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This article sets forth the results of an investigation of the temperature, velocity, dynamic
head, and static pressure in high-current argon arcs used in plasma metallurgy, It is
shown that the velocity and the amount of gas pumped through the column of the arc are de-
termined by the current of the arc. A calculation is made and equations are presented which
permit calculating this type of arc on the basis of a simplified equilibrium model. Experi-
ment is compared with theory.

An arc discharge at atmospheric pressure, with a strong current on the order of several kiloamperes,
obtained in a plasmotron with axial feed of a stabilizing gas, is a basic new method for the plasma-arc melt-
ing of various metals and alloys. The possibility of melting in an atmosphere of inert gas with nonconsuma-
ble electrodes and a minimum of contaminations makes it possible to obtain high-quality metal in such
units, The process of plasma-arc melting and the plasmotron are shown schematically in Fig. 1. The
parameters of the column of such an arc stabilized by a flow of gas are required for the choice of optimal
conditions for the industrial process.

An experimental study was made of an arc with a length of 100 mm, burning between a water-cooled
tungsten cathode with a diameter of 10 mm and a copper anode, An axial flow stabilizing the argon arc was
fed into the annular gap between the cathode and a nozzle with a diameter of 16 mm, The arc burned verti-
cally from the top downward (the cathode above, the anode below). The cathode was arranged vertically at
the outlet cross section of the nozzle. The column of the arc was studied under the following conditions:
current strength I = 600, 800, 1000, 1400 A; mass flow rate of stabilizing gas G =1, 2, 3, 4 g/sec,

The following parameters were measured: the temperature field of the arc T(r, z); the velocity head
and the static pressure in the column of the arc P(r, z),Py; v and pv were then determined from the mea-
suredvaluesof P and T,

The temperature of the arc was measured by a spectral method from
the absolute and relative intensities of the spectral lines (Ar I = 4040,
4251, 4345 A ; Ar 11 = 4013, 4348, 4806 A) and from the absolute intensity
of the recombination continuum in the region 4500 A. Use was made of the
probabilities of transitions and of the recommendations on measurement
of the temperature by spectral methods contained in [1-3].

For measurement of the velocity head and the static pressure in the
arc, a2 method [4] and a special pickup have been developed, An uncooled
Pitot tube, connected using special packing to the sensitive membrane of a
condenser-type microphone, was shot through the arc column using a mag-
netic device, The signal of the pressure sensed by the receiving opening
of the Pitot tube was transmitted pneumatically to the membrane and, us-
ing a special scheme, was shaped to the form of an electric pulse which
was recorded on the screen of an oscillograph. The velocity at which the
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o pickup was shot through was ~0.5 m/sec; it was selected from the
condition of the thermal resistance of the Pitot tube.

- The signal of the pressure was calibrated with respect to a
120 micromanometer in a cold flow. The sensitivity of the scheme per-
\,-/w > - mitted recording a change in the pressure of ~10 dyn/cm?. The
g \ B‘_, \\ Q4|49 spatial accuracy of the measurements was determined by the re-
~Pe ceiving opening of the Pitot tube and was ~2 mm., A special disk-
'~ Y/ type adapter, connected with the membrane of an uncooled tube,
was used to measure the static pressure. The plane of the disk was
displaced parallel to the axis of the arc, which eliminated the effect
of the velocity head on the receiving opening.

=7 The accuracy in measurement of the head was ~5% at the axis
cmaua of the column and ~25% at the periphery of the arc.

The frequency characteristic of the pickup, its sensitivity,
and the errors in the measurements are expounded in detail in [4].
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v The total pressure recorded by the pickup Py is the sum of
/5/, em the velocity head of the plasma, pv’/2, and the static pressure in
— the column of the arc P, which consists of the magnetic "pinch-

o A effect" and the residual pressure in the chamber (the latter was al-

I
most always equal to 1 atm
g 500 009 I, A veed )

Fig, 3 Py = Yypo* + P, «

W

If Py, and P, are known from measurements and T — p, then, on the basis of this equality, the veloc~
ity of the plasma can be determined: ‘
L2 (Pg— Bo)
U= —_ = .
Y2

The static pressure in the column of the arc can be calculated if the law of change in the current
density j(r) is known. For monitoring and evaluation of the measured values of Py, a theoretical calcula-
tion of this value was made for a parabolic distribution of the current over the radius:

j(r) =jo (1 — r*/R%) .

For such a distribution, the axial value Py(0) is connected with the total current of the arc by the
following equation:

512
Po(0) = - *

The results of measurements of the axial values of the temperature T, the total pressure Py, and the
static pressure P, the velocity head Py in the column of the arc, as well as calculations of v and pv for a
cross section of the arc located at a distance of 3 em from the cathode, for G = 2 g/sec with different cur-
rents, are presented in Table 1.

The results of measurements of the radial distribution of several quantities in different cross sec-
tions along the length of the arc are shown in Fig. 2, The temperature at the axis of the arc falls appre-
ciably with increasing distance from the cathode. The profile of T(r) in the cross section z; = 7 cm differs
appreciably from the profile of T(r) in the cross section z; =1 em. This circumstance is connected with
the increase in the diameter of the column of the arc from the cathode toward the anode and with a de-
crease in the current density at the axis. Measurement of the velocity head showed that in such arcs, the
value of pv2/2 itself, in comparison, for example, with plasmotrons for cutting metals, is small., However,
the velocity head and the velocity of the gas flow (Table 1, Fig. 2) depend strongly on the total current of
the arc I. Thus, with an increase in the current from 600 to 1400 A, the velocity at the axis increases by
almost twice, and the dynamic head by 2.5 times.

A significant increase in the current strength in such arcs can lead to a substantial rise in the
dynamic head and to spattering of the metal bath. Precisely for this reason, in some cases it is possible
to limit the increase in the current and the power of the melting plasmotrons.
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TABLE 1. Axial Values of Parameters of Arc, G, = 2 g/sec

Py, Py, Py, v, ev (0), G,
I, A T, °K R 2
N/m? N/ m? N/m m/sec |cm“/sec | g/sec
600 13200 200 120 80 70 0.22 0.6
800 13500 250 140 110 83 0.26 0.75
1000 13800 300 180 120 95 0.27 1.2
1200 14100 400 240 160 110 0.30 1.7
1400 14500 520 200 220 130 0.34 2.3

It is of interest to evaluate the total amount of gas G captured in the column of the arc, related to the
mass flow rate of the stabilizing gas G,. To determine the value of G, a2 summation was made of the dis-
tribution of pv in different cross sections of the arc at different currents:

R
G= 2nSrpvdr .

0

The radius of the arc was determined from the isotherm T =~ 7000°K.

The results of such a summation, for a mass flow rate of 2 g/sec, are shown in Fig. 3. It is evident
from the figure that the total mass flow rate of the gas through the column of the arc depends strongly on
the current strength I, With a change in the current strength from 600 to 1400 A, G increases by 3 times.
This is a result both of a rise in the velocity of the gas and of an increase in the cross section of the arc,
limited by the isotherm T =~ 7000°K. The value of G does not remain constant over the length of the column
of the arc, which is connected above all with an increase in the diameter of the arc as it approaches the
anode,

From this point of view, it is possible to explain a certain spatial instability of the arc near the
anode. At a given mass flow rate of the stabilizing gas G, with its motion away from the cathode an ever
greater amount of this gas is captured in the arc, and an ever lesser amount remains for stabilization.

Near the anode it may turn out that all the gas G, is captured in the column of the arc and that there
is no stabilizing gas curtain. In this case a spatial instability of the arc in the anode zone appears, and the
working conditions of the plasmotron become unstable, This latter circumstance may also be connected
with the magnetohydrodynamic instability of the column of the arc itself, as well as with the turbulence of
the stabilizing jet of cold gas. The strong capture of stabilizing gas cannot be ignored with an increase in
the current. As follows from Fig. 3, with currents of 1500 A in the given construction of a plasmotron, the
amount of gas stabilizing the arc should not be less than 3 g/sec,

From the point of view of the capture of cold gas, the arc behaves like an electromagnetic pump. It
was remarked in [5] that the amount of gas captured by the arc is determined by the conical form of the
arc and the associated gradient of the static pressure, which drives the gas from the cathode to the anode.

The same type of mechanism acts also in melting arcs. This is why an increase in the current
strength (and of the gradient of the static pressure) leads to such a strong increase in the velocity, in the
velocity head, and in the amount of gas captured by the arc.

The radial distribution of the mass flow rate (Fig. 2) indicated that, in a eross section close to the
cathode, the gas blows and stabilizes the column of the jet, With increasing distance from the cathode, an
ever greater amount of gas is captured by the arc, the distribution of pv becomes flat, and, in cross sec-
tions close to the anode, with a small error, it may be assumed that pv = const. It must be noted that the
distribution of pv(r) along the whole length of the arc does not differ too much from pv(r) = const, This,
by the way, provides a basis, in the further calculation of an arc, for assuming that

pv = const = Gy/nR?® -

Measurement of the value of Py(0) in an arc using a disk-type adapter gives values which are ap-
proximately 2 times lower than the calculated values. This circumstance may be connected, in the first
place, with the low accuracy of measurements of the static pressure by this method and, in the second
place, with a different distribution of the current which, in fact, differs from the parabolic distribution as-
sumed in the calculation. The results of measurements of the distribution of Py(r) indicate that the real
current radius R of the arc is obviously somewhat greater than the radius adopted in the calculation, which
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corresponds to the isotherm T~ 7000°K. The low accuracy in measurement of Py(r) at the present time
forces us merely to mention these effects without an analysis of their quantitative aspect, For just this
reason, calculated values of P, were used everywhere in calculation of v and pv.

Measurements of the degree of turbulence over a cross section of the column of the arc, made using
a special turbulence meter, permit drawing the conclusion that the flow in the column of the arc has a
laminar character, The degree of turbulence, determined as the ratio of the mean pulsation component of
the velocity v' to the mean value of the directed velocity x';z(s = \_7'/ x_/'z), from measurements at the axis and
at the edge of the column of the arc in the cross section z = 3 cm, has the values 0,02 and 0,10, respective-
ly. The existing pulsations are in all probability connected with instability of the anode and cathode spots
and with pulsations in the feed source. Their frequency lies in the range 100-300 Hz. The limited possi-
bilities of the turbulence meter did not permit measuring the frequency of pulsations above 1000 Hz, These
measurements, in a subsequent calculated explanation of the results obtained, permitted using a laminar
model of the arc.

To compare the data obtained with the theory of an equilibrium plasma, a calculation was made for
the column of an arc in an infinite flow of gas.

If the properties of the gas, in an atmosphere of which the arc is burning, are known functions of the
temperature and the pressure, the parameters of anarc at thermal equilibrium are determined by simultane-
ous solution of the differential equations of energy and motion. These equations were solved by introducing
simplifying assumptions, the most important of which are the assumption of the steady-state nature of the
process of the homogeneous and laminar character of the motion of the gas, of the constancy of pv, cp/As,
and i, of the absence of self-absorption of radiation, and of the incompressibility of the gas in the volume
of the conducting zone of the arc column. The above equations can be represented in the following form:

or 1 a oT
6E? = UT +pvz(:p?'——r'—a;—(r}v—ér> (1)
9, - 0P . ik 1 o aP .
pyz'_aziz'—'T;l"i'Po]rH¢'%‘”(_alé+Ta—:> _‘W“‘l"”o]sz:O (2)

where T and v, are the temperature of the gas; o, iy, A, i, Cp, P are the specific electrical conductivity,
the magnetic permeability, the coefficient of thermal conductivity, the coefficient of dynamic viscosity, the
specific isobaric heat capacity, and the density of the gas, respectively. Uy is the energy of the radiation;
E and H are the intensities of the electric and magnetic fields; j is the current density; P is the pressure
of the gas in the arc,

To solve the equation of energy (1), we introduce the function

T
§ = rar -

0
The intensity of the electrical field is expressed in terms of the current of the arc

R
I=E (z)S 2nredr .

0

The properties of the gas o (S) and Up(S) are approximated by the straight lines

0 at 0<S<S,
°={B(S—-Sl)=BS* at $,<S<S,

0 at 0<S<S,
U’={A(S—Sl)=AS*at 8§, <8< S,

where S, are the values of the function at the axis of the arc.

The conical character of the arc in its initial section is taken into consideration using the relation-
ship R(z) = R,f(z), where R(z) is the instantaneous radius of the arc; R, =R|, _, 3 and f(z), in the inter-
val 0 < z < », is a continuous differentiable function, rising monotonically from 0 to 1. The radius of the
arc in the initial cross section at the surface of the cathode Ry = R|z = is assumed to be known from ex-
periment and to be equal to the radius of the cathode spot. The function B(S;), which varies only slightly,
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is assumed to be constant in the volume of the arc. The infrequent increase of the function A (8;) in the
direction from the anode toward the cathode is taken into account by the relationship

R2
A=A, —R-"; (As = A (So) ]P@)
Taking into consideration what has been said, we can write Eq. (1) in the form

¢ Cyp oS* 16<65)
3 @

pal 2arsear]? — as* EC P SR AP B
[

and the boundary conditions of the problem in the form
S* (RZ) =0, S(rz) =0 . (4)

A solution of the quasilinear parabolic equation (3) with homogeneous boundary conditions (4) can be
obtained in the form

r

S% = Soe*P, (“1%‘ Z) Jo <’1’1 T{-) (5)

where

I
Spo* == Sy¥ |, vey = N 2.
o o*le 200y (1) B (Ao Re? + 1227 Fo

Jy(x) is a Bessel function of zero order of the first kind; y; = 2.405 is the first root of this function, and
J;{x) is a Bessel function of the first order of the first kind. If

— 2 (Ao Ro® + 11?) A
f@~@~uﬂ~ﬁmarﬂ}’ ©
then
¥ (g2) = { 1@ [S Pertarm . ]\(/ )
"(R - lper n—FEP Lif s {

the parameter n is determined by the equality
nJo('ﬁ %) = Tx% Jy <’(1‘j;"> .

The integral in the right-hand part of expression (7) can be expressed in finite form in terms of ele-
mentary functions for a denumerable set of values of the parameters n, determined by the expression N =
ng+1/n 0y =0,1,2,...;0=1,2,3,...).

Equalities (5) and (7) are the solution to the problem of calculating the temperature field of the arc,
since they permit finding the value of the function S* at any given point of the conducting zone.

For points lying at the axis of the arc

r e AP PO 1P A
()] =000 = (5T + ST
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where
1_R? R.2 R
Clzln — S k__ N R :-..E. .
R2 1—R2 Ro

On the basis of these equalities, we can obtain expressions determining the current, the intensity of
the electrical field, the voltage of the arc, as well as the heat losses from the column by radiation, thermal
conductivity, and convection. The unknown quantities in the above expressions are the local mass flow rate
of the gas pv, and the radius of the arc at infinity R,.

It has already been pointed out that the conical form of the arc leads to the appearance in the column
of the axial components of the ponderomotive forces and of the pressure gradient of these forces 9P/ 9z,
which brings about a directed motion of the gas in the column, In this case, the initial section of the arc
resembles an electromagnetic pump, sucking gas from the surrounding medium and driving it through the
column in the direction of the anode.

An evaluation of the relative value of the forces of inertia and viscosity shows that, at the axis of the
arc, the viscogity forces are considerably less than the inertial forces while, at the periphery, the forces
of viscosity and inertia are commensurate. This result permits regarding the surface r =R as a quasi-
solid wall, separating the arc from the external medium and transmitting from the surrounding medium
into the arc only that amount of gas which the "electromagnetic pump" is capable of pumping.

As a result of solution of the equation of motion (2), the following expression is obtained for the local
mass flow rate of the gas in an arc with a length [ .

T1jral? - Y2
pv, = [m%ﬁog— Por F (l)] (8)

where F(1) =F(z)| Z =2+ 7

F(z)= 1 [1—f2(z)]t {ln]‘Z(z) +~%— [In /2 (z)]% + rf—kg.a"—;ll-(;sinf2 (z)} + C,

2 (2) 1% (3)
C,=—1nR2— ——:~ {In R22— t-—g— arc sin B2
. -3 _ 'le Pr
r-07? ek t= o T

7R~ Pr is the Prandtl number; p,; is the density of the gas at the axis of the arc
\\\ in the cross section z =z, + [,

& o1

In accordance with equation (8), the velocity of the motion of the gas in
\\ the arc rises rapidly with an increase in the current.

7

The radius of the arc R, can be determined by regarding the column of

the arc as a solid body, whose heat exchange with the surrounding medium in a
field of gravitational forces is described by the dimensionless relationship Nu =
C(Gr)Y*Pr/?, where C = 3, and Nu, Gr are the Nusselt and Grashof heat-trans-
fer numbers, respectively, The determining temperature, at which the proper-~
ties of the gas are substituted into the expression T * = (Ty + To)/2. Here T,
is the temperature at the surface r =R, and T, is the temperature of the sur-
rounding medium.t
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On the basis of the above model, calculations were made of the tempera-
ture field, the velocity of the motion of the gas, and the volt—ampere character-
- istic of an arc with a length of 100 mm, with G =2 g/sec. Figure 4 gives the

\\ values obtained from the calculation for the volt—ampere characteristics of
guch an arc, with (curves 1-7) and without (curve 8) taking account of radiation.

100 b
~

- A
PP

6 \ Characteristics 1-7 were obtained for different values of the mass flow rate of
\\ the gas G through the column of the arc [1) G = 0; 2) 0.5; 3) 1; 4) 2; 5) 4; 6) 8;
4 ) 7) 16; 8) 5 g/sec]. It is evident that taking account of radiation and of heating
7 4 7, mm T This assumption is extremely rough, and the main divergences between theory

Fig. 5 and experiment are obviously connected with it,
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of the gas raises considerably the volt—ampere characteristics of the arc, The same figure shows the ex-
perimental curve 9 (G, = 2 g/sec), which intersects the calculated curves 1-7, This circumstance is ex-
plained by the fact that, with an increase in the force of the current, the column of the arc captures an ever
greater amount of gas; therefore, under real conditions, the parameter G does not remain constant with a
change in I,

The curves (Fig, 4) were calculated for the condition T,, =273°K and therefore differed from the condi-
tions of the experiment, in which T, > 500°K. The quantity T, exerts an effect on the whole profile of T(r),
which leads to a certain increase in the experimental value of G and to a certain displacement of the curves
(Fig. 4). A comparison between experimental values of G, (Fig. 3) and calculated values of Gy, after the
introduction of a correction for T, , furnishes a satisfactory explanation for the dependence of the value of
G on the current (see below)

I, A 500 1000 1500
T, 200 350 700

G, g/sec 0.68 1.54 1.65
G, ,g/sec 0.85 1.70 2.2

Figure 5 gives distributions of T(r) and v(r), obtained from calculation (1) and measured (2) (I = 1000
A;z=3cm; G=2 g/sec), The agreement is satisfactory for v(r) and good for T(r). It is clear from what
has been said that the proposed calculation model, in spite of all the simplifications and assumptions, per-
mits a sufficiently simple analytical calculation of the open arc of a melting plasmotron, with a good ap-
proximation to the real parameters with respect to the temperature and a satisfactory approximation with
respect to the velocity.

The calculation also confirms one of the principal results of the experiment, in accordance with
which a conical open arc constitutes an "electromagnetic pump," pumping an amount of gas proportional to
the strength of the current.
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