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THE CHARACTERISTICS OF A SFs ARC
STABILIZED BY AXIAL GAS FLOW WITH
'DOMINATING MOLECULAR AND
TURBULENT HEAT CONDUCTION")

M. HRABOVSKY?), M. KONRAD?), Praha

Analytical expressions were formulated giving basic macroscopic parameters of a low
current arc in axial gas flow. Characteristics of arc in laminar flow are compared with
characteristics of a turbulence dominated arc for various values of the turbulence
parameter.

XAPAKTEPHCTHKHM IYTH SF, Qﬂ>m§=w=10w>==0—.\.- AKCHAITBHBIM
TA30BbIM MOTOKOM C IPEOBJIATAGHEN MOJEKYJIAPHOM
U TYPBYJIEHTHOM TEILIOIPOBOTHOCTLIO

B paGoTe BbIBEICHbI BHATUTHECKHE BLIPAXCHHA, OupeAeAsIOLIHe OCHOBHBIE MAKPO-
CKOTWIECKHE NAPAMETPhI HHIKOTOYHOM KYTW B aKCHANLHOM ra3oBoM noToke. Xapakre-
pUCTHKM JyrH B NaMMHADHOM MOTOKE CPABHMBAIOTCA C XapaKTEpPHCTHKaMM AYyrH
¢ mpeoGnapatowie’ TypGynennuei RAA PadHIHRX Jmavemi nmapaMeTpa TypOy-
JIEHTHOCTH.

1. INTRODUCTION

An electric arc in a supersonic nozzle flow has attracted much attention because
of its practical importance in technical applications. Convection energy losses due
to axial gas flow together with radiation are controlling mechanisms for a high
current arc. At low currents the temperature of the arc plasma is lower and the
radiative energy exchange has to be replaced by another efficient mechanisms of
energy transport. Recent theoretical and experimental studies have emphasized the
role of turbulence enhanced heat conduction as a dominant mechanism [1, 2].
Although the existence of turbulences in the arc was well confirmed by experi-
ments, it is still not clear whether the turbulence or the laminar thermal conductivi-
ty is the principal mechanism determining the arc properties [3].

') Contribution presented at the 3rd Symposium on Elementary Processes and Chemical Reactions
in Low Temperature Plasma in Krpacovo, September 22—26, 1980.

?) Research Institute of Electrical Engineering, VUSE Béchovice, 250 97 PRAHA 9, Czechos-
lovakia.
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In this paper analytical expressions are derived giving basic macroscopic arc
characteristics of the laminar and the turbulent arc in dependence-on the material
coefficients of gas. These characteristics are compared to get some insight into the
effect of the two principal mechanisms of energy transport.

1. EQUATIONS OF THE ARC

The msoq@ balance equation of the rotationally symmetric low current arc can
be written in the form

QM»N@SI!IIA»+FVI 1)

where g is electrical conductivity, E intensity of the electric field, o density, v, axial
velocity, h specific enthalpy, T temperature, k thermal conductivity. The effect of
turbulence is expressed by the coefficient of turbulent thermal conductivity given
by the equation 4]

k,= »,mvh.tcn ’ ANV

where A is constant with the dimension of length depending on the character of the
turbulent flow and ¢, is specific heat.

By integration of (1) radially from O to R (radius of the gas channel heated by
the arc) and axially from 0 to z we obtain the integral power balance

R
IV(z) n~_‘ 2arouv.h dr, 3)

(\)
where I is the arc current and V(z) the potential at the axial position z. The
continuity equation %m ov. =0 and the assumption (3T/3r),-r =0 were used to

obtain (3). Equation (3) is equivalent to the assumption that all power generated

by Joule heating is removed by the gas flow, and the heat flux to the wall of the

nozzle is negligible. This assumption is true for a low current gas blasted arc, the

radius of which is substantially lower than the radius of the nozzle throat. -
The arc current is given by Ohm’s law as :

R
~H§ 2arEo dr. “)
0

In the narrow channel of the arc radial temperature gradients are substantially

dh 9T,
higher than axial gradients. We can therefore neglect the term gv, 32 =Qu:G 3, mn

(1) in favour of the thermal conductivity term. This is fully true im.:-mn the
conductive arc core. In the outer nonconductive thermal zone radial gradients are
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lower and our assumption is strictly valid only in the region of the nozzle throat,
where axial temperature distribution has its maximum. As this region decisively
determines the arc properties, we can neglect the enthalpy flow term also in the
thermal zone. In the nozzle throat, axial gas velocity is equal to the velocity of the
sound c, in (1)—(3) we can therefore substitute v, =c. Turbulent conductivity ; is
then the function of pressure and temperature only and the heat flux potential S
can be introduced by the usual equation

T
mu‘—‘ (k+k)dT, 5)
To
where T, is the temperature of cold gas. From (1) we then obtain
oE = === r<=, (6)

The effect of the gas properties on the arc behaviour is given by the material
functions S(T), o(T), and F(T)=gch. The dependence of o and the enthalpy flow
F on S for the SFs plasma is given in Figs. 1 and 2. In our calculations, we
approximate the functions o= a(S) by straight lines 0=B(S— S.) for $=S. and
o=0 for S<S., where S. is the value of S at the boundary of the conductive core
(T ~4000 K). The functions F(S) were approximated by F=A . S for S< 8. and
F= F(S.) = const. for $= S, (dash-and-dot lines in Figs. 1 and 2). The effect of this
approximation on the results of calculations will be discussed later.

The solution of (6) gives the radial profile of S, which is equal to the Bessel
function in the conductive arc core and to the logarithmic function in the outer

thermal region. By evaluating the integrals in (3) and (4) and substituting
dV/dz=E we obtain

dv__ 8, F1-(RIR)
V(@) 37 =476 0 I (RJR) ° ™

where R. is the radius of the conductive core, Ji is the Bessel function of the first
order and &, is the root of the Bessel function Jo.

The integration of (7) by the method of Perkins and Frost [5] together with
the solution of (6) gives for the total arc voltage .

o4 (e ) P52 o i) O

where S, is the value of S at the arc axis, L is the length of the upstream arc section
to the nozzle throat, A, = L/, L is the length of the downstream. section. V, is the
dimensionless factor depending on the gas properties [5])- The intensity of the
electric field E, the arc current I and the radius R. in the nozzle throat are then
given by
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HNI. RESULTS OF CALCULATIONS AND DISCUSSION

In this chapter, parameters of the arc calculated from (8)—(11) are presented for
the SF, arc, p=0.4 MPa, L=5X% 1072 m, A=1. .

In Fig. 3 the temperature at the arc axis is v_omoa against the arc current for the
case of the laminar arc (K =0) and for the turbulence controlled arc (k=0) .mo_.
several values of turbulence length A. The full lines correspond to the assumption
of the constant enthalpy flow F=F(S.) in the conductive arc core. The broken
lines were obtained for the case when for each temperature T the function F(S) for
§> S, was approximated by the constant F=F(S.), as it is demonstrated by the
broken line in Fig. 1. Curves representing the actual temperature dependence of F
would lie between these two CUIVEs.

The strong dependence of the arc temperature on the ﬁ.E&Eo:oo length can be
seen in Fig. 3. Temperatures corresponding to the experimental values would be
obtained for 4 in the interval 5 10~*—107* m. Lower <mm=om of A as well as the
assumption of pure Jaminar heat conduction result in very high temperatures at _.oi
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Fig. 2. Electrical conductivity o and enthalpy flow
F= gch as functions of turbulent heat flux poten-
tial S(k=0). SFs, p=0.4 MPa, A=10"m (solid

Fig. 1. Electrical conductivity o and enthalpy flow
F= pch as a function of laminar heat flux poten-
tial S(k,=0). SFe, p =0.4 MPa (solid lines). Ap-
proximation

— see text. text.
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(dashed and dash-and-dot lines) lines). Approximation (dash-and-dot line) — see -

ST
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Fig. 3. Axial arc temperature T as a function of
current I for laminar and turbulence dominated
arc. SFe, p=0.4 MPa, L=5x10"7m, A, =1, tur-
bulence length A as parameter. Dash-and-dot
lines — experimental values [8].
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Fig. 4. Components of total electric field corres-
ponding to various energy transport mechanisms
as functions of arc axial temperature. SFe, p =
0.4 MPa, [,.=5x107m, A= 1.

currents. Values of turbulent parameters for the SF, arc as given in [1, 6] are
equivalent to A =7X 10~°—2.5 x 10~ m, which seems to be rather small for the

observed arc temperatures.

In Fig. 4 the electric field intensity E calculated from (11) for the laminar and
the turbulent arcs is plotted against axial temperature. The third curve is for the arc

controlled by radiative power losses only,

an estimate for our conditions based on

data of Liebermann and Lowke {7]. It can be seen that radiation noticeably
influences the arc properties from a temperature of T~15 000K, the effect of

radiation predominates for T~20 000 K.

Fig. 5 gives the calculated dependence of the radius R. on the current I.
Turbulence and laminar models give similar resulting curves, also the value of
turbulence length A has little effect on the arc radius.

Fig. 5. Radius of conductive arc core R. as

a function of arc current I for laminar and turbu-

lent arc. SFe, p=0.4 MPa, [, =5X 107%m, A.=1,
turbulence length A as a parameter.
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IV. CONCLUSIONS

Calculations based on the simple model of turbulent and laminar arcs allow to
compare the effect of possible mechanisms of heat transport on the arc properties.
Results corresponding to the observed values of arc temperature were obtained for
the model of a turbulent arc with a high value of turbulence length 4. An
assumption of molecular thermal conductivity as the principal transport mechanism
leads to unrealistic values of the arc temperature. Conductive energy transfer
predominates over radiation up to relatively high temperatures, in our case
approximately to 20 000 K. ;
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