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NUMERICAL INVESTIGATION OF THE PROCESSES IN A PLASMATRON 

WITH KEEN BLOWING 

V. I. Artemov and O. A. Sinkevich UDC 539.95 

High-enthalpy plasmatrons are an important element of new industrial technology at the 
present time because of the possibility of obtaining rapid heating of a wide range of gases 
(including chemically active gases such as hydrogen, oxygen, chlorine etc.) up to high tem- 
peratures (2-3-I04~ at working pressures of up to 107 Pa. One of the main problems in con- 
structing such plasmatrons is to increase the specific energy contribution to the electric 
arc. Since the current flowing through the plasmatron has an upper limit set by the per- 
missible erosion of the electrodes, to increase the power it is necessary to increase the 
electric field in the arc. One can obtain effective control of the electric field by blowing 
gas either in the intersection slots or through a porous interelectrode mounting [J]. One 
form of blowing is keen blowing, when gas is blown through one of the intersection slots with 
a flow rate of the order of or greater than the main flow. In this case the electric field 
in the arc and the temperature are increased, a gas curtain is formed on the walls of the 
plasmatron which enables the temperature of the wall to be maintained within the desired 
limits, and the boundary layer breaks up, leading to a hydrodynamically developed flow. 
Experimental investigations [], 2] have been devoted mainly to analyzing the integral param- 
eters: the current--voltage characteristics, the thermal efficiency, the mean-mass enthalpy, 
etc. This is mainly due to the difficulties involved in making measurements of the local 
characteristics, although when designing plasmatrons the latter play an important role. 

To calculate the local parameters, numerical methods of analysis are promising, but even 
their use involves a number of difficulties. The complex structure of the flow of gas, and 
the impossibility of distinguishing the characteristic direction of motion make numerical 
calculations based on the boundary-layer approximation, which is mainly employed to investi- 
gate arcs in the plasmatron [3, 4], very inefficient. For a flow rate of the gas in the 
blowing through the walls of the order of the main flow rate, finite-difference algorithms 
cease to converge. Numerical simulation of the arc using the solution of the complete 
Navier--Stokes equations is the most acceptable. Using this method, investigations have been 
made [5] of the electric arc in the initial part of the plasmatron [6, 7] and in the case 
when there is intense blowing of gas through a porous wall [8]. These papers domonstrate the 
possibility of using numerical methods developed mainly for an incompressible liquid, and 
there is good qualitative agreement with experiments. In the present paper, using the com- 
plete Navier--Stokes equations we investigate the electric arc in a sectioned channel of a 
plasmatron with intense local gas blowing; the arc parameters are-chosen to be such that a 
comparison can be made with experimental data [2] in order to estimate the efficiency of 
the method. 

;. To describe the flow of an equilibrium plasma in the channel we will use the com- 
plete system of Navier-Stokes equations taking into account radiation transfer and Joule heat 
dissipation. By changing to the vortex-current function variable and using the assumptions 
employed in [3, 9], usually used when investigating an arc, the system of equations in the 
axisymmetrical stationary case can be reduced to the form [5] 
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where ~ i s  the  v o r t e x  i n t e n s i t y  (a = 3Ur/3Z -- 3Uz/3r)  , ~ i s  the  c u r r e n t  f u n c t i o n ,  c o n n e c t e d  
wi th  the  components o f  the  v e l o c i t y  v e c t o r  (Uz, ur)  by the  r e l a t i o n s  

t o ~  t oO 
u~ = p7 0--7' u, =--p--f~-z; 

H is  the  e n t h a l p y ,  ~ i s  the e l e c t r i c - c u r r e n t  f u n c t i o n  

E z = - - ~ r - - ~ - -  r , E r  ar Oz ; (1 .2)  

9,  Cp, V, t ,  Z a re  the d e n s i t y ,  h e a t  c a p a c i t y  a t  c o n s t a n t  p r e s s u r e ,  the  v i s c o s i t y ,  the  t h e r -  
mal c o n d u c t i v i t y ,  and the  e l e c t r i c a l  c o n d u c t i v i t y ,  r e s p e c t i v e l y ,  and FR t akes  i n t o  a c c o u n t  
the  l o s s e s  due to  r a d i a t i o n  i n  the o p t i c a l l y  t r a n s p a r e n t  p a r t  o f  the  spec t rum.  The p r e s s u r e  
d i s t r i b u t i o n  can be found by s imple  i n t e g r a t i o n ,  and to c a l c u l a t e  the  d e r i v a t i v e s  3p/3z and 
3p /3 r  one can use the i n i t i a l  Navier - -S tokes  e q u a t i o n s .  The f u n c t i o n  S~ i n c l u d e s  the  second  
d e r i v a t i v e s  o f  the  v i s c o s i t y  w i t h  r e s p e c t  to  the  c o o r d i n a t e s ,  and i t s  form i s  g iven  in  [5 ] .  

The boundary  c o n d i t i o n s  f o r  the  v o r t e x  i n t e n s i t y  on the  e l e c t r o d e s  and on the  w a l l s  can 
be found from the  a d h e s i o n  c o n d i t i o n s .  We used bo th  the  c o n d i t i o n  o f  f i r s t  o r d e r  o f  a c c u r a c y ,  
and the  boundary  c o n d i t i o n  o f  the  second  o r d e r  [ 1 0 ] ,  and i n  the l a t t e r  c a s e ,  to  s t a b i l i z e  the  
i n s t a b i l i t y  which o c c u r s ,  we employed an " i m p l i c i t  scheme" f o r  c a l c u l a t i n g  the  v o r t e x  i n t e n -  
s i t y  a t  the  boundary  p o i n t s  [5 ] .  At the  i n p u t  the  v o r t e x  i n t e n s i t y  was found by d i f f e r e n t i a -  
t i n g  the  s p e c i f i e d  v e l o c i t y  p r o f i l e ,  and on the a x i s  o f  symmetry we assumed t h a t  the  f o l l o w -  
i ng  h o l d s :  

= a r +  br ~, r - + O .  

The c u r r e n t  f u n c t i o n  ~ on the e l e c t r o d e s ,  the  w a l l s ,  and the  ax i s  of  symmetry i s  con -  
s t a n t ,  and a t  the  i n p u t  i t  was found by i n t e g r a t i n g  the  v e l o c i t y  p r o f i l e .  The e n t h a l p y  on 
the  w a l l s ,  the  i n p u t ,  and the  e l e c t r o d e  i s  c o n s t a n t  and equa l  to  Hi ,  Hw, and He, r e s p e c t i -  
v e l y .  The s p e c i f i c a t i o n  o f  c o n s t a n t  e n t h a l p y  on the  e l e c t r o d e  s t r i c t l y  s p e a k i n g  does no t  
c o r r e s p o n d  to the  t r u t h ,  bu t  t h i s  c o n d i t i o n  i s  no worse t h a n  s p e c i f y i n g  the  e n t h a l p y  p r o f i l e  
o b t a i n e d  by s o l v i n g  the  E l e n b a a s - - H e l l e r  e q u a t i o n  f o r  a channe l  o f  r a d i u s  rK, as was done i n  
[ 6 - 8 ] ,  s i n c e  the  c a l c u l a t i o n s  c a r r i e d  ou t  t h e r e  d e m o n s t r a t e d  Chat He has on ly  a s l i g h t  e f f e c t  
on the  s o l u t i o n ,  w i t h  the  e x c e p t i o n  o f  a na r row r e g i o n  c l o s e  to  the  e l e c t r o d e .  At the  i n p u t ,  
on the  w a l l s ,  and on the  ax i s  o f  symmetry the e l e c t r i c - c u r r e n t  f u n c t i o n  ~ i s  c o n s t a n t ,  and 
on the electrodes we used the condition for there to be no electric field along an ideally 
conducting electrode 3P/3n = 0, where n is the vector normal to the electrode. At the out- 
put of the channel, as in [5], we assumed that 3~/~z = 3~/3z = 3H/3z = 3~/3z = O. 

The finite-difference analog of system (1.]) was solved by the Gauss--Seidel method 
using the algorithm proposed in [5], in a rectangular region in the (z, r) plane (Fig. l). 
To extend the region of convergence with respect to the Reynolds number, we used the approxi- 
mation of the convective terms to a first order of accuracy (the "opposite flow" difference 
[5]). The considerable nonlinearity of system (].]) due to the dependence of the transfer 
coefficients on the enthalpy may also be the reason for the divergence of the iterational 
process. In this case we used the following methods to obtain stable convergence: l) the 
method of lower relaxation, not only for the basic variables ~, ~, H, ~ but also for the 
source terms in the equations for the vortex intensity and the enthalpy; 2) the total drop 
in enthalpy on the boundaries was introduced gradually, and in the first iteration the 
enthalpies at the input and on the walls were specified to be equal to the enthalpy at the 
electrode, and in subsequent iterations we carry out the calculations using the formula 

H~,~ = (//~ - -  H~).exp ( - -Uh)  + H~,  

where i i s  the  number o f  the  i t e r a t i o n ,  i~ = 50-100;  3) the  e l e c t r i c a l  c o n d u c t i v i t y  a t  low 
temperatures was taken to be equal to a certain small quantity (its value was chosen in such 
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Fig. 1 

a way that it has no effect on the solution obtained). In order to avoid spatial oscilla- 
tions of the electric field in the low-temperature region, after calculating the fields usin~ 
(1.2) we averaged them usin~ the condition E = const in the nonconducting region. 

2. As an example we will consider an electric arc burning in a sectioned channel of a 
plasmatron (d w = 10 -2 m and Ze = 0.11 m). We will use argon at atmospheric pressure as the 
working gas. Keen blowing at a flow rate Gs through a section situated at a distance z s = 
0.77"10 -I mis employed. The calculations were carried out for the following parameters: Go = 
0.17"I0 -3 kg/sec, G s = 0, 0.92"10 -3 , and 2.41"I0 -3 kg/sec, I = 214 A, the gas temperature at 
the input and on the walls is 300~ and on the electrode is 1.4"I04~ For the calculations 
we used a nonuniform mesh (21 x 31) in the (z, r) plane. 

In Fig. 2a we show the calculated temperature profiles (the continuous curves) and the 
experimental temperature profiles [2] in the blowing cross section for Gs = 0, and in Fig. 
2b for Gs = 2.41"I0 -s kg/sec. The difference in the behavior of the curves when there is 
sharp blowing is obviously due to the impossibility of correctly simulating the keen-blowing 
conditions. We used a specially profiled nozzle in the experiment for this purpose, and in 
the calculations the blowing velocity was assumed to be constant over the whole width of 

the slot (5"I0 -s m). The presence of an intense radial flow of cold gas leads to contraction 
of the arc and to an increase in the axial temperature. In Fig. 3 the broken curves repre- 
sent the conventional radius of the arc, found from the condition T(rd) = T, = 7000~ (when 
T < T, ~ 0). Note that contraction of the arc is also observed below with respect-to the 
flow from the blowing section. In the blowing section a maximum of the electric field is 
observed, and when z > Zs the electric field does not fall to its initial value. In Fig. 3 
the points represent experimental values of the electric field obtained by differentiating 
the dependence of the section potential on the z coordinate for Gs = 2.62"10 -3 kg/sec. In 
Fig. 4 we show the energy losses per unit length of the channel wall: the losses due to 
thermal conductivity 

C p Or [r~r  w 

and the overall losses 

T~ 

Q~ = Q~ -4- 2~ t F~rdr. 

Under these conditions the main mechanism of energy transfer is radiation. Keen blowing, 
which produces a gas curtain on the wall, when z > z s practically eliminates the flow of 
heat on the wall due to thermal conduction. In Fig. 4 the points I indicate the experimental 
values for Gs = 0.92"10 -3 kg/sec, and the points 2 for Gs = 0.89"10 -~ kg/sec. The lower cal- 
culated values of the loss are obviously due to ignoring the radiant component of the heat 
conduction at temperatures of the order of |04~ which may play an important role. This 

T, 103"K 
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Fig. 2 
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leads to an increase in the thermal efficiency of the plasmatron (see Table I), defined in 
the form 

rl,e ---- (IV -- Y Q ) / I V ,  

where V is the burning voltage and ZQ are the overall energy losses due to thermal conduction 
and radiation. In Fig. 5 we show profiles of the velocity U z for Gs = 2.41"I0 -3 kg/sec, and 
z/d w = 0.5, 6, 7, 7.7, and 12 (curves I-4, respectively). In Fig. 6 we show current lines 
(a), isotherms (b), and electric-current lines (c) for Gs = 2.41"I0 -3 kg/sec. In Fig. 7 we 
show electric-current lines for different positions of the anode. 

The theoretical and experimental integral characteristics of the electric arc are com- 
pared in Table i, Here the mean-mass enthalpy at the output of the plasmatron 

H = j pu~Hrdr pu:rdr ; 
o \o J 

and the integral Joule heat 

r w z~ 

O o = 2n f / ~ [ E :  -F E ~,]rdrdz; 
O 0 

QT and QR are the integral losses due to thermal conduction and radiation, respectively, and 
QH is the loss due to convective transfer. 
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TABLE l 

,Gs, 10-~ kg/sec 
I V, kW 

~T, G 
H, l0 e J/kg 
V, V 

2,41 0,92 0,92 
23,  120,6 12 ,6 

I 31,3 3,9 6,75 7,08 

196 

Q,,, kW 
QT, k'W 
Qn, kW 
Q~, kW 

TheoL heor, 

22,7 20,4 
2,3t I 2,46 

i0,7 ] i0,2 
t0,1 ] 7,23 

Exper. 
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Fig. 7 

The proposed method of calculation and t~e results obtained confirm the efficiency of 
the method of complete elliptic equations for determining local and incegra! characteristics 
of the electric arc. The distributions shown in Figs. 2-6 confirm the effectiveness of keen 
blowing and the unreliability of model estimates used to determine the plasma parameters in 
the case of keen blowing. Only by using calculations similar ~o those carried out in the 
present paper can one obtain suitable practical design relations. In addition, the proposed 
method of calculating the velocity profile and other plasma parameters can be used to inves- 
tigate the transfer properties of a plasma, viz., the viscosity, the thermal conductivity, 
etc. 
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