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Introduction, The complexities involved in the
analysis of an arc immersed in a flowing medium
have naturally led to a large number of simplified
formulations including (1) the integral method /1/,
(2) the one-dimensional approach /2,3/, and (3) two-
zone model /4/. The present paper presents the
numerical solutions of the coupled, non-linear con~
servation equations applied to the case of an argon
arc within a converging-diverging nozzle and sub-
jected to supersonic flow (in the downstream portion
of the nozzle). An ultimate objective is the deter-
mination of the behavior of a dynamic plasma as it
is current ramped to current zero (and voltage
ramped after current zero) =~ i.e., the circuit in-
terruption problem. The present work describes the
steady~-state solutions obtained and needed for
solution of the dynamic arc., The analysis includes
real gas effects, turbulence, and (optically thin)
radiation.

Formulation, The comservation equations - mass,
momentum, and energy - are written, respectively
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together with the equation of state

p=rp (p,e) (4)
and Ohm's law
J = oF (5)

(where e = internal energy, eg = e + % V2, E =
electric field, J = current density, p = pressure,
q = heat flux, Q. = radiation power density, t =
time, V = velocity, p = demsity, o = electrical
conductivity, t = stress temnsor).

Turbulent effects are included through the Prandtl
mixing length model with turbulent shear stress
given by
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with.
Mg = pe = pc (z - zt)‘umax_ LAY
and /5/ -4
c=1l.4x%10
and turbulent heat flux given by
Vo 2L
4 kt ar N
with
kt = ZQCpc(z - zt)lucoldi
(where C_ = specific heat at constant pressure, r =
radial coordinate, u = axial velocity, Ucold =
axial velocity outside arc, Up,, = axial velocity

at centerline, z = axial coordinate, z; = axial
location of throat, £ = eddy diffusivity, ue =
turbulent viscosity.

The arc is placed within the converging-diverging
nozzle configuration shown in Fig. 1; axial loca-
tion z = 0 represents the origin of the plasma.

-Experiments are being conducted using a nozzle
design similar to that shown in the figure /6/.

Solutions of the governing conservation equations
are obtained using a Lax-Wendroff type two step,
explicit, second order accurate finite difference
method /7/, together with the concept of time split-
ting. A time dependent approach is employed to
solve the steady-state problem (enabling essentially
the same numerical procedures to be used with the
dynamic, ramped plasma). Starting with assumed
initial conditions, the time dependent equations
are solved to obtain the steady-state solution as
the asymptotic time limit of the non-steady equa-
tions. A coordinate transformation is used to
transform the converging-diverging nozzle into a
circular channel of constant area

X=12,Y=r1/R(z), t =t' (8)
(where R(z) = nozzle radius).

Further, the equations in the transformed coordi-
nates are written in conservation form

U oF 3G

~B~E+ﬁ+r§§+s=0 (9)
where U, ¥, G, and S are four-dimensional vectors
and S is the source term vector that contains all
the terms that are not expressible as derivatives
of the independent variables in eqn. (9).

The basic physical inputs are (1) steady-state arc

current, I = 700 A and (2) stagnation pressure =

10 atm, which results in an exit pressure of ] atm.
The mass flow is not known a priori and is obtained
as part of the solution. In the present case, the

argon mass flow, m, is ~100 g/s.

Results. Axial distributions of centerline tempera-
ture, T., and centerline axial velocity &., are
shown in Fig. 2. The initial, relatively large
temperature and the subsequent reduction with axial
location is associated, at least to the throat, with
the small initial diameter and the resulting ex-
pansion of the column. As seen in the figure, the
effect of turbulence is to reduce both the velocity
and temperature as compared to the laminar case.
The arc diameter, D is defined through the radial
location of, say, the 5000 K isotherm. On this
basis and representing the diameter in the form

D o 2@, the value of m is found to be ~3.5. For a
nitrogen arc in a converging-diverging nozzle and
using (1) a two-zone model /5/, m 0.6 and (2) a
one-dimensional model /2/, m ~0.25. Radial distri-
butions of temperature and velocity are given in
Figs. 3 and 4, respectively, at two axial locations
-z = 2.15 em (slightly downstream of the throat
and z = 9.6 cm (near the exit). The expansion of
the column downstream of the throat is clearly
evident as is the broad, warm, but not electrically
conducting, region near the exit.
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Fig. 3. Radial distributions of
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