors suggests that mainly
1. In the cathode region, the viscous effects are small, andthe Reynolds number and the dimensionless arc length gov-

the radial and axial inertial forces balance the electromag-ern the cathode region of an arc.
netic pressure created by the flow of the current throughThe advantage of OMS is illustrated in Figure 6. This
the plasma.involves the potential capability of representing universal

2. Estimations of the characteristic values of maximummaps of the important process variables such as velocity
velocity and maximum pressure obtained through OMScomponents, pressure fields, and the like. For example, the
have the same functional dependence as previous analyti-figure shows the normalized radial velocity field, which
cal expressions determined by Maecker[8] and Allum.[13]

was obtained using dimensionless groups derived using this
3. The maximum velocity and pressure estimations aretechnique. As seen in the figure, the contour maps for two

given by the following equations, derived using OMS:extreme conditions (welding arcs of 200 A in argon and
2160 A in air) are plotted, and good agreement is obtained.

V̂RS 5
1
2
m0

1/2RCJC

r1/2It is envisioned that by extending the region of analysis and
including thermal effects, universal representations can be
obtained for the entire arc.

V̂ZS 5
1
2
m0

1/2RCJC

r1/2

VIII. CONCLUSIONS P̂S 5
1
2
m0RC

2JC
2

The focus of this article involved the application of an
OMS technique to represent the behavior of an electric arc. 4. When compared with numerical results, the previous esti-

mation of maximum axial velocity provides a better pre-The analysis is centered only in the cathode region, where
momentum and electromagnetic phenomena are dominant diction than Maecker’s corresponding expression (these

expressions differ by a factor of ! 2). The expression forand temperature effects can be appropriatelydisregarded (by
assuming a region of constant temperature). This technique estimated maximum pressure is exactly the same as that

previously obtained by Allum and Maecker.has been coupled with results obtained from a mathematical
model that covered two different gases and a wide range of 5. The velocity and pressure estimations can be refined

with independent information obtained from numericalcurrents and arc lengths.
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Table V. Summary of Magnitudes, Associated Functions, Characteristic Values, and Estimations Used in the Formulation
of the Problem

Normalized Characteristic Estimated
Magnitude Symbol Magnitude Value Characteristic Value Correction Function

Radial coordinate R r RC – –
Axial coordinate Z z ZS ẐS fZ(Re, h/RC)
Radial velocity VR(R, Z ) vr(r, z) VRS V̂RS fVR(Re, h/RC)
Axial velocity VZ(R, Z ) vz(r, z) fVZ2(Re, h/RC)

vz0(z) VZS V̂ZS fVZ(Re, h/RC)
Pressure P(R, Z ) p(r, z) PS P̂S fP(Re, h/RC)
Radial current density JR(R, Z ) jr(r, z) JRS ĴRS –
Axial current density JZ(R, Z ) jz(r, z) JC – –
Magnetic flux density B(R, Z ) b(r, z) BS – –

or experimental results. These refinements depend on the r density of the plasma at the maximum tempera-
ture in the arcReynoldsnumber and the normalized arc length. Because

these correction factors depend on the most relevant se electric conductivity of the plasma at the maxi-
mum temperature in the arcdimensionless groups in the cathode region, they present

a further refinement of corrections based on constant
factors, such as the correction of Maecker’s formula pro- REFERENCES
posed by McKelliget and Szekely.[20]
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