CALCULATION OF ELECTRIC ARC INTERACTION WITH A TURBULENT GAS FLOW
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The characteristics of an electric arc in a turbulent gas flow are studied. Re-
lationships for calculating turbulent transport are presented.

In [1] the present authors studied the effect of radiation on turbulent energy transport
in an electric arc. It was then assumed that the turbulence was of a hydrodynamic character
and that the turbulence model of [2] could be used to complete the basic system of equations,
without consideration of the presence of the electric arc in the gas flow.

In an electric arc with longitudinal draft, the turbulence is determined by the gas
flow regime as well as volume heat liberation.

In the present study in calculating the characteristics of an arc in a turbulent gas
flow, a turbulence model will be used which considers pulsations in radiation and electro-
dynamic quantities. An electric arc with longitudinal draft in a cylindrical channel will
be considered.

The system of equations describing flow and heat exchange in the channel, averaged over
time, has the form

3 3 _
7;—(rpu)—+-7;7(rpv)—-0,

du a vy | Ou ]
—_ - = _—}r 1 A Ry R
pu +p gr éx r ar“( +v}6r
oT oT 1 o Pr v oT
U _ — o e —— f}\, l Ty
.pcp 0x+pwp or r ar[ ( + Pr, v) rJ_}—
oP ( 0u) oE | E° ] ’
—_ 1 oE2 —divg,,
+ullpu( 14 )(ar/ + [ 5 0
j=0E+ oE,
R
G:anpurdr
b
with boundary conditions
x=0, 0<r <R, T=Ty{r), u=uy ()

x>Qr=QdW&=QdWﬁ=QU:&
r=R, T=Ty u=0v=0.

Turbulence characteristics are determined by the equation of temperature pulsation in-
tensity. Relying on the existence of an "equilibrium" turbulence structure [2] and consider-
ing the interaction of temperature pulsations with pulsations in the electrodynamic quanti-
ties, the equation for temperature pulsation intensity can be written in the following form:
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Using relationships describing correlations of the electrodynamic quantity pulsations
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and transforming Eq. (1) in accordance with [2], we arrive at
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The expression for the turbulent Prandtl number can be obtained from Eq. (2) in the fol-
lowing form:
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where Prgg = Pr/(1 + y), y = £22/A,p , the empirical constants Pry = VBK A,/K,, A,, B, a are
taken in accordance with [2].

The turbulent viscosity coefficient is defined by the relationships of Reichardt [5]
and Deissler [6]. The turbulence scale is found from the Prandtl—Nikuradze expression.

The mean electrical conductivity is calculated in terms of the temperature pulsations
[7]:
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With consideration of volume heat liberation, the mean square temperature pulsations
are found from Egqs. (2), (3):
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In electric arc heaters in the initial and transitional segments radiant heat exchange
is significant. Here there are large axial temperature gradients, and therefore energy
transport by radiation will be considered two-dimensional.

Assuming that the gas radiates and absorbs (scattering will not be considered), the di-
vergence of the radiant heat flux can be written in the following manner:
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Fig. 1. Development of radial
temperature distributions @ =
T/T, over channel length: O,
1, 2, 3, 4) zeroth approxima-
tion without radiation; 0.005,

" 0.005 (without radiation), 0.1,
24 \ + -2
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where I, is defined by the formal solution of the radiation transport equation
s
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Using Egs. (7) and (8) the expression for the divergence of the radiant heat flux can be
brought to the form
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We will consider radiation transport in a finite cylinder (Fig. 1). As in the figure,
the arc length S is defined as

S=[x—x)2+r24+ri+ 2rry cos cp]”z.

In a cylindrical coordinate system Eq. (8) takes on the form
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Considering Fig. 1, we transform the expression for optical path length to the form
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We calculate the radiant heat-exchange layer by layer.

For a layer Eq. (9) is written in
the following form:
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The radiant heat flux on the wall is determined from the radial flux component
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Following [8], we divide the radiant flux into two components: ¢, = qﬁ = q.. For the
geometry considered, the radiant flux components on the wall are equal to
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The system of equations was solved by the finite-difference method. The energy and mo-
tion equations were approximated by an implicit difference method, and the continuity equa-
tion, by an explicit one. A grid nonuniform in the radial direction was chosen. The pres-
sure gradient was determined by a splitting method. The system of difference equations was
solved by the iteration method in combination with the drive method.
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Fig. 2. Electrical conductivity coefficient S/m vs tempera-
ture, K: a, b) turbulent and laminar flows

Fig. 3. Thermal flux distributions on wall, MW/m?, over chan-
nel length: 1, 2, 3, 4) total, conductive, radiant, radiant
(two-dimensional) fluxes. R = 0.5-10"2m, I =250 A, G =3
g/sec; X = x/2R.

Fig. 4. Electric field intensity distribution, V/m, over
channel length: 1, 2) with and without consideration of tem-
perature pulsations; points) experiment [9]; R = 1.5+107% m,
I=1004A, G=8 gfsec.

In calculating the radiant flux divergence in the k-th layer, the temperature distribu-
tion in the k + 1...M layers were unknown, so the temperature field in layers 1 — M was cal-
culated without consideration of radiation.

Studies were performed for an arc with a turbulent draft of argon in a cylindrical chan-
nel.

The Reynolds numbers, defined from the mean mass gas flow rate through a unit area of
the channel section at the temperature of the wall, were equal to Re > 8:10° in a channel
1102 m in diameter, 0.6 m long, at a current of 250 A, flow rate of 3 g/sec, and Re > 6-10°
in a channel 31072 m in diameter at a current of 100 A and flow rate of 8 g/sec.

The calculations performed showed that the temperature (Fig. 1) changes more markedly
in the initial segment, where the role of turbulent heat transport and reabsorption of radia-
tion increases.

The dependence of mean values of the electrical conductivity coefficient in the turbulent
argon flow upon temperature is shown in Fig. 2, and compared to values of the same coefficient
in a laminar flow. Electrical conductivity in the turbulent flow was calculated with con-
sideration of temperature pulsations. The values of the electrical conductivity coefficient
in the turbulent flow are lower than those in the laminar. The greatest reduction occurs
at a temperature of 9000 K.

Calculated thermal flux values are shown in Fig. 3. In the initial portion of the chan-
nel the basic contribution to thermal flux is produced by radiation. The radiant flux de-
creases over channel length. For two-dimensional radiation transport the radiant flux on
the wall (solid curve) is greater than the one-dimensional. The deviation is about 10Z for
a temperature of 13,000 K, but for certain regimes in high intensity arcs it may be signifi-
cantly higher. In the initial segment where the conductive flux is less than the radiant,
there is a minimum in total thermal flux. In the transition segment the growth of molecular
and turbulent thermal conductivity leads to a significant increase in both conductive and
total flux, while the radiant component has a minimum and is almost constant in the segment
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of developed turbulent motion., The reduction in radiant flux in the transition segment can
be explained by the effect of radiation on turbulent energy transport. The conductive flux
in the developed turbulent segment increases insignificantly, its value being attributable
to the change in the value of the temperature gradient at the wall.

It was noted in [9] that a growth in electric field intensity in argon arcs is observed
in channels with diameter d > 210”2 m. Results of a calculation of electric field inten-
sity over channel length are shown in Fig. 4. Studies were performed for a channel 3:107%Z m
in diameter. The intensity values calculated with consideration of temperature pulsations
were 207 above the values for a laminar arc. In the transition segment, after reaching a
maximum value, the field intensity decreases. The calculations show that this reduction
reaches 147 upon approach to the stabilized segment. The reduction in intensity corresponds
to a decrease in turbulent heat transport.

In view of the absence of data describing turbulent arc structure, the only method for
determining the reliability of the proposed model is comparison of calculated data to experi-
ment. Figure 4 shows experimental data of [9], obtained for a twisted flow. The twisting
reduces electric field intensity. The agreement between experiment and calculated data on
intensity with consideration of temperature pulsations proves to be better without consider-
ation of twisting.

NOTATION

T, temperature; A, o, p, Cp> thermal conductivity, electrical conductivity, density,
specific heat at constant pressure; P, pressure; u, v, longitudinal and transverse velocity
components; u, dynamic viscosity; v, v, molecular and turbulent kinematic viscosities; I,
current; E, electric field intensity; G, gas flow rate; a, di, molecular and turbulent thermal
diffusivity; 2, turbulence scale, channel length; E;i, ionization potential; Vaas Veis elec-
tron—atom and electron—ion collision frequencies; T, optical path length, shear stress;

I,s Jy, spectral intensity of gas and wall radiation; B,, spectral intensity of equilibrium
radiation; ¥X,,, spectral absorption coefficient; @, solid angle; x, r, ¢, coordinates; R,
channel radius. Subscripts: i, at input; w, wall; ', pulsation value.
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