
SOME G E N E R A L I Z A T I O N S  R E L A T I N G  TO T H E  S T U D Y  OF E L E C T R I C  ARCS 

G. Yu. Daumov and M. F. Zhukov 

Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki,  No. 2, pp. 97-105, 1965 

w 1. Stabil ized Arcs in the Chambers of DC Plasma Generators 

1 ~ It is known that an arc segment at right angles to the ve loc i ty  vector of a flow of nonconducting gas will be 
entrained in the direction of  flow [1]. The radial  segment of the arc in plasma generators of the type shown schematical-  

ly in Fig. 1 is exposed to similar  conditions. However, as pract ice has shown, if  
~ the electrode 2 is sufficiently long, the arc does not go beyond the l imits of the arc 

I ~  ~ chamber and is not quenched. The reasons for this may  be determined by making a 

d 2 study of the successive states of  the arc. 

~ . _ ~ / ~ s ]  W ~ i  " ~ /  As it moves atong the channel and the arc, the gas entering the arc chamber 
is heated,  with the result that the d iameter  of the positive column centered on the 

' ' z axis increases. However, owing to intense cooling of electrode 2, the positive 

, ~ < ~ - - - - - - J  column can not expand to the wall of the arc chamber; they always remain  separa-  
ted by a layer of prac t ica l ly  nonconducting gas. In this zone there occur processes 
which play a decisive part in the mechanism that  controls the length of the arc. The 
most important  o f  these are ionizat ion of the gas as a result of  collisions with e l ec -  

Fig. 1. Successive states of  arc in trons acce le ra ted  in the e lect r ic  field, par t ic le  exci tat ion due to the high tempera-  
arc chamber:  1 and 2) electrodes, ture, photoionization,  and the exci tat ion of  neutrals due to radiat ion from the arc. 
8) arc, P) power source, v) d i rec-  All these factors considerably reduce the e lec t r ic  strength of the gas [2, 8] and ere-  
tion of motion of gas. ate favorable conditions for breakdown between the positive column and e lect rode 2. 

We shall conventional ly take the potential  of  e lectrode 1 as zero. In this case the potential  of e lectrode 2 wilt be 
equal to U~. We denote the arc potent ial  in an arbitrary fixed section z by Ug(Z). Then, in the section z, between the 

positive column and e lect rode g there exists a potent ial  difference 

AU ( z ) =  Ug- -  Ug(Z) . (I. 1 )  

At a given moment  le t  the arc spot be located at a "point" A. As the spot moves away from poin t  A, the length of 
the arc and the potent ial  of e lect rode 2 increase. Accordingly,  AU(z)  also increases. However, AU(z)  can not increase 
without l imi t .  As soon as the AU(z) at some section becomes equal to the breakdown potential ,  breakdown occurs be -  

tween the positive column and e lect rode 2 and a new conducting 
channel is formed. Let us assume that breakdown occurs at the sec- 
tion z 1 when the spot is a t  point B. As a result of the formation of  
a new, shorter radial  arc segment the former conducting channel,  
which lay between sections z 1 and z a and had greater  e lec t r ica l  re- 
sistance, is suppressed. The newly formed radial  segment is also 
entrained by the flow and when it reaches section z a breakdown 
(shunting) again occurs. It is these periodic breakdowns between the 
posit ive column and e lect rode 2 that l imi t  the length of the arc. 

The arc shunting mechanism described was invest igated on 
a plasma generator with a segmented output e lec t rode-ca thode ,  
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Fig. 2. Plasma generator with segmented cathode: 

1)- 7) cathode segments, 8) anode, 9) arc, 10)flow 
of heated gas, Gt), G2) gas inlets, P)power source. 

as shown schematically in Fig. 2. Figure 3 shows typical oscillograms of the currents I s and ! s passing through two adja- 

cent (fifth and sixth) segments of the 8-ram thick cathode. These oscillograms were recorded with a single double-beam 

OK-17M oscil lograph.  Just before the spot reaches the segments in question there are no currents. Then the current 
through the fifth segment abruptly increases (downward def lec t ion  of  l ine  Is) to its max imum value. After a cer tain t ime  

the current I s through the fifth segment disappears,  but then reappears in the sixth segment (upward def lec t ion  of l ine 

Is). Finally,  the current I s also disappears and after a cer tain interval  (~ 78/1see) the entire process is repeated.  
In these experiments  we simultaneously measured the instantaneous values of the currents through the six segments.  Nu- 

merous osci l lograms,  s imilar  to those presented in Fig. 8, showed that the cathode spot, moving in the direction of  mo-  

tion of  the flow, passes successively from one segment to the other. When the spot has moved through a distance equal 

to the thickness of  several  segments, a new channel appears as a result of breakdown at the top of the flow ( l a rge - sca l e  

shunting). This is confirmed by the reappearance  Of the current on the osci l logram (Fig. S). All  this proves the above-  

ment ioned hypothesis concerning the arc s tabi l iza t ion mechanism.  Since the gas is a viscous medium,  its ve loc i ty  d i -  
r e e d y  at the wall  is zero. With distance from the wall the gas ve loc i ty  increases. Accordingly,  we may  expect  the arc 
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i tself  to be deformed in conformity with the veloci ty  profile, 

Fig. 3. Oscillograms of currents through the 
fifth and sixth segments. Sweep t ime 250 
gsee, current 90 a, air flow rate  10.2 g/sec.  

The oscil lograms presented show that the 
ary process. Large-scale  shunting causes a variat ion in the length of the arc and la rge-sca le  
current and vol tage pulsations. Moreover, the oscil lograms revealed smal l - sca le  current 

fluctuations with a frequency of  the order of 105 cps during the dwell t ime  of  the arc spot 

on the segment. 

The pulsations of the flow parameters and the length of the arc lead to a certain sta-  
t is t ical  distribution of the breakdown frequency along the cathode. Accordingly, the cur-  
rent density ( the ratio of the t ime-ave raged  current through the segment to the thickness 
of the segment) is distributed along the length of  the channel in accordance with the graph 

i . e . ,  to take the form o f a l o o p ,  as shown in Fig. 4. In 
this ease, so-ca l led  smal l - sca le  shunting of the loop is possible as a re-  
sult of breakdown between points D and F. The mechanism of formation 
of a new channel and suppression of an old one is analogous to that de-  
scribed above. 

The phenomenon of arc shunting in plasma generators with water 
s tabi l izat ion of the arc was noted in [4]. Studies of arcs with gas s tabi l i -  
zation, made independently by other authors using other methods, also 
point to the presence of  the above-ment ioned shunting mechanism [,5-7]. 

In our experiments at a mean mass gas veloci ty  of 850-900 m/see  
the axial  component of the cathode spot velocity,  determined as the ra-  
tio of the segment thickness to the dwell t ime of the spot on the segment, 
was about 180 m/see .  This difference in the veloci t ies  is at tr ibutable to 
shunting of the loop (Fig. 4). A number of authors have observed a s imi-  
lar loop shunting effect in the case of arcs moving in flat channels [8]. 

burning of a de arc in the chamber of a plasma generator is a nonstation- 

z/~, . l l / / / / / / / / . / / / - / / / / / /  
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Fig. 4. Motion of  radial  
segment of arc. 

shown in Fig. 5. The point z = 0 corresponds to the section in which the anode spot is located (Fig. 2). The graphs show 
that, other things being equal, the maximum and min imum arc lengths lmax and lmin decrease with increase in current. 
This is one of the reasons for the abrupt decrease in the potential  drop across the arc with increase in current in ordinary 
plasma generators operating at re la t ive ly  low currents. The experiments also showed that the nature of the distribution 
of the erosion of cathode mate r i a l  corresponds to the averaged current density distribution. Therefore it may be stated 

that for given arc and gas flow parameters cathode erosion is caused by the 
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Fig. 5. Average current density distr ibu- 

tion along length of  cathode.  Inside d i a m -  
eter of cathode 1 cm, G = 14 g/sec;  curves 

1, 2, 3, 4 correspond to values of  the cur-  

r e n t I =  14.7, 139, 127, 95 a. 

large heat  fluxes through the cathode spot, and not by heat  transfer from the 
flow of  heated gas. 

Large-scale  arc shunting leads to l imi ta t ion  of the potential  drop 
across the arc. The potential  drop cannot rise above this l imi t ,  even if the 
power source is capable  of  sustaining an arc with a higher potential  drop. 
Thus, the power supplied to the flow and the temperature  of the heated gas 
are l imi ted  by breakdown between the positive column and the arc chamber 

wall. 

Let us consider a s ing le-chamber  plasma generator,  in which the arc 
chamber is a cyl indr ical  channel consisting of the cathode, an interelectrode 

insert, and an insuIator. If  the distance between electrodes a is small ,  i. e . ,  

a < /rain, the in tere lect rode insert has no effect on the arc burning condi-  
tions. We will  ca l l  such e lec t r ic  arc heaters plasma generators with uncon- 
trolled arc length, and denote by a .  the min imum length of  the arc. If a is 

> %, then, by varying the dimension a, we can also regulate  the min imum 

arc length over a cer tain interval.  In this  case a is one of the independent 

parameters  determining the operating regime of  the plasma generator.  Depending on the function and design of the  plas- 

ma  generator,  the interelectrode insert may  take a variety of forms, e . g . ,  i t  may  be an insulator, a me ta l  with a pro- 

tect ive  cold gas supply at  the required point, or simply an intere lect rode gap f i l led with gas, etc. When there is no in-  

sert, at sections z < a .  i t  is possible to c rea te  breakdown conditions between the positive column and cathode a r t i f i c ia l -  

ly and to organize the burning of  a shorter arc. In the general  case the geometry  of the cyl indr ica l  arc chamber is deter- 

mined by two dimensions: a and d. Such plasma generators will  be said to have an independent arc length. In [9, 10] 
the properties of  the  arc and the flow of  heated gas were regulated by using an in tere lec t rode insert. Variation of the 

length of the arc results in a qual i ta t ive  and quant i ta t ive change in the arc characteris t ic .  Thus, for example ,  for an ar-  
gon flow of  0. 695 g /see  and d/a = 0. 221 the vol tage-current  character is t ic  of the arc forms an ascending branch, and 

the arc burns stably without a bal last  resistance. However, at the same rate of flow of argon and d/a = 0.695 the vol-  

tage-current  character is t ic  forms a descending branch [10]. 
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2 ~ Assuming that the pressure is close to atmospheric, we shall neglect the contribution of radiation to the ener- 
gy balance of the arc [11]i The medium in the arc chamber is a mixture of molecules of the starting gas, newly formed 
molecules, atoms, ions, and electrons. The important parameters for the arc burning process, which determine the phy- 
sical properties of the mixture, are as follows: the mass of the molecules of the starting gass m a, the electron mass m e, 

the masses of the newly formed molecules, atoms, and ions m i (i = 1, 
2 . . . . .  n), the ionization potential of the starting gas U, the potentials of 

I f  -.~ ionization, dissociation and excitation of the newly formed particles and 
molecules of the starting gas Uj (j = 1, 2 . . . . .  m), the cross section for col- 
lisions of molecules of the starting gas and molecules of the same kind Qa 

1.0 ' x ~  and electrons Qae, the cross sections for all other collisions Qk (k = 1, 2, 

�9 /gU~ " 2 ~  . . . .  q), the electron charge e, the specific heat of the starting gas c v, and 
i l~ 7 " N ~  the magnetic permeabili ty v. We shall specify the kinematics of motion of 

g.d the gas by projections of its macroscopic velocity vector v z and v~0. In order 
[z ~ to define the arc burning regime it is also necessary to specify the current I, 

0.6 / ] ~  t "  the temperature of the inside wall of the channel T R, the gas temperature at 

J.9 4.1 4 J  ~ 5  4.g the inlet  to the arc chamber T b, the characteristic static pressure p, and 
the projections of the intensity vector of the external magnetic  field H z, H~, 

Fig. 6. Generalized current-voltage Hr. , Neglecting the relatively small change in the cathode and anode poten- 

characteristic of arc in air. tin1 drops U k and U a as a function of the current, we may include these too 
in the system of characteristic parameters. The work function of the elec-  

trons with respect to the electrodes ~0 is also an independent quantity and plays an important part in the mechanism of 
heat losses through the arc spot. If the dimension of temperature is taken as the primary dimension, then the system of 

characteristic parameters must also include the Boltzmann constant k. We shall assume.that the length of the arc cham- 

ber is equal to the maximum length of the arc and is characterized b y t h e  two dimensions a and d. 

Thus, the process is determined by (m + n + q + 2S) independent quantities whose dimension can be constructed 
from the four primary dimensions. In accordance with the pi- theorem of dimensional analysis, f rom these quantities one 

can construct (m § n + q + 19) independent dimensionless power combinations. 

We shall take the simplest of these combinations 

me rni Qae 
ma ' rna (i : - 1 ,  2 . . . . .  n), Qa ' 

U a Uk ~p e U vz~ 

Qk U~ 
Qa (k = t ,  2 . . . . .  q), - f]-  (] = t ,  2 . . . . .  m) 

]~c 12 Qaea v H  z H ~  H r 

" - U '  U ' - ' i f - '  k T 1 ~ '  c v T R "  cvrna ; dr (rnekT R ) 0 . 5 ,  P , H z  , ~Hz 

dv  f f e  2 d p Q  a k T  R Qal.hp T 5 v~ d_d (1.2) 

Qae(mekTR)0 .5  ' k T  R ' epO.hd ' ~ T i t  v z ' a 

All the other dimensionless parameters characterizing the process in question are functions of the dimensionless 

combinations (1.2), which are the similari ty criteria. 

The dimensionless quantities (1.2) are different for different gasses, and therefore, in the general  case, discharges 

in different gasses are not the same. Henceforth, we shall consider arcs burning in gasses of the same kind. In this case, 

the criteria 

m ~ / = a ,  m i / r ~ a ,  Q a ~ / Q a ,  QI . : /Qa,  U j / U ,  k / C v m  a 

will be constant quantities and may be excluded from consideration. 

Assuming that the processes in a plasma generator  are described by a system of equations of magnetohydrodynamics 

and by the conditions for breakdown of the gas, we assign to the similari ty criteria the forms obtained from an examina-  

tion of these equations. 

If we use the expression for the electrical conductivity 

u = e2Qae -1 x (3mekT)  -0"5 , 

we can represent the criterion dvzve2Qae-i(mekTR) -~ in the form ] / ' 3x - lRrn ;  here x is the degree of ionization of the 

gas, and R m the magnet ic  Reynolds number. 

The R m number characterizes the influence of a moving conducting medium on a magnetic  field [12]. tt can be 

shown that 

k (Cvma) -1 -= 'r - -  t, Vz 2 ( % T R ) - I  = T (3" - -  i) M 3 ,  
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Here M is the Mach number, and 7 is the ratio of specific heats. 

The criterion dpQa(kTR)-i  is equal to the reciprocal  of the Knudsen number K. Below we make use of a combina-  
tion of the cri teria 

in the form 

dpQa (kTR)-I ,  maVz ~ (kTR)-'I 

dpQ a (kTR)-I'5 (mavz2) ~ , 

which is proportional to the Reynolds number R. 

If we express v z in terms of the mass flow of gas per second G, then the criterion 

I~Qaea (d'tvzeZp) -1 (mekT.R) O's 

can be written in the form 

clPa (Gd~) ~1, e 1 = ~rnaQaeme ~ (kTR) -~ (4e2) -1. 

Using the expressions for the e lec t r ica l  conductivi ty and specific heat  of the gas, we can show that this cri terion is 
proportional m the ratio of the arc power to the internal energy of the mass flow G at the character is t ic  temperature T R. 
The quantity kTR(ep ~ 5d)'1 is proportional to the ratio of  the  Debye shielding distance to the channel diameter .  The cr i -  
terion Qa I" 5p(kTR ) '1  is equal to the ratio of the sum of the volumes of  the gas molecules  to the volume in which they 
are located.  The remaining cri teria are quite simple, and their physical s ignificance is obvious. 

8 ~ Analysis of the starting cri teria (1. 2) shows that comple te  s imilar i ty  of  the arcs in chambers of different di -  
mensions is impossible to rea l ize .  With the object  of selecting dimensionless complexes taking into account only the 
most important  integral  energy properties of  the arc and the flow, we shall reduce the number of  cr i ter ia  to a minimum, 
bearing in mind the special  characterist ics of arcs burning in plasma generators of the above-ment ioned type. In this case 
we make  the folIowing assumptions, 

(1) R m << 1, i. e . ,  the effect of the flow on the magnet ic  field may  be neglected.  For plasma generators this con- 
dit ion is satisfied with a high degree of accuracy.  Thus, for example:  R m = 1.11 �9 10 -3 when o = 10 ts sec -1, v = 10 ~ cm 
see- l ,  d = 1 cm, u = 1. 11 �9 10 "94 sec2cm "~. 

(2) The kinet ic  energy of  the flow may  be neglected as compared with its thermal  energy. For example ,  for nitro- 
gen at  T = 7500~ and a veloci ty  105 c m / s e c  the kinet ic  energy of the flow is not more than 2%of  its thermal  energy. 

(3) The gas is a perfect gas. 

(4) The wall temperatures of  the plasma generators compared are the same (usualty the electrodes of  plasma gen- 
erators of the type in question are made of metal and, to prevent erosion, are strongly cooled; the electrode tempera- 
tures are below the melting point and vary only in a narrow interval). 

(5) The gas temperatures at the inlets of the plasma generators compared are the same. 

(6) Like electrodes of the plasma generators compared are made of the same materials and have the same termi- 
nal polarity, 

(7) The effect of variation in Debye shielding distance on the energy balance of the arc may be neglected. 

(8) For the plasma generators compared the condition V~Vz -I = idem is satisfied. 

(9) There are no external  magnet ic  fields. 

When these conditions are satisfied, the cri ter ia  

U a / U, U k / U, eU / kTR,  Tb / Ti t  and % / Vz 

degenerate  into constants, while the cr i ter ia  

Rm,  hT a (ep~ -1, Qol"sp (kTl~) ~* 

may  be discarded as unimportant .  
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Thus the dimensionless quantities characterizing the properties of the arc and the flow are functions of the criteria 

claI ~ d B = c a ~ ,  K ca (1.3) K l " - -  d*a ' K ~ - -  a ' alp" 

Here c i, c 2,  c 3 are dimensional constants. The dimensionless c0mplex Ki" in the form 

J1 = g~baE2 (4%G) -1 

was presented in [13], Here o = bT 1, T 1 is the temperature, and Cp the specific heat of  the gas at constant pressure. It is 
easy to show that f i  is only a modified form of Ki" 

] . . ( ~ ) 2  4a ISa c'aI ~ 
~c~TiGd~b "" %bTi~Gar~ = ~ " 

In the special case when the geometry o f  the chamber is determined by the single dimension d, it is better to use 
the combination* of  criteria Ki" and K~ in the form Kl' = ciIZ(Gd) -i. 

Let us consider in more detail the case in which the Knudsen number is constant and the Reynolds number varies 
over a very narrow range. Analysis of the experimental material shows that in this case the arc characteristics are satis- 
factorily generalized with the aid of the criteria K l' and K 2, i .  e . ,  the approximate similarity of the arcs is determined 
by the conditions Ki' = idem and K 2 = idem. 

We write the dimensionless potential drop across the arc Ug in the form 

e 2 
Ug = ~ e , e -= ~ (mekTR )-~ (1.4) 

In accordance with our assumptions about T R, the dimensional coefficients c I and ~ are constant quantities. There-  
fore, the relation Ug = Ug(Ki', K~') may be replaced with the simpler expression 

U gd I ~ (1.5) 
I -- ] (gl '  g~), Ks-----~-~ �9 

Figure 6 presents the corresponding current-voltage characteristic for the data of  [14]. 

It is clear from Fig. 6 that the generalized characteristic is quite well described by an expression of  the form 

. i ~�84 
l g - U ~  = ~ - -  ~ lg ~- d . 

( i . 6) 

The table presents values of  a and ~ obtained from an analysis of  the experimental material  using the method of  

least squares. 

Medium a B 0 Type d, cm I G, g/sec -1 I, a 

Air 
Air 
Air 
Air 
Argon 

3.500 
2.940 
2.792 
2.583 
t .56 

o.s53 
0.761 
0.655 
0.567 
0.456 o.~25 5 

/ 1--3 
8--15 
8- - t5  
8--12 

O. 8 O. 346--2. t t 

100--300 
60--150 
60--150 
60--120 
60--180 

When the Reynolds number changes over a wide range, it is necessary to take into account its effect on the gener- 
alized characteristics of the arc. Thus, for example, analysis of  the experimental data of  [10] revealed the possibility of 
representing the generalized ct~rrent-voltage characteristic, with allowance for the variation of  R, in the form 

tg V - =  ~ - -  ~ lg ~-d--  0 lg -~-, 

The values of  a, B, and 0 are presented in the table. [Types of plasma generators: 1) single-chamber with special 
cathode spot stabilization; 2) two-chamber,  subtractive polarity; 3) two-chamber,  additive polarity; 4) two-chamber 
with interelectrode insert, K 2 = 0.057, additive polarity; 5) s ingle-chamber with interelectrode insert, K 2 = 0 .22t ,  sub- 

tractive polarity]. 

*In [21], which appeared after the present article had gone to press, the criterion K 1' was obtained in a somewhat 

different form. 
9~ 



In our opinion, the effect of the Knudsen number on the properties of the arc should be investigated in greater de- 
tail. As is known from Paschen's work [2], the breakdown potential of a gas is a function of the Knudsen number. There- 
fore, the length of the arc, and also its other properties, must depend on this number. However, we still have no experi- 
mental  data over a wide range of  variation of the Knudsen number. 

4 ~ We shall now consider the case in which the convective heat transfer may be neglected as compared with con- 
ductive heat transfer. Such arcs are reaIized in high-temperature plas- 

O; 

V ' c m  a K ~  a ' " ~  ----..~ 

�9 log gO0 

Fig. 7. Generalized current-voltage charac- 

teristic of arc in argon. 

�9 d=g.$cm 
o ~= g.~cm 

30# a .cm - i 

ma generators intended for research into the properties of plasma [15]. 
.In this case practically all the energy supplied is carried away by ordi- 
nary radial heat conduction (Reynolds number small and no turbulent 
mixing), i. e . ,  the arc is cylindrical. With account for the physical 
properties of  the gas, the similarity criteria for a cylindrical arc with a 
low degree of ionization may be written in the form [16] 

~d~E2Q am.  ~ U (1.7) 
Ks = QaepO. 5 T~75 , K4 --~ kT  a �9 

Here ~ is a constant dimensional coefficient. Since the quantities 
T R, E, and d are insufficient for the unique determination of the pro- 
blem [17], in order to distinguish similar processes it is necessary to 

specify one more condition. This is the condition that the signs of  dE/dI be the same for the processes compared. When 
arcs in gases of  the same kind are studied, the constant dimensional quantities may be discarded, and the similarity con- 
dition will be 

K3' = d2E~p -~ = idem. 

In this case the condition Ip ~ 6/Ed~ = idem is also observed; this follows from 

R 

/' : 2z~E f ~r dr. (I. 8) 

0 

Therefore, the similarity condition may be specified in the form IE = idem or Id -Ip0. ss= idem (in this case the 

condition T R -- idem is understood to be satisfied). A similarity condition in the form IE = idem is known from a number 

of studies [II]. 

Figure 7 shows the generalized current-voltage characteristic of the arc for small rates of flow of  argon; the exper- 
imental points are taken from [15]. These points were obtained at the same chamber pressures; therefore in constructing 
the generalized characteristic pressure was not taken into account. 

It should be noted that the generalization of  the characteristics of  arcs in inert gases without allowance for radia- 
tion is valid only for small values of  the pressure, current, and channel diameter, since as these increase the part played 
by radiation become important. 

w 2. Motion of an Arc in a Magnetic Field 

We shall briefly consider the application of similarity criteria (1.2) to the description of the properties of an arc 
moving in an undisturbed gas between parallel electrodes under the influence of a trans- 
verse magnetic field (Fig. 8). The difference between this problem and the preceding 
one consists in that in the given case the velocity of the arc relative to the medium and ~ ~{ " 7 / -  
the velocity of the medium conditioned by the motion of the arc are parameters to be ' /" 

9. M �9 
determined. Therefore the dimensionless combinations Vz/CvT R, v~ /v  z must be el imi-  _ _  t)i _ ; gn ~ 
nated fr0m the system of criteria. The quantity vz can be eliminated from the remain- ? ~  '# -~]-  : ~  ~ 
ing criteria by multiplication or division by the complexes 

vz2 / % T R '  dvz re2 (me kTR)-~ Q -lae ' Fig. 8. Motion of arc be- 

tween parallel electrodes. 
We shall assume that the arcs compared burn in gases of  the same chemical comp- 

osition and that the conditions in the interelectrode space are such that the assumptions of w 1, except for assumption (9), 
hold true. Then the conditions of approximate similarity may be written in the form 

I 
K--= idem, a l l - -  idem, 

�9 0112 d 
p - -  idem, ~ : i d e m .  

(2. i) 
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Z0 

78 

/.2 

# . 5 - - - -  

Here the criterion 1~all  was obtained from the combination of dimensionless complexes (1.2) and is proportional 
m the ratio of the intrinsic magnetic  field of the arc to the external magnetic field. The criterion I / a l l  may also be ob- 
tain directly from Maxwell's equations. 

At a fixed temperature of the electrode surface the heat processes inside the electrodes have almost no perceptible 
effect on conditions in the interelectrode space. Moreover, the effect of the thickness of the electrodes, which is linked 

with the current distribution in them, is indirectly taken into account in the quantity H, since here H is the intensity of 
the magnetic  field external in relation to the arc. Therefore the ratio a / e  H is not included amongst the criteria. The 

assumption concerning T R imposes a constraint on the region of applicabili ty of criteria (2. 1): they are applicable only 
in the region where vaporization and melt ing of the electrodes may be neglected and where there are no meta l l ic  bridg- 

es between them. The dimensionless quantities characterizing the arc are functions of criteria (2. 1). 

We shall represent the dimensionless velocity of the are V n in the form aVnP~ sI-lv-~ 5. Figure 9 shows the depen- 
dence of the dimensionless velocity on the criterion K s = I / a l l  for the data of [18]. 

I - The experiments described in [18] were carried out at atmospheric pressure and 

I therefore a change in H leads to a change in the criterion vH2/p. However, it is 
" - clear from Fig. 9 that in the given range of variation of I and H the dimensionless 

_ velocity depends only slightly on the criterion vH2/p. Neglecting this weak effect, 

for K = const we can construct a single general dependence of the form 

r 
L7.8 /.5 

Fig. 9. Dependence of d imen-  
sionless velocity of arc on ~, = 

= lg 1000 I / a l l  

q / I  \ 
v,~ = ~ !-aN). (2.2) 

If the field H is created by inductances connected in series with the arc, then the 
criterion I / a H  for a = const degenerates into a constant quantity. Hence it follows 
that the current dependence of the arc velocity must be linear.  This is well known 
from studies of arcing in switchgear [1]. As may be seen from the above, the es- 
tablishment of this fact, on the basis of the theory of dimensional analysis, does not 

require any additional assumptions about the shape and dimension of the cross section of the arc and the current density 

distribution. 

A more accurate formula for calculating V n would take into account the dependence of V n on the criterion vH2/p 

and could be obtained by analyzing the same experimental  material .  However, on the basis of the considerations out- 

lined above, it may be said that for approximate modeling of the arc ve!ocity it is sufficient that the condition I(aH)-l= 
= idem, da -1 = idem be satisfied. At present, we still have very l i t t le  experimental  material  on the determination of the 

voltage of an arc moving in a magnet ic  field and certainly not enough for a generalization in criterial form. 

w 3. Free Arc 

We shall assume that the arcs compared burn in an undisturbed gas of given composition and tempera ture  T R, the 

following conditions being satisfied: 

(a) The pressure is close to atmospheric and the effect of radiation on the energy balance Of the arc may be ne-  

glected. 

(b) Like electrodes are made of the same mater ia l  and the following condition is fulfilled: 

d e / a ---- idem, d a / a = idem,  

where d k and d a are the cathode and anode diameters, and a is the interelectrode distance. Erosion of the electrodes may 

be neglected. 

(c) The arcs are similarly oriented with respect to the force of gravity (g is the gravitational acceleration). 

(d) There are no external magnet ic  fields. 

Under these conditions the heat  of the are is dissipated by ordinary heat conduction and free convection condi- 
tioned by the are itself; the effect of the convective fluxes on the intrinsic magnet ic  field may be neglected and the gas 

may be assumed perfect. The basic similari ty criterion is taken in the form 

I2 /a l . sg~215  , 

Then the similarity conditions are as follows: 

12 apQa 
al.5.o.5. , r  - -  i d e m ,  kT• = idem. (3, 1) 
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Here XR is the heat  conductivity of the starting gas at the temperature T R. Conditions (3.1) show that exact  mod-  
eling of the arcs is not feasible.  However, as shown by the analysis of a large number of current-vol tage characteristics 
for arcs at  atmospheric pressure, the criterion a P Q a / k T  R depends only slightly on the dimensionless potent ial  drop. 

Thus, for approximate  s imilar i ty  of the current-vol tage characterist ics the first of conditions (3.1) must be satis- 
fied, 

We put the dimensionless potent ial  drop across the positive column u c in the form Uc no" ~g0. ~/I, where U c = Ug - 

- U a - U k. Then we may write 

Uc ~: Uc '5,-~ T 
\ ~ R R /  

or, discarding the dimensional constants, 

vc a~ ( ' )  
i - f T ' (a. a) 

g 
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Fig. I0. General ized current-vol tage characteris t ic  of 
free arc: 1) for I = 0 . 5 - 7 . 0  a, a = 2 cm, electrodes cop-  
per [19]; 2) for I = 0 . 8 - 4 . 5  a, a = 2-6 cm, electrodes 
iron [19]; 3) for I = 0 .55 -6 .5  a, a = 2 cm, electrodes alu- 
minum [19]; 4) for I = 200-750 a, a = 0.35-O. 98 cm, 
cathode carbon, anode iron [20]; 5) data of G. Ayrton [11]. 

Figure !0 shows the general ized dependence of the potential  drop across the arc based on a large number of ordina-  
ry current -vol tage  characterist ics.  This graph confirms the possibility of  representing u e in the form of  a function of the 
s imilar i ty  criterion IZ/a I" 5gl. 5XRTR" Since for I2 /a  1' 5 = idem we have Uc no" 5/I = idem, the condition 

I~ Uc a~ IUc 
a1.5 l a - -  idem 

must also be satisfied. 

In other words, for s imilar  free arcs the averaged (along the length) powers per unit length are the same. 
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