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Abstract The present work applies similarity theory to the plasma emanating from
transferred arc, gas-vortex stabilized plasma cutting torches, to analyze the existing
correlation between the arc temperature and the physical parameters of such torches. It
has been found that the enthalpy number significantly influence the temperature of the
electric arc. The obtained correlation shows an average deviation of 3 % from the
temperature data points. Such correlation can be used, for instance, to predict changes in
the peak value of the arc temperature at the nozzle exit of a geometrically similar
cutting torch due to changes in its operation parameters.

1. Introduction

Plasma cutting is a process of metal cutting at atmospheric pressure by an arc plasma jet, where
a transferred arc is generated between a cathode and a work-piece (the metal to be cut) acting as
the anode. Small nozzle bore, extremely high enthalpy and operation at relatively low arc
current (= 10 + 200) are a few of the primary features of these torches [1]. The physics involved
in such arcs is very complicated. The conversion of electric energy into heat within small
volumes causes high temperatures and steep gradients [2]. Dissociation, ionization, large heat
transfer rates (including losses by transparent radiation), fluid turbulence and electromagnetic
phenomena are all involved. In addition, wide variations of physical properties, such as density,
thermal conductivity, electric conductivity and viscosity have to be taken into account.

These factors make hopeless to get an analytical solution for such arcs. Recently,
commercial computational fluid dynamic software has become widely available and then
numerical plasma modelling has reached a state advanced enough to be of practical use in the
study of the cutting arc processes. However, as such programs were not initially developed for
the description of thermal plasma process, they need to be complemented with electromagnetic
and plasma properties packages [3]. These packages are not easy to obtain. Also the commercial
software results somewhat expensive.

On the other hand, experimental data on cutting arcs are hard to obtain due to the harsh
ambient conditions. Most of the available experimental data are related to spectroscopic [1] and
probe measurements [4-6] in the external plasma region, giving direct information of only part
of the variables involved, mainly the temperature.
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In this scenario, the knowledge of a proper correlation method to make advantageous use of
the experiments already performed on cutting arcs becomes important from the engineering
point of view. The present work applies similarity theory [7,8] to the plasma emanating from
transferred arc, gas vortex stabilized plasma cutting torches, to analyze the existing correlation
between the plasma temperature (a quantity of primary importance in such devices) and the
physical parameters of such torches.

2. Arc dimensionless numbers

2.1. Mathematical model

Since a number of complex, interacting, nonlinear processes are simultaneously occurring in
cutting arcs (electromagnetic, gas dynamic as well as thermal effects), the conservation
equations were used as the starting point for determining dimensionless numbers.

The most frequently used cutting arc models assume the local thermodynamics equilibrium
(LTE) approximation [3], so the plasma is characterized by a single temperature 7. The fluid
part of the thermal plasma model describing such an arc can be expressed as follows.

Total mass conservation

V-(pu)=0. (1)
Momentum conservation
V- (pu®u -7)+Vp —IxB =0. @)
Energy conservation
V- (puh+g)-J E-Vpu+0Q,_ =0, A3)

where p represents the total mass density, # the fluid velocity, p the pressure, 7 the stress

rad

tensor, J the current density, B the magnetic field, 4 the enthalpy, g the total heat flux, E

the electric field and Qm the power lost by transparent radiation.

Two more equations are required to describe the electromagnetic part of the plasma model.
The first is the current continuity equation

V-J=0, 4)
where
J=0E, (5)
while the second is one of Maxwell’s equations
VxB =, J, (6)

where o'is the electric conductivity and £, the free space magnetic permeability.
The total heat flux in equation (3) describes the heat transported by conduction and the
enthalpy transport by mass diffusion, and is defined as [3]
g=—-k,VT+J,h, (7)
where £; is the effective thermal conductivity and J, is the electron mass diffusion that can be
approximated by

J =-"7, (®)
e
where e is the elementary electric charge and m is the electron mass. Equation (8) neglects the
charge transported by ions. In equation (7) h, =5k, T / (2 m) represents the specific electron
enthalpy (kp is the Boltzmann’s constant).
The effective viscosity is
Moo=+ 1y, ©)
and the effective thermal conductivity is
C
K=K+ﬂ’P, (10)

e

”
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where C,, i and k are the constant-pressure plasma specific heat, viscosity and thermal
conductivity, respectively. The turbulent viscosity £, and the Prandtl number P, require extra

relationships (which are commonly referred to as the turbulence model) to calculate the
turbulent enhanced viscosity and thermal conductivity. Relationships expressing the dependence
of gas composition, thermodynamic properties, transport coefficients and radiation power losses
on temperature and pressure; must be also added in order to make the set closed. To make the
problem definite it is necessary also to specify boundary conditions for all of such variables.

2.2. Dimensionless numbers

In what follows, the set of equations are expressed in dimensionless form by making use of
reference values (denoted by the subscript “zero”) for the above plasma quantities, and with L as
a scale length:

v (ot a)=0, (11)
Vil w e )-—ovir s Ly SRR TE m0, ()
Po Uy Po Uy Po Uy
pohOMOV*(p*ﬁ*h*)+_qo _Vq*_j*E*—Mv*p*l/_l*+MQrad*:O’
LJ,E, LJ, E, LJy Eq Jo %o

(13)

_ E, —
7 =%k g (15)

JO
_ L -

v g =Mool 5 (16)

BO

The superscript () indicate dimensionless numbers, obtained by dividing dimensional
variables by the appropriate scale values (p° = p/ Po, U = L_l/ u, and so on). The equation
(12) gives three dimensionless numbers,

T,
H pO , HNR 02, H

Ng

_JyB, L

2 2
Po Uy Po Uy Po Uy
The first and the second are the well-known Euler and Reynolds numbers. The third number
shows the relative weight between the electromagnetic and inertial forces. The equation (13)

gives four dimensionless numbers,
_ Poltho h, , m,, Po Uy , I, = 90 , I, = o) .
JyE, L S JyE L JyE, L Jy E,

These numbers reflect the conversion of electric energy into other forms. The enthalpy

h

number II, takes into account energy which is used for heating the plasma flow, IT  times

(H N, )_1 is based on energy used for acceleration, and I and II,,, involve energy losses by

conduction and mass diffusion; and energy losses by electromagnetic radiation, respectively.
The Ohm’s and Ampere laws give the numbers,
o, E Jo L
m, =27 q,=tb"
JO B 0

These numbers reflect the relation between self and external magnetic fields (if any), and the
process of charged particle transfer in an electric field.

In addition to these numbers, from the boundary conditions various parametric numbers can
be obtained. The boundary condition for the arc current (/)

I=[J-ds, (17)
N
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(S represents the area of the arc cross section) in dimensionless form becomes
2 T ok
I=J,L jJ -ds”, (18)
e
and hence gives the current number II,
J, I’
II, =
1
Also, the numbers
d P.
Hd = z ’ Hlp = i
Po

account for the nozzle geometry (diameter (¢)) and the influence of the inlet gas pressure (P,.;)
on the arc quantities.

The set of dimensionless equations (11-16) gives nine independent dimensionless numbers in
agreement with the Buckingham n-theorem, since the number of quantities is thirteen and the
number of dimensions four. Besides, the arc boundary conditions introduce two new parametric
numbers.

Most of these numbers contain physical properties, such as density and electric conductivity,
which vary widely because of the large temperature range, and certain reference values have
therefore to be taken. In this work, the scale values of the plasma physical properties were

determined for a mean temperature 7;, which corresponds to an electron concentration of 1 % in

the plasma at the ambient pressure [8]. These plasma scales (listed in Table 1), were taken from
the calculated values in [9].

Table 1. Scale values of the plasma physical properties.

Physical variables Oxygen Nitrogen Air
Temperature (7)) 9.2 93 9.3
(x 10°K)
Electrical conductivity 223 % 10° 1.89 x 10° 1.96 x 10°
(00)
Q"'m™)
Enthalpy (/) 2.86 x 10’ 4.97 x 10 4.52 x 10’
(J ke
Density (o)) 2.1x107 1.83 x 107 1.88 x 107
(kg m*)

3. Data on cutting arcs

The experimental data on cutting arcs temperature correspond to the external plasma region
(open regions where the pressure has relatively small variations around the atmospheric value).
Peak values of the arc temperature close to the nozzle exit for currents in the wide range 12 +
200 A, and for three different working gases (air, nitrogen and oxygen); were taken from the
literature.

4. Generalized arc temperature correlation
Not all of the obtained dimensionless numbers are of equal importance. Inside the torch the
pressure forces are almost balanced by inertial forces (i.e., other processes as viscosity and
electromagnetic acceleration are considerably less relevant) and so only the Euler number
becomes important in the momentum equation.

On the other hand, since the electrical power delivered in the arc is almost used for heating
the plasma flow (i.e., the conversion of electric energy into kinetic energy, while the energy
losses by thermal conduction, mass diffusion and radiation are less important); only the
enthalpy number becomes relevant in the energy equation. Also from the electromagnetic
equations only the electric field number is important. Hence, the three relevant dimensionless
numbers are
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ug h oy E
I, = Poz’ HhEpOOO’ m, =20%0,
pO uo JO EO L JO

These numbers can be combined with the parametric numbers to eliminate the unknowns.
The following modified form of the enthalpy number can be used as a generalized argument to
construct the generalized plasma temperature correlation for the considered type of arc

H;,]) =11, 1 (HNE )0'5 (H1)2 (Hd)3 (Hip )0'5 =P00'5 P, 03 hoood® 172 (19)

The generalized function of the peak value of the arc temperature at the nozzle exit may be
taken to be the simple ratio

el

T,
H = exit , 20
=7 (20)
and hence the generalized arc temperature correlation may be expressed as
My =/ (0, 1 1, 1 0, )= () @)
l_[T

2.8- L # Model [10]
264 ® Experiment [11]

4 Experiment [12]
2.4 @ Experiment [5]
5 2_’ ¥ Experiment [13]

' & Experiment [14]

2.0 +  Experiment [15]
1.8
1.6
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Figure 1. Correlated arc temperature for cutting torches ranging from 12 to 200 A.

The generalized function of the arc temperature for most of the temperature data reported in
the literature is shown in Fig. 1. This figure shows that the generalized function II, can be
accurately described by the relationship (in SI units: p,.; in Pa; d in m; / in A; 7 in K)

T, =T (1.6+1.3exp{—0.44 (,oo”2 P hyoyd® 172 )}) (22)

The values of the arc temperature predicted using such correlation show a deviation not
larger than 10 % with respect to the experimental data (with an average deviation of 3 %); in
spite of the fact that such data include different torches ranging from 12 to 200 A.

Note that (22) shows that the centre-line value of the arc temperature strongly depends on
both, arc current and nozzle diameter; but slightly on the type of gas and its inlet pressure. The

factor /001/2 h, 0, is a number equal to ~ 9.24 X 10° for oxygen, 1.27 x 10" for nitrogen, and
1.21 x 10" kg s m™? Q, for air.

5. Conclusions

The theory of dynamic similarity has been used to construct a generalized arc temperature

correlation of a vortex-stabilized cutting plasma torch. The enthalpy number obtained from the

energy equation has been found to significantly influence the temperature of the electric arc.
The obtained correlation shows an average deviation of 3 % from the temperature data

points. Such correlation can be used, for instance, to predict changes in the peak value of the arc

temperature at the nozzle exit of a geometrically similar cutting torch due to changes in its
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operation parameters (electric current, nozzle diameter, working gas specie or/and the inlet gas
pressure); at least within the given parameters range. The relation shows that the centre-line
value of the arc temperature strongly depends on both, arc current and nozzle diameter; but
slightly on the type of gas and its inlet pressure.
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