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Abstract—Results are given of the calculation of the structure of an arc discharge moving on parallel elec-
trodes in air under the effect of a transverse magnetic field (0.086 T) at a current strength of 320 A. The numer-
ical simulation is performed within an unsteady-state three-dimensional mathematical model of radiation mag-
netogasdynamics. The calculations reveal that fluctuations of values of physical parameters and of spatial shape
of arc arise in the arc, which are caused by the gas flow past the discharge column and by unsteady-state pro-
cesses in the electrode regions. Comparison is made with the available experimental data.

PACS numbers: 52.80.Mg
DOI: 10.1134/S0018151X08060023

INTRODUCTION

The simulation of dynamics of discharges in gas
flows is associated with the need for inclusion of a
whole complex of physical mechanisms such as elec-
tromagnetic and gasdynamic interactions, radiation,
and heat conduction. The correct inclusion of these
mechanisms in a computational model is quite complex
and ambiguous; therefore, of great interest in simulat-
ing discharges are the results of experimental investiga-
tions aimed at determining the discharge structure and
measuring the local characteristics of gas-discharge
plasma. Comparison of theoretical and experimental
data enables one to estimate the adequacy of descrip-
tion of real physical processes by the mathematical
model, and simulation results make it possible to obtain
a large body of additional useful information about the
process being investigated. The dynamics of discharge
formation are most significantly affected by the current
strength / and magnetic field induction B, because the
parameter / defines the power of energy release in the
discharge, and the intensity of force interaction
between discharge and gas flow is characterized by the
product /B. Depending on the order of magnitude of the
quantities / and B, different physical factors may pre-
dominate in the discharge dynamics; therefore, calcula-
tions in a wide range of parameters enable one to obtain
more complete information about special features of
the process of discharge formation and to test the com-
putational model under different conditions of interac-
tion.

The mode of strong interaction of discharge in a
flow was investigated by Kukhtetskii et al. [1], who
found that intensive interaction between a high-current
discharge and gas flow (/ =20 kA, B=0.6T) is a sig-
nificantly unsteady-state process characterized by cha-
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otic variation of the structure of gas-discharge region.
The division of discharge into several current-conduct-
ing channels was quite frequently observed in such
experiments with molecular gases; the reason for this
was not found in [1]. Numerical two-dimensional sim-
ulation of the process resulted in obtaining the dis-
charge dynamics which were qualitatively similar to
those observed experimentally; it was further found
that the reason for the division of the discharge region
is the development of Rayleigh—Taylor instability (RTI)
[2]. The calculated maximal value of temperature in
discharge could be as high as 2 x 10* K; in so doing, the
principal mechanism of energy loss was radiation. The
discharge structure in experiments was determined by
photographs from different aspect angles, and the local
characteristics of the discharge were not measured;
therefore, no quantitative comparison of theoretical and
experimental data could be performed.

Sebald [3] gives the results of investigation by opti-
cal methods of the discharge structure for low values of
current strength (/ = 20 A) and magnetic field induction
(B=1.5x103T). A two-dimensional distribution of
temperature was experimentally obtained for the cross
section of discharge with the maximal value of approx-
imately 7 x 10°® K. The recovered velocity field indi-
cates that two symmetric eddies swirling in opposite
directions are formed in the discharge. The numerical
investigation of this process involved the use of three-
dimensional computational model of radiation magne-
togasdynamics which included heat transfer of gas to
the electrode surface [4]. Comparison of the experi-
mental and calculation results revealed that the model
adequately describes the characteristic features of the
process, with the difference in temperature values
amounting to approximately 5%. The calculations
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revealed that the principal mechanism of energy loss in
the discharge column is heat conduction, and the for-
mation of meniscus-like shape of discharge cross sec-
tion is caused by the vortex motion of gas. The heat
transfer between gas and electrodes leads to the thermal
contraction of discharge and to the increase in current
density at the electrode surface and in the zone of
spreading. The gas temperature here is much higher
(T = 1.2 x 10* K) than in the discharge column; as a
result, the effect of radiation in the energy balance
becomes significant. In contrast to the case of high-cur-
rent discharge, no development of RTI was observed.

The experimental data in the intermediate range of
interaction intensity are given by Slovetskii [5], who
used spectral methods for obtaining the temperature
distribution in an electric arc moving on parallel elec-
trodes in air at atmospheric pressure and current
strength of 320 and 1700 A, with the respective values
of transverse magnetic field intensity being 6.85 x 10*
and 3.2 x 10* A/m, respectively. Slovetskii [5] esti-
mated the error of measurement of temperature in dis-
charge at 10% or less.

The present paper deals with the simulation of dis-
charge dynamics for the conditions of the latter experi-
ment.

FORMULATION OF THE PROBLEM

The simulation of the process of interaction between
a discharge and a gas flow in a channel of constant rect-
angular cross section involved the use of the following
unsteady-state three-dimensional mathematical model
of radiation magnetogasdynamics:

OB IF G
ot odx dy 0Jz

U = (p,pu, pv, pw, E,),
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E = (pu, pu’ + p, puv, puw, (E,+ p)u+q,),

F = (pv,pvu, pv2+p, pvw, (E,+ p)v+gq,),

G = (pw, pwu, pwv, pw2 +p, (E,+p)w+gq.,),
S = (O’fx’fy’fz’ QJ_QR+fxu+ny+fzw)’

2 2 2
u v w
p:RpT, E[=p(€+§+—2—+—2—).

Here, ¢ is the time; p, p, and T denote the density,
pressure, and temperature of gas, respectively; u, v, and
w are components of the velocity vector of gas v; E, is
the total energy per unit volume of gas; e is the internal
energy per unit mass of gas; f,, f,, and f, are the compo-
nents of the vector of force f acting on gas along the
coordinate axes x, y, and z, respectively; Q, is the volu-
metric power of Joule dissipation, and Qy is the power
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of radiation sources and sinks of energy; ¢q,, g,, and g,
are components of the vector of heat flux, defined by
the thermal conductivity of gas; and R is the individual
gas constant.

The power of energy loss due to radiation Qy is
determined from the solution of the equation of radia-
tive transfer,

a- grad(lv) = kv(lvp_lv),
W = jdvjaIVdQ, 0, = div(W).
0

Here, I, is the intensity of energy of radiation on fre-
quency V, 1, is the intensity of equilibrium radiation,
k,(v, T, p) is the absorption coefficient, a is the unit vec-
tor which defines the direction of radiation for solid
angle d€2, and W is the radiation flux density.

The electrodynamic parameters are calculated by
the equation following from the system of Maxwell
equations,

div(cVe) = div(c - E™). (1)

The induced electric field E™ is defined by the
expression

E™ = vxB.

The magnetic field induction includes both the
external, By, and induced, B™, components,

B = B,+B™, B™ - 1 J'[j(x, y,z)xr]dv‘
4t r
Vv

In the electrodynamic relations, j is the current den-
sity, G is the electrical conductivity of gas, and | is the
magnetic constant. The solution of Eq. (1) helps find
the distribution of potential @(x, y, z), which is used for
determining the distributions of electric field intensity
E(x, y, ) = —=V¢ and current density j(x, y, z) using
Ohm’s law, as well as Joule dissipation Q, = j?/c and
Lorentz force f=j x B.

A detailed description of the computational algo-
rithm of this system of equations is found in [6]. The
transport [7] and radiative [8] properties of air were
introduced into the computer codes in the form of
tables.

CALCULATION RESULTS

The discharge structure was calculated for the cur-
rent strength of 320 A and transverse magnetic field
induction of 0.086 T. The space difference grid on x, y,
and z axes has dimensions of 121 X 49 x 25 with steps
h,=h,=h,=0.5 mm. For reducing the number of dif-
ference grid points on the x-axis, the frame of reference
was moved in calculations with a velocity of 20 m/s in
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Fig. 1. The temperature distribution in the discharge mid-
section for the instants of time of (a) 0.3 ms, (b) 0.65,
(c) 1.05, (d) 1.3. The temperature is in kK.

the direction of discharge motion. In the initial state, the
arc was preassigned as the region of hot electrically
conducting gas in the form of a cylinder.

Numerical simulation involved the calculation of
distributions of physical parameters and of the shape of
arc discharge, which were formed as a result of force
interaction with the flow and of the processes of heat
transfer. Figures 1 and 2 give the distributions of tem-
perature at the discharge center and in the electrode
layer for time instants Az = 0.3, 0.65, 1.05, and 1.3 ms.
The temperature field 7(x, y) at the center corresponds
to the midsection equidistant from both electrodes.

As a result of interaction with incident flow, the
shape of highly electrically conducting region of dis-
charge in the central part of discharge column is
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Fig. 2. The temperature distribution at the electrode for the
instants of time of (a) 0.3 ms, (b) 0.65, (c) 1.05, (d) 1.3. The
temperature is in kK.

deformed and stretches in the transverse direction, and
a sheet of gas of temperature of approximately 7 X
10°K and significantly lower electrical conductivity
than that in the discharge region is carried away from
the discharge edges (Fig. 1). Away from the discharge,
this gas cools off and completely loses its electrical
conductivity.

The thermal contraction of current-conducting col-
umn occurs in the electrode layer; in so doing, the area
of current flow is reduced to the size which provides for
the value of current density required for the compensa-
tion of additional power of heat flux in the direction of
the electrodes (Fig. 2a). The values of temperature in
this region are lower than those in the discharge col-
umn, which is due to additional energy loss. The form
No. 6

HIGH TEMPERATURE  Vol. 46 2008



NUMERICAL SIMULATION OF THE SPATIAL STRUCTURE

Fig. 3. The surface of constant temperature (7 = 10* K) for
the instant of time of 0.65 ms.

of the point of attachment varies at random throughout
the process (Figs. 2b—2d), and the temperature distribu-
tion over its area is nonuniform.

Conditions for the emergence of RTI are realized
throughout the height of discharge on the boundary
between the arc column and incident flow; the force of
gasdynamic pressure acts here on the side of cold gas of
incident flow in the direction of less dense gas-dis-
charge plasma. However, the development of instability
is periodically initiated only in the electrode layers,
because the discharge exhibits the least thickness here,
and the temperature distribution exhibits a nonuniform
“spotty” structure. The development of RTI results in
the separation of a relatively small point of current
attachment from the basic discharge region (Fig. 2b).
With time, the separated part of the point of attachment
decreases in size and cools off; in some cases, it moves
away from the column under the effect of incident flow
and forms a thin current-conducting channel branching
off from the main discharge column. No complete sep-
aration of this channel from the discharge was observed
in calculations; in all cases, a decrease in temperature
and the loss of electrically conducting state was
observed, because the radiation and heat-conduction
losses in the thin channel are much higher. The effect of
development of RTI on the main discharge column con-
sists in that the channel separated in the vicinity of the
electrode draws off a part of discharge downstream,
thereby introducing disturbance into its spatial shape
(Fig. 1b). Later on, when the temperature in the sepa-
rated channel decreases and the electrically conducting
state is lost, this cooled gas is carried by the flow down-
stream, and the main discharge recovers its shape with
time (Figs. 1c and 1d). One can judge the effect of RTI
on the space shape of discharge by the surface of con-
stant temperature 7 = 10* K given in Fig. 3 for the
instant of time Af = 0.65 ms. One can see in the figure
that the development of instability and separation of
current-conducting channel resulted in the bending of
the arc column.
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Fig. 4. The distribution of maximal temperature 7(x) in the
discharge midsection: dashed curve—A? = 0.65 ms, thin
curve—1.3 ms, and bold curve—experiment.

For comparison with experiment, the predicted tem-
perature dependences are constructed in the form in
which the measurement data are given in [5]. Given in
Fig. 4 for the instants of time Az = 0.65 ms and 1.3 ms
are the predicted dependences of maximal values of
temperature 7(x) in the midsection plane for directions
parallel with the y-axis. The x-axis points away from
the direction of discharge motion, and the origin of
coordinates is fixed to the front edge of discharge. The
bold curve gives the experimental data. The experimen-
tally obtained and predicted dependences are qualita-
tively similar; however, the prediction profiles are char-
acterized by a higher maximal value and by a more
abrupt decrease away from the center.

The temperature distribution throughout the dis-
charge height is given in Fig. 5. The gas temperature is
higher in the vicinity of the electrodes in the zone of
spreading and of higher current density. At the instant
of time Af = 0.65 ms, the curve 7(z) has a local maxi-
mum at the central part of discharge. This is due to the
fact that a side current-conducting channel separates at
this point, which formed as a result of development of
RTT; this caused a variation of the shape of the main
discharge column and temperature disturbance. More
typical of the process under investigation is the distri-
bution corresponding to the instant of time Az = 1.3 ms.
In this case, the gas temperature decreases toward the
discharge center, and its minimal value may be shifted
away from the central cross section, because the pattern
of temperature distribution at the point of attachment
on the electrodes varies, which results in the distur-
bance of discharge symmetry throughout the channel
height. By and large, the predicted dependence 7(z)
adequately reflects the experimental data as regards the
pattern and numerical values of temperature.
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Fig. 5. The distribution of temperature throughout the chan-
nel height 7(z): dashed curve—A? = 0.65 ms, thin curve—
1.3 ms, and bold curve—experiment.

The simulation results revealed that a significantly
unsteady-state process of MGD interaction is observed
in the channel for the process parameters under consid-
eration, and fluctuations of local values of physical
parameters and of the discharge shape are typical of
discharge. Figure 6 gives time dependences of maximal
temperature 7,,,, in the midsection of the discharge and
of values of coordinate y corresponding to the value of
T,.x- The minimal values in 7,,,,(¢) correspond to peri-
ods of stable burning of arc and, on the contrary, the
maximal values correspond to the instants of develop-
ment of RTI and of disturbance of stability. One can see
in the figure that random displacement of the arc center
in the transverse direction was observed during the pro-
cess being simulated and that the temperature varied
periodically within (1.3-1.5) x 10* K; in so doing, the
quantitative deviation from the measured value
amounts to approximately 5-20%. Analysis of the pro-
cess reveals that the fluctuations of temperature and
shape of the arc are caused by the gas flow past the dis-
charge column, which results in periodic vortex separa-
tion, and, even more so, by the unsteady-state processes
occurring in the electrode layer. The development of
RTT and the variation of the area of attachment in the
electrode layer cause fluctuations of physical parame-
ters and the disturbance of spatial shape of discharge
column. Comparison calculation of this mode disre-
garding the heat transfer with the electrodes reveals that
the level of fluctuations of parameters becomes much
lower, the temperature distribution throughout the
channel height levels off, and the maximal value of
temperature in the central cross section is in the range
(1.26-1.28) x 10* K.
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Fig. 6. Time dependences of maximal temperature T, in
the midsection of discharge (continuous curve) and of coor-
dinate y corresponding to the value of 7}, (dashed curve).

The calculation results and experimental data for the
transverse dimension of the arc likewise exhibit a dis-
crepancy. Simulation produced the shape of discharge
cross section, which is extended across the channel and
has a width a = 10-12 mm. In the photograph made
during the experiment of [5], the width of the glow
region may be estimated at approximately half the
channel height, i.e., a = 6 mm. The value of discharge
width in [5] was additionally determined by the distri-
bution 6(x) (calculated by the dependence 7(x)) and by
the value of total current; in this case, a = 2 mm was
obtained. At the same time, in some studies referred to
by Slovetskii [5], values of column thickness a = 10—
30 mm were recorded for similar values of current
strength. Apparently, the differences in the shape of arc
cross section between different experiments are associ-
ated with special features of the channel and electrode
structure. For example, in the considered experiment, a
certain effect inhibiting the expansion of the discharge
could be made by grooves on the electrodes.

Note that the dissimilarities revealed in comparing
the predicted and experimentally obtained temperature
distributions may be due both to the error of simulation
and to the errors of measurement.

Tukhvatullin [9] gives the results of experimental
investigations of temperature distribution in a plasma
generator in view of spatial oscillation of the arc, which
demonstrate that the arc oscillation significantly affects
the results of measurements of radiation intensity and
radial temperature: “It has been found that neglect of
oscillation leads to underestimation of temperature in
the axial part of the arc (in the investigated range of
parameters up to 1500 K) and its overestimation on the
periphery of the arc chamber of plasma generator (up to
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2000 K).” The correction of experimental temperature
distribution 7(x) in view of this fact will bring about a
significant reduction of the difference between the mea-
surement data and the results of numerical simulation.

CONCLUSIONS

Numerical simulation revealed that a discharge
exists as a single plasma formation under conditions
considered above; in so doing, heat transfer between
electric-arc plasma and electrodes and the interaction
with flow past the discharge column result in the emer-
gence of spatial oscillation of the arc and temperature
fluctuations.
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