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CHARACTERISTICS OF THE STEADY~STATE FLOW OF A TWO-TEMPERATURE
ARGON-ARC PLASMA IN A CHANNEL

V. 8. Klubnikin, V. A. Laptev, UDC 533.915.072
and A. A, Salangin

Design of high-temperature gas heaters with given characteristics is hindered by the
lack of applicable models closely adapted to real conditions. This applies particularly to
electric-arc plasma sources that produce thermally nonequilibrium plasma. Theoretical
studies have been made [1-6] of the arc characteristics in the two-temperature approximation
for the initial and steady-state parts. However, most of these are restricted to arc burning
in the absence of a flow [1, 3} and laminar gas flow in the discharge channel [2, 4, 5], while
in [4] the calculations were performed with a very crude approximation in order to obtain a
simple solution. The most accurate analysis is to be found in [2, 5], while in [6] there
is an estimate of the effects from turbulence. No detailed analysis has been made of the
effects of the tramsition from laminar flow to turbulent on the characteristics of a two-
temperature flow of electric~arc plasma. Also, the properties of the plasma have been de-
rived from formulas that are not always reliable, which substantially hinders examination of
the accuracy and applicability of the results.

We have examined the effects of laminar and turbulent flow on the characteristics of a
two-temperature argon plasma in the steady-state part of an electric arc in a cylindrical
channel. We have examined the existing formulas for the plasma properties and have selected
those that agree best with experiment.

It has been found that the following system of equations can be used to describe the
phenomena occurring in an electric arc stabilized by the walls of a cylindrical channel and
bearing a longitudinal gas flow:
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1) the energy equation for the electron gas

dr dn,’
B = 37 (T, — 1) — - (b ) = [ (v 4+ £) 0 T+ W w

r dr ¢ dr rodr

2) the energy equation for the atomic-ionic gas

3 novk (T, — T) = =+ 2 [r (4 2 L], @)
3) the equation of motion
{1 d d d
Ll 2] =2z, (3)

where 7., me, n,, A, are the electron temperature, mass, concentration, and thermal conducti-
vity, T, m,, and A are the temperature, mass, and thermal conductivity of the atoms and
ions, ¢ is the plasma electrical conductivity, v is the effective frequency of the elastic
collisions between electrons and atoms or ions, E is the electric field strength, E; is the
ionization energy, D, is the ambipolar diffusion coefficient, W, is the radiated power, k
is Boltzmann's constant, nT and XI.are the turbulent viscosity and thermal conductivity, n
is the dynamic viscosity, dp/dz is the longitudinal static-pressure gradient, and u is the
longitudinal component of the plasma velocity.

The boundary conditions for (1)-(3) take the form
at r =0 dT/dr = dT/dr = dn./dr = du/dr = 0; (4)
at r=RT=Tpu=0,T,=T,;. (5)

TR for the atomic-ionic gas was taken as 300°K, while T,p for the electron component was
found from (1) on the assumption that all the energy oE® supplied to the electrons in the
part of the plasma near the wall is transferred to the atoms and ions by elastic collision,
s0

TeR = (T -+ maUEE/(3mener))lr=R‘

Particular attention was given to choosing the formulas for the plasma properties.
Comparison with experimental data and approximate calculations give the collision cross sec-
tions and transport coefficients from the following formulas (Te, T, K; ne, n,, cm™>):

1) the effective cross section for elastic electron-atom collisions [7]
Qeo = (0.1 + 3.6-10-4T,)-10-26 .c;m -2,

2) the effective cross section for electron-ion collisions [8]

20.2.40°6., [279T,s T \13 2
Qi = 72 lg[ pIE (TC+T) , em®;

3) the effective elastic~collision frequency

V= -‘/_ (neoet + naQea) 1/sec,

where n, is the atom concentration;

a
4) the electrical conductivity of the weakly ionized gas [9]

(VE/%)

Te( ca (ne + "a) !
5) the electrical conductivity of the completely ionized gas [10])

0, = 1.37-107%
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5 6.67-10737%/2
[ 1.210%7%
g ni/3

, Sm/emi

6) the thermal conductivity of the electrons in the weakly ionized gas [11]

5.65-10~1871/2,,

M= ——t—t, W/(em-K)

7) the thermal conductivity of the electrons in a completely ionized plasma [9]
1.84-1012r8/2
;"22 == -———-—-—-—i——-
1.24-40473/2
n YD) J
e

» W/(em+°K)

8) the electrical conductivity and thermal conductivity of the electrons in a partially
ionized plasma

0 = 0,0,/(0; + 62), Ae = Merhoa/(Aex + hen)s
9) the thermal conductivity of the atoms and ions
A = 2.53-10-8T%-"4p _/(n, + 3.14n,), W/(cm-°K)
This formula agrees well with experiment: The ambipolar diffusion coefficient (7, 12] is

D, = 4.05.10-%¢%(T, + T) cm®*/sec. The plasma composition was calculated from Saha's formula
and the equation of state for a quasineutral plasma.

The turbulent viscosity and thermal conductivity were calculated in accordance with
Prandtl's hypothesis on the length of the mixing path [13] from

e = plduldr|, Ay = C,l, Liduldr], (6)
where o is density, C, is the specific heat of the plasma, and 7 and ZT are the mixing p'ath
lengths for the transltaer of momentum and energy. Here we assume that I = Jg. Out of the

available semiempirical formulas for the mixing length, we selected three which differ sub-
stantially in value: .

ll = O.4(R et r); 7
l, = R[0.14 — 0.08(r/R)* — 0.05(/R)*]; (8)

{O.4(R—-r), R>r>0.8125R,
?~ 10.075R, 0<<r<<0.8125R, (9)
where I, and 7, are from [13] and Is is from [14].

Integration of (3) and (6) gives the following formulas for np and Ar:

2
=2 () 1+ B2 [~ 1), =

U] -

System (1)-(3) with the boundary conditions of (4) and (5) is solved numerically.
As 7 is independent of the plasma speed, (1) and (2) were solved without reference to the
equation of motion. The electric field strength and the static-pressure gradient were
taken as parameters, while the dynamic viscosity, C,, and W, were given by tables from the
data of [3, 7, 15]. A finite-difference method was used with iteration. At each step the
linearized system of algebraic equations was solved by the pivot method. The iteration
ended when the following condition was obeyed:

|(75 — 18)/ T8 | < e = 0.004,

where k is the number of the iteration and T, is the axial temperature. When the tempera-
tures had been found, the equation of motion was solved by the pivog method and then the

integral characteristics were calculated: the arc current I = 2af jordr and the mass flow
}3 o
rate G =2n\purdr . The calculations were checked from the obedience to the integral energy

.

0
balance condition for the entire channel. Another algorithm was used to estimate the re-
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liability of the data: the finite-element method [16]. The two methods gave essentially
coincident results, which shows that the arc characteristics are calculated reliably.

The electrical and thermal characteristics of the arc most fully reflect the state of
the plasma flow. As basic characteristics we took the electric field strength, the tempera-
tures of the electron and atom-ion gases, and the heat~flux densities.

Figure 1 shows the effect of gas flow rate on the field strength for two channel radii:
R = 0.25 cm for arc currents I = 22, 34, and 43 A and R=0.5 cm with arc currents I of
30, 60, and 80 A. We calculated the field strengths with the three formulas of the mixing
length (curves 1 from (7), 2 from (8), and 3 from (9)), and these were compared with experi-
ment for the corresponding arc currents: 4 —J=30A,5—-I=00A,6—1=80A,7—-1=
2 A, 8—T=34A,9—-1=43A , where the half-filled points are the data from [17], the
open points are from [19], and the filled points are from [18], while the points in the form
of crosses and stars are our experimental data obtained on a plasmotron with inserts between
the electrodes. At gas flow rates less than a certain value G*, the electric field strength
calculated from any of the formulas (7)-(9) was constant, which corresponds to laminar flow.
In this region of gas flow rates, the calculations agreed well with experiment. The value of
G* increases with the radius of the discharge channel; for example, G* =~ 0.04 g/sec for R =
0.25 em and G* &~ 0.3—0.4 g/sec for R = 0.5 cm. The electric field strength increases if the
flow rate exceeds G*. The best agreement with experiment is given by (9), when a comparison
is made with (7) and (8).

Change in the mixing length affects factors other than the electric field. Table 1
gives some arc characteristics calculated for R = 0.5 cm from (7)-(9), which shows that (9)
gives the highest values for the electron temperature Tgo, the electron temperature averaged
over the cross section {7T,.) , and the temperature (I) of the atom-ion gas, and also of the
current when a comparison is made with (7) and (8), Also, the turbulent flow has marked
effects on the magnitude and distribution of the plasma temperature but little effect on
the speed. On this basis, the subsequent calculations were based on (9) for the mixing
length as giving the best agreement with experiment.

The characteristic radial temperature distributions for the electrons (solid lines) and
the atom-ion gas (broken lines) are shown in Fig. 2 for two channel radii (a — R = 0.25 cm,
b— R =0.5cm); curves 1, 1' (G = 0.05 g/sec, I = 40 A), 3, 3' (G = 0.26 g/sec, I = 100 A)
and 6, 6' (G = 0.05 g/sec, I = 41 A) correspond to laminar flow, while curves 2, 2' (G =
1.63 g/sec, I = 40 A) and 4, 4' (G = 2.3 g/sec, I = 100 A) correspond to turbulent. The cal-
culated electron-temperature profiles (curves 3 and 6) agree well with experimental data ob-
tained by others: 5 — G = 0.23 g/sec, I = 100 A [2) and 7~ G =0, I = 35 A [15]. As the
current increases (curves 6-6' and 3-3'), or as the radius decreases (curves 1-1' and 3-3'),
the temperature gradients increase. No matter what the channel size, the atom-ion gas is
cooled more extensively than the electron one as the gas flow rate increases. On transition
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TABLE 1

P fom Vﬁh ! %g qg’ K| LA | 0 ghed un m/
I 10 080 8580 6700 56 0,05 14
4,2 ly 10 330 8640 6000 60 0,04 14
5 ls 10 400 8780 | 6080 61 0,04 14
I 10 060 9310 7010 89 0,04 13
48 | 1, | 1140 | e220 | 7730 | 86 | 0,08 13
l, | 11190 | o300 | 7060 | 01 | 0,04 m
1, | 10820 | 000 | 7360 88 | o043 | 120
100 5,4 N 10 790 9140 7520 93 0,47 159
I, | 11200 | 9400 | 7e20 | 102 | o044 | 472

to turbulent flow, the temperature profiles become flatter and the region of thermal dis~
equilibrium extends to the entire discharge channel.

The radial position of the boundary for substantial thermal disequilibrium (r/R), is
characterized by a difference between T, and T nominally taken as 300°K [20], and this is
shown in Fig. 3 as a function of channel radius, where 1, 2, 5, and 6 are for I = 100 A and
3, 4, and 7 are for I = 60 A, with 1 and 3 for G = 0 and the other calculated curves (2 and
4) and the experimental ones (5 and 7 from [6, 20] and 6 from [20]) are for G = 0.1 g/sec.

It is clear that an arc in a channel of larger radius is thermally closer to equilibrium
(Fig. 2). The disequilibrium is increased by raising the gas flow rate and reducing the cur-
rent. The calculated position of the boundary for substantial thermal disequilibrium for G =
0.1 g/sec agrees well with estimates [20] for I = 60 and 100 A, namely correspondingly points
7 and 5, 6 in Fig. 3. The slopes of the curves l1-4 indicate the rate of increase in the
thermal disequilibrium as the radius varles. Figure 3 shows that this rate 1s the larger

the lower the arc current,

Figure 4 also shows the thermal disequilibrium, where we have calculated the electron
temperature {(7,) averaged over the cross section (solid lines) and the same for the atom-ion
gas (T (broken lines) for the following conditions: 1 -—1'—R = 0.5 cm, dp/dz = 50 Pa/cm,
G = 0.246-0.3 g/sec; 2 —2' —R = 0.5 cm, dp/dz = 1000 Pa/em, G = 1,7=3.5 g/sec; 3 — 3' —R =
0.25 cm, dp/dz = 1000 Pa/em, G = 0.22-0.53 g/sec; 4 — 4' — R = 0.25 cm, dp/dz = 10,000 Pa/cm,
G =1.31.9 g/sec. The average electron temperatures are in good agreement with experiment
(points 7-9) from [21-23] correspondingly, particularly for R = 0.5 cm. On the other hand,
the average temperatures of the atom-ion gas as indicated by the calculations (curves 1'-

2' and 3'-4') differ somewhat from the experimental values 5-5' and 6-6' obtained in [24]
for chamnels of radius 0.3 and 0.5 cm correspondingly, with 5 and 6 for G = 0.25 g/sec and
5' and 6' for G = 1.2 g/sec. Also; the calculated range in the atomic-ionic gas temperature
in relation to flow rate is somewhat smaller than that indicated by experiment, which is
evidently due to inadequacy in the semiempricial formula (9), which does not incorporate
features of the arc burning, namely pulsations, oscillations, and various instabilities in
the conducting part. If we use (7) or (8) to calculate the mixing length, the discrepancies
from experiment become larger (Table 1). However, the error in measuring the electron tem-
peratures is +500°K, while that for the atom-ion one is *1000°K, so one can say that there
is satisfactory agreement between the calculated and experimental data.

Figure 5 compares the effects of various factors on the arc characteristics over a wide
range in gas flow rate, which shows the densities of the heat fluxes due to atom-ion thermal
conduction (I—1" — g, = MT /dr_) , turbulent thermal conduction (2—2 — gy = A dT/dr), electron
thermal conduction.(3__3'~_qe==)édTJdﬂ ionization-energy transport by ambipolar diffusion

”
@_y_%zg%n+&ﬁv%}aMemmyumﬁabymﬁumn&_y_%=éiwmﬂ as
- 0

calculated for r = 0.5 R for two channel radii: R = 0.25 cm, (]">‘= 250 A/em?, broken lines
and R = 0.5 cm, (j) = 145 A/cem’, solid lines. At gas flow rates less than 0.1 g/sec, the tur-
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turbulent heat transport is much less than that due to other mechanisms responsible for
transferring energy to the channel wall, and it does not have an appreciable effect on the
plasima characteristics. In fact, the electric field strength is independent of the gas flow
rate in this range (Fig. 1). The nonzero turbulent heat transport with laminar gas flow has
no effect on the radial electron-temperature distribution (Fig. 2) calculated for G = 0.05
g/sec and I = 41 A (curve 6), which agrees well with experiment. The energy transfer due to
turbulent thermal conduction becomes important for G 0.2 g/sec for R = 0.25 cm and for

G2 0.5 g/sec for R = 0.5 cm, which corresponds to values of the Reynolds number Re = 2G/
unR calculated from the viscosity of the cold gas at the wall of 2320 and 2900, which agrees
well with the range of Reynolds numbers characterizing the transition from laminar to tur-
bulent flow.

The effects of turbulent heat transfer increase with the gas flow rate and are most
pronounced for the temperature of the atom-ion gas, as is clear from Fig. 4, where curves
2-2' and 4~4' characterize Te and T in turbulent flow, while curves 1-1' and 3-3' charac-
terize these in the flow transitional from laminar to turbulent. Here we should note that
the reductions in electron and atom-ion temperatures due to increase in the turbulent trans-
port reduce the heat fluxes due to electron thermal conduction and energy transport by ion-
ization and radiation. The slight rise in q, with G occurs because the increase in the gra-
dient of the atom—ion gas temperature is larger than the reduction in the atom-ion thermal
conductivity.

This study has provided good agreement between the calculated and experimental data on
laminar and turbulent flow in an arc channel. Turbulence in the flow has its most marked
effect on the electric field strength and on the temperature of the atom-ion gas, with a
smaller effect on the electron temperature. Turbulent heat transport becomes important re-
lative to the molecular mechanism at Reynolds numbers of 2300-2900 as calculated for the
cold gas. This agrees well with the data for slightly heated flows in tubes. In accordance
with the above, this model for an arc in a turbulent gas flow can be used to calculate the
characteristics of the steady-state flow for a two-temperature argon-arc plasma in a channel.
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