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The quali tut ive pa t te rn  of the in te rac t ion  of an e lec t r i c  arc  with an axial magnet ic  field and the working 
medium in a coaxial p l a sma t ron  (Fig. 1) is s imp l e r  than in a p l a sma t ron  with vortex s tabi l iza t ion  of the arc  because  of 
the fact that for the l imi ted  arc  length in the coaxial p l a sma t ron  there  is no need to r e s o r t  to the breakdown 
(shunting) phenomenon between the arc and the wall. However, an analytic solution for the a rc  fo rm and its ra te  of 
rota t ion is known only for  the case of no longi tudinal  gas flow [1]. 

The imposi t ion  of axial gas flow complicates  the p rob lem f rom the viewpoint that,  genera l ly  speaking,  the 
mechan i sm which sets  into motion along the axis the arc  e lements  which a r i se  on the inner  e lec t rode  of the 
p l a s m a t r o n  and t rave l  toward the outer  e lectrode is not en t i r e ly  obvious if the effects nea r  the e lec t rodes  are  taken 
into account. Moreover ,  the quest ion a r i se s  of de te rmin ing  the angular  veloci ty of the arc  as a whole, which is 
closely re la ted  with the ini t ia l  condit ions for the exis tence of the arc  e lements  on the inner  e lec t rode  (the choice of the 
value of this ra te  in [1] is not just i f ied by any physical  considerat ions) .  In the p re sen t  case this p rob lem is s t i l l  
fu r ther  complicated by the appearance of an additional source  of influence -- the axial gas flow. 

An analys is  is p resen ted  of an idealized scheme of e l e c t r i c - a r c  behavior  under  these  conditions.  The 
ideal izat ion l ies  in the fact that the effects in the e lec t rode  region and the shunting phenomenon between the arc  and the 
e lec t rodes  are not taken into account, and the ra te  of ro ta t ion  of the a rc  as a whole is a ssumed  constant  in t ime. 
Moreover ,  s eve ra l  assumpt ions  are introduced which are  specified below. The object ive of the study is to clar ify at 
leas t  the quali tat ive na tu re  of the influence of such p a r a m e t e r s  as the cu r r en t  s t rength,  magnet ic  f ield,  gas flow 
velocity,  and geomet r ic  d imens ions  of the p l a sma t ron ,  p r i m a r i l y  on the arc  voltage. 

Fig. 1 

I. A schematic of the coaxial plasmatron is shown in Fig. i. The electric arc burns between cylindrical 
coaxial electrodes with radii rl and r~. The arc is caused to rotate under the influence of the magnetic field of 
strength B, which is uniform radially and lengthwise. The axial flow with velocity Vz, uniform across the section, 
blows the arc along the plasmatron axis. 

Fig. 2 

Let us examine in more  detail  the pa t te rn  of a r c - e l e m e n t  motion under  the action of the magne t ic  field and gas 
flow (Fig. 2). 

At some ini t ia l  t ime  the arc  e lement  of length dl occupies the posi t ion 1 at the radius  r f rom the p l a s m a t r o n  
axis. Under  the influence of the in terac t ion  force  between the arc  cur ren t  and the external  magnet ic  field the arc  
e lement  d isplaces  in the r ,  (p plane (where ~ is  the angle measu red  f rom the point of contact of the a rc  with the 
surface  of the inner  e lect rode at the t ime in question) pe rpend icu la r  to the plane formed by the a rc  e lement  and the 
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z-ax i s ,  which emanates  f rom the end of the element.  As the motion continues under  the influence of the 
e lec t romagnet ic  force the arc  e lement  also displaces  along the z-axis  under  the action of the gas flow. We assume 
that the veloci ty of the arc  e lement  along the z-axis  equals the flow velocity V z. This assumpt ion is based on the fact 
that the arc  is not separa ted  f rom the gas flow by any sor t  of r igid boundary and the velocity of the d i rec ted  motion of 
the arc par t i c les  under  the inf luence of the aerodynamic  forces  can not differ f rom the velocity of nearby pa r t i c l e s  of 
the sur rounding  medium,  which is also confirmed by observat ions  of the motion of radia l  segments  of the arc  in 
p l a sma t rons  with vortex s tabi l iza t ion [2]. 

After the t ime in terval  dt the arc  e lement  in quest ion occupies posit ion 2. (Here, however,  we neglect  the 
in te rac t ion  force  on the arc  segment  f rom the arc  se l f -magne t ic  field, and also the flow swir l  under  the influence of 
rota t ion of the arc column. ) The place of e lement  1 at this same radius  r is occupied by e lement  3, which has 
a r r ived  f rom posi t ion 4 which it occupied at the ini t ia l  t ime. Ins t ruments  which follow the rotat ion of the arc  as a 
whole record  the d is tance  between e lements  I and 3 along the c i rc le  of radius  r as wrdt, where 0~ is the angular  
veloci ty of the arc. In this scheme the t ime  in terval  dt is not a rb i t r a ry ,  s ince e lement  1 in posit ion 3 is an extension 
of e lement  2 of the same length dl as that of e lement  1. This picture  c lear ly  i l lus t ra tes  that the angular  velocity of the 
arc  sensed by the i n s t rumen t s  does not coincide with the velocity of the individual arc  e lements ,  in spite of the fact 
that they are  connected by the continuous t i m e - s t a t i o n a r y  curve descr ib ing  the form of the are. The poss ib le  a r c -  
s tab i l iza t ion  mechan i sm (in the sense  of l imi ted  arc  burn ing  region) in the coaxial p l a sma t ron  becomes  c lear  f rom this 
analysis .  Under  the action of the magnet ic  field the arc  e lements  which a r i se  on the inner  e lect rode displace along the 
d i rec t ion  toward the outer  e lectrode and d isappear  on the lat ter .  This  process  leads to the s i tuat ion in which the 
surface  (more p rec i se ly ,  a region of th ickness  of the order  of the arc t r a n s v e r s e  dimension)  on which the arc  
e lements  can be located in t e r sec t s  the sur faces  of the inner  and outer  e lec t rodes ,  thus "s tabi l iz ing" the arc  rotat ion 
zone. 

The veloci ty V of the arc  e lement  under  the action of the e lec t romagnet ic  force  is found, as suggested in [3] and 
[1], f rom equi l ibr ium of this force and the aerodynamic  r e s i s t ance  force of the e lement  if it is examined as a r igid 
conductor with the effective gasdynamie  t r a n s v e r s e  d imens ion  D, 

IB  sin 8 = 1/2c/pV~D. (1.1) 

Here I is the arc  cu r ren t  s t rength ,  fi is the angle between the d i ree t ions  of the z -ax is  and the are  e lement ,  p is 
the approaching gas densi ty ,  e f  is the r e s i s t ance  coefficient of the arc  element.  

Consider ing that the pro jec t ions  of the are  e lement  of length dl onto the axis of the cyl indr ica l  coordinate sys tem 
are dr ,  r d e ,  and dz, we find 

sin~ = ( i t +(rdvp/dr)  2 yI, 
+ (rdep / dr)~ + (dz / dr)2] " (1.2) 

F rom the equality of the angles a ,  shown in Fig. 1, we obtain 

car / V = ] /1  + (rdvp / dr)Z. (1.3) 

The t ime  in terva l  dt is such that length of e lement  2 is equal to the length of e lement  1; therefore  we have f rom 
1 that 

dz = V~dt. (1.4) 

Fig. 

Geometr ic  re la t ions  lead to 

+ (1.5) v dt 

Excluding dt f rom (1.4) and (1.5), we obtain 

Vz r d~ dz 
V ) /  t + ( r d c ~ ] d r )  2 dr dr " 

(i.6) 

We denote by V 0 the veloci ty of the arc  e lements  in the absence of longitudinal  gas flow, under  the assumpt ion  
that the other  externa l  p a r a m e t e r s  and e f  r e m a i n  unchanged. Then f rom (1.1) 
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2IB (1.7) 
Vo~ ~ c lp D o" 

Here we have used the quantity D o s ince ,  genera l ly  speaking, the t r a n s v e r s e  arc d imens ion  mus t  depend on the 
veloci ty of the e lement  re la t ive  to the gas. Exper iments  are  descr ibed  in [3] which made it poss ib le  to show that the 
average cu r ren t  densi ty  j of the t r a n s v e r s e l y  blown arc  is propor t ional  to the gas veloci ty re la t ive  to the arc.  Since 
j ~ I/D z, we can obtain 

Comparing (1.1), (1.7), and (1.8) we find 

We introduce the notat ion 

D/Do=VVo/V. ( 1 . 8 )  

V I Vo = (sin ~)~/~. (1.9) 

~'=k, rYF) ' ~ = k " d ; ) '  o =  ~ , ~l_\Wo] . 

After t r ans fo rma t ions  we obtain the sys tem of equations desc r ib ing  the shape of the arc ,  

The voltage on the arc  is 

(1.10} 

rz 

(1.11) 
r~ 

Here E is the e lec t r i c  field in tens i ty  in the arc.  It was shown i n  [3] that the min imum voltage p r inc ip le  can be 
used to obtain the dependence of the voltage of the t r a n s v e r s e l y  blown arc  on the blowing veloci ty and c u r r en t  
s t rength,  which has been conf i rmed expe r imen ta l ly :  

E = c (V "~ / I ) ' ; ' .  ( 1 . 1 2 )  

( 1 . 1 3 )  

Using (1.12) and (1.10), Eq. (1.11) can be wri t ten  in the form 

Here ~I and 9. 2 correspond to the values of ~2 at the radii ri and r 2. For  V z = 0 it follows from the f i r s t  
equation that 

In this case the voltage is defined by the re la t ion  

/Vo~V/8 rl  _ . 
Uo=o~T ) ;-V~o (~:o- ~,o~ <1.14) 

Since the angular  velocity ,.~ of the arc  can depend on the blowing veloci ty,  the values  of ~21 and ~z in the p re sence  
of gas flow may differ f rom these  same  quant i t ies  ~210 and ~20 in the absence of gas flow. 

It is i n t e re s t ing  to reduce the equation for the arc  voltage to d imens ion les s  form,  us ing the wel l -known [4, 5] 
s im i l a r i t y  c r i t e r i a  for  a r c s :  the voltage c r i t e r i on  cp, the cu r r en t  c r i t e r ion  ("energet ic  c r i te r ion")  i, and the Reynolds 
n u m b e r  R: 

Url~ l pVzri  

Here r is the cha rac t e r i s t i c  e l ec t r i ca l  conductivity of the arc; p, h, and ~ are  the cha rac t e r i s t i c  values  of the 
densi ty ,  enthalpy, and v iscos i ty  of the approaching flow. 

It is na tura l  to take as the cha rac t e r i s t i c  l i n e a r  d imens ion  of the p rob lem the quantity r l ,  which follows f rom 
(1.14). We can find 
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~z 
_~ f" f l  + ~\" i , ,  

=2 (1.15) 

where fi is a constant ,  which according to s imi l a r i t y  theory is independent of the p roper t i es  of the gaseous medium and 
the a re  p a r a m e t e r s  

----- c a ' h  ( h p ) J h .  

Hence, in addition, it follows that the e lec t r i c  field in tens i ty  

[hzp~VU Via  E =  ) 

It is typical  that (1.15) shows that the voltage c r i t e r ion  go is independent of the Reynolds number .  

2. We wri te  the f i r s t  equation (1.10) in the fo rm 

1 ~1 t + ~  (2 .1)  
= T -4- x~l: _ i ' x ~ g~ . 

Using (2.1), we can in tegra te  (1.15). We then solve the problem approximately ,  neglect ing the difference 
between the exponent 11/12 in (1.16) and 1. This makes  it possible  to obtain a s imple  analyt ic  express ion  for go. 
Integrat ing ( ini t ial ly by par ts ) ,  we find 

q~ - -  1/.~i,,/,,1,t, ' I F  (z~) - -  F (z l ) ] .  ( 2 . 2 )  

Here 

I X 
F(~)-------InxA-~ ~ + l n  (1+ V~+x) 

2 2 . 2 ]/ 'x+ t7 --~" In (x v~- t)---s are ~g ~ j .  

Without longi tudinal  gas flow (according to [1] ~210 = 1) the express ion  for go has the form 

q~o = ~ (d'-- l) (d = ~ ) ,  

where i ,  is the cu r r en t  c r i t e r ion ,  defined in t e r m s  of the velocity V 0. 

ra t io  

(2.3) 

(2.4) 

Since even in the p r e sence  of the longitudinal  gas flow the product i 4/3 ?71/3 is  independent of Vz, we find the 

Y (x2)-- Y (xl), (2.5) 
~o --  KK, ( a ~ - l )  

which expresses  the inf luence of the longitudinal  gas flow velocity across  the arc. To close the resu l t ing  sys tem of 
equations we must  de t e rmine  the magnitude of the angular  velocity of the arc w (or ~1), s ince the equations presen ted  
above admit  an a r b i t r a r y  value of w. In [ l ] ,  in the absence of longitudinal gas flow it was assumed that ~21 = 1. The 
following a rguments  may be used to just i fy this assumpt ion :  

a) the condition ~ = 1 sa t i s f ies  the Shteenbeck m i n i m u m  pr inc ip le  [6] in the formulat ion:  for given externa l  
condit ions the min ima l  poss ib le  voltage drop is es tabl ished ac ross  the arc;  

b) as the arc  e lements  are  formed on the inner  e lectrode they must  obviously be posi t ioned n o r m a l  to the 
e lect rode surface.  Otherwise the arc  e lements  would separa te  f rom the electrode at the instant  of formation.  This 
hypothesis also yie lds  as a resu l t  ~l = 1. 

In the p r e sence  of longitudinal  gas flow the applicat ion of the Shteenbeck min imum pr inc ip le  in this formula t ion  
leads to a physical ly  invalid resul t .  In fact,  in this  case it is found that ~l (or the ini t ia l  are  incl inat ions  ~1 and ~l, 
which are d i rec t ly  re la ted  with ~l) depends on d. However, it is difficult to imagine that a change of only the d iamete r  
of the outer  e lectrode while re ta in ing  all the other p a r a m e t e r s  unchanged can lead to change of the arc e lement  
motion pa t te rn  n e a r  the inne r  electrode.  In fact,  the informat ion  on the arc behavior  flows in the d i rec t ion  of 
d i sp lacement  of the arc  e lements ,  i .e . ,  f rom the inner  electrode toward the outer. In the adopted analyt ic  scheme 
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t he r e  is obviously no feedback mechan i sm ,  i . e . ,  the behav io r  of a rc  e l emen t s  on the outer  e l ec t rode  can not affect  a rc  

burning conditions at the inner  e lec t rode .  

The direct application of another hypothesis to the given problem in the formulation indicated above, i.e., under 

the assumption of uniform axial gas flow velocity profile, also leads to a result which is not observed physically (it 
follows from (I. i0) that ~i = 0). However, if we consider the actual gas flow pattern this hypothesis may yield a more 
or less reasonable result. In fact, the velocity profile in the interelectrode gap is nonuniform. Within the limits of the 

boundary layer near the electrode walls the velocity changes from the freestream velocity to zero at the electrode 
walls. Thus, the conditions used in [i] are realized in the immediate vicinity of the wall of the inner electrode, which 
makes it possible to assume that the are elements in the vicinity of the electrode are arranged normal to its surface. 
Then it is natural to assume that ~I -- 1 on the electrode surface. If the boundary layer dimension is small in 
comparison with the interelectrode gap, then at the beginning of the uniform velocity profile region the quantity ~ (for 
the given problem this is ~2 i) must differ very little from unity. The results of these obviously inexact arguments may 
be formulated in the form of a hypothesis : the angular velocity of the arc as a whole is independent of the 
longitudinal gas flow velocity. The condition ~i = 1 closes the resulting system of equations. 

$'i 

H 

////, 

,// 

CF y:;' 
,Y/Ill 

-2~ o 
Fig. 3 

4 

The r e su l t s  of ca lcula t ions  of the ra t io  (P/~0 a re  shown in Fig. 3: the numera l s  1-11  co r re spond  to the va lues  
d = 1.0, 1.1 1.2, 1.4, 1.8, 2.0, 4.0, 6.0, 8.0, 10.0. 

With accuracy  adequate for  calculat ions  these  data a r e  approximated  by the exp re s s ion  

= 1 § t0 -3"5~~ <clo.15-~>~o.035~o.18~ (2.6) % 

3. Some qual i ta t ive  p r o p e r t i e s  of the a r e  in the scheme  being cons idered  can be obtained f r o m  examinat ion  of the 
l imi t ing  re la t ions  which follow f rom the fo rmu la s  der ived .  

Thus,  it can be shown that the cu r ren t  s t reng th  dependence of the vo l tage  over  a wide range of va r i a t ion  of the 
cu r ren t  s t rength  cannot be desc r ibed  by a s ingle (as is usual ly  done) p o w e r - l a w  dependence with a constant  exponent on 
I. 

Since (according to [3]) V 0 ~ I 1/~, i n c r e a s e  of the cu r ren t  s t rength  means  a d e c r e a s e  of 77, 

~ 7  d~--T ( 7 ~ ) ,  9o 3 d , - - t - *  ~ (7-~o) (3.1) 

Bear ing  in mind the above-ment ioned  dependence of V 0 on I and taking account of (2.4), we can find that for  smal l  
and l a rge  values  of the cu r r en t  s t rength  the vol tage wil l  be,  r e spec t i ve ly ,  

U ~ I -%, U ~ I -V' . 

Thus,  if we examine  a wide range of va r i a t ion  of the cu r ren t  s t rength  with the other  p a r a m e t e r s  unchanged the 
v o l t - a m p e r e  curve  may a l t e r  its appearance  considerably .  We also see  that the v o l t - a m p e r e  curve  of the p l a sma t ron  
within the assumpt ions  adopted has a negat ive s lope,  although with i n c r e a s e  of the cu r ren t  s t rength  the de r iva t i ve  
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aU/0I i nc reases .  It appears  to be poss ib le  to obtain a vo l t - ampere  curve with posi t ive slope in the coaxial p lasmatron.  
If we accept the val idi ty of the suggest ion of Bron [3] that the voltage of the t r a n s v e r s e l y  blown arc  can be 
r ep re sen t ed  in the form of a l i nea r  superpos i t ion  of express ion  (1.12) and the voltage of the f ree ly  burn ing  a rc ,  then for 
l a rge  values  of  the cu r r en t  s t rength,  when the voltage of the f reely  burn ing  arc ,  whose vo l t - ampere  curve has a U- 
shaped form,  i nc rea se s  with i nc r ea se  of the cu r ren t ,  the influence of this contr ibut ion can become signif icant  and lead 
to i n c r e a s e  of the ove r -a l l  voltage ac ross  the a rc  with i nc r ea se  of the current .  

QgL_.._~ J 7 .4 

Fig. 4 

The influence of a magnet ic  field on the voltage ac ross  the arc  is ambiguous. F r o m  the l imi t ing  equations (3.1), 
if we adopt the r e l a t ion  V 0 ~ ~/B (following [3]), we can find that for l a rge  values V {high flow veloc i t ies ,  smal l  
magnet ic  f ie lds ,  smal l  cur ren t s )  

U N B -'I' ; 

for small values of ~ (low flow velocities, high magnetic fields, barge currents) 

U ~ B +'A �9 

Such dependence of the voltage on the magnet ic  f ield is quite unders tandable .  For  zero magnet ic  field the 
coaxial p l a sma t ron  degenera tes  into a p l a s m a t r o n  with longitudinal  blowing of the a rc ,  and in the p resen t  scheme the 
voltage ac ross  the a rc  mus t  be inf ini te ,  s ince the arc  length is infinite. Inc rease  of the magnet ic  field leads to 
shor tening of the a rc  length as a resu l t  of the appearance  of the mechan i sm for  t r anspor t  of the a rc  e lements  f rom the 
inner  e lect rode in the d i rec t ion  toward the outer electrode.  For  sufficiently high fields i nc rease  of the magnet ic  field 
has very  l i t t le  inf luence on the arc  length and inc rease  of the field resu l t s  p r i m a r i l y  in i nc r ea se  of the in tensi ty  of the 
e l ec t r i c  field. Equation (2.5) makes  it poss ib le  to calculate  s imply the values  ~ = ~~ for which there  is r e v e r s a l  of the 
d i rec t ion  of the influence of the magnet ic  field on the voltage across  the arc. F igure  4 shows the quantity J:~~ ve r sus  d. 
Jus t  as in the case of the v o l t - a m p e r e  curve,  we see that over a wide range of var ia t ion  of the magnet ic  field intensi ty  
the inf luence of the magnet ic  field on the voltage drop ac ross  the a re  cannot be desc r ibed  by a single power- law 

re la t ion  with a constant  exponent on B. 

The approximat ion  (2.6) and express ion  (2.4) show that the dependence of the voltage ac ross  the arc  on the 

geomet r ic  p a r a m e t e r  d is descr ibed  by the express ion  

where  in the range of var ia t ion  of d examined the cor rec t ions  to this law are  small .  
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