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AN A P P R O X I M A T E  M O D E L  O F  A N  E L E C T R I C  A R C  

IN T R A N S V E R S E  M U T U A L L Y  P E R P E N D I C U L A R  

A E R O D Y N A M I C  A N D  M A G N E T I C  F I E L D S  

A .  F .  B u b l i e v s k i i  UDC 537.523.5 

Expres s ions  a r e  obtained for  the  c h a r a c t e r i s t i c s  of an e lec t r i c  a r c  in t r a n s v e r s e ,  mutual ly 
pe rpend icu la r ,  a e rodynamic ,  and magnet ic  f ie lds .  

T h e r e  a r e  quite a few r epo r t s  devoted to the invest igat ion of an e lec t r ic  a r c  balanced by aerodynamic  
and magnet ic  fo rces  or  moving under the action of an external  magnet ic  field.  Among them,  however ,  t he r e  
a r e  few theore t i ca l  solutions which admit  of p rac t i ca l  use .  The concept of the impe rmeab i l i t y  of the co re  of 
an a r c  [1], s t rengthened in such a way that  the  a r c  column i t se l f  is t r ea t ed  as a solid cyl indr ica l  body, can 
t h e r e f o r e  turn  out to be admiss ib l e .  The  exper imenta l  invest igat ions of the wake,  the f requency of coming 
off of vo r t i ce s ,  the heat exchange,  and the r e s i s t a n c e  p resen ted  in [2] indicate that  the flow over  the co re  of 
an a r c  is s i m i l a r  to the flow over  a heated cyl indr ica l  body. Indi rec t  considera t ions  about the high v iscos i ty  

�9 and low densi ty of the a r c  column in compar i son  with the envelope a l so  point to the impermeab i l i t y  of the a r c .  
The gas  densi ty in the cen t ra l  core  c o m p r i s e s  s e v e r a l  pe rcen t  of the densi ty of the f r e e  s t r e a m ,  so  that  when 
the veloci t ies  in the co re  and in the s t r e a m  do not d i f fer  too much about 10% of the gas can pass  through the 
a r c .  

The model  of an a r c  as a solid cyl indr ica l  body natura l ly  r equ i res  a cautious approach ,  s ince  the r ea l  
phys ica l  p ic ture  will d i f fer  f r o m  this ideal ized scheme .  

We note that  for  such a model  as a whole it doesn ' t  m a t t e r  whether  the a r c  is under  s t e ady - s t a t e  condi-  
t ions with equality of the  resu l tan t  ae rodynamic  and magnet ic  fo rces  or  moves  under  the action of the magnet ic  
f ield.  In the l a t t e r  case  the veloci ty ,  except  for  the ini t ial  per iod ,  must  be  se t  in such a way that  it co r responds  
to a balance of these  fo r ce s .  

We a s s u m e  that  the p rope r t i e s  of the  a r c  do not va ry  in the axia l  d i rec t ion ,  although it is well known that  
its cha r ac t e r i s t i c s  a l so  depend on the  in te re lec t rode  d is tance .  Such a dependence is p r i m a r i l y  due to the in-  
f luence of the  a r c  sect ions  near  the e lec t rodes .  In the middle par t  of the a r c  column the var ia t ions  of i ts  p ro -  
pe r t i e s  a r e  sl ight [2]. 

Let  us wr i te  the equation for  the energy  balance  in the e lec t r ica l ly  conducting zone of the d i scharge ,  
allowing only for  conductive heat t r a n s f e r  in the rad ia l  d i rec t ion.  

1 d ( d__SS~ (1) r + ~r: ~ = 0 ,  
r dr k ,~r J 

A. V. Lykov Inst i tute of Heat and Mass Exchange,  Academy of Sciences of the Be loruss ian  SSR, Minsk. 
Trans la ted  f r o m  Inzhenerno--Fizicheski i  Zhurnal ,  Vol. 35, No. 6, pp. 1012-1018, D e c e m b e r ,  1978. Original  
a r t i c l e  submit ted  Decem ber  26, 1977. 
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Fig. 1. Dependence Nu = f(Re) for an 
e lectr ic  a rc  in a magnetic field: 1, 2, 
3) V = 5.8, 8-12.2,  15.2 m / s e c ;  I = 
200-400 A [2]; 4, 5, 6) V = 32-68, 90- 
123, 140-220 n~/sec; I = 50-550 A [4]; 
curve) Nu = 0.2 Re. 

the equation of balance of the resul tant  forces  at the sur face  of the electr ical ly conducting cyl inder  of 
radius r , ,  

I B  = c = p = V = r ,  . (2) 

and Ohm's  law, 

r .  

I = 2~ .[ oErdr. (3) 
0 

The complete  sys tem of equations must  also include Maxwell 's equations and the dependences of the 
t r ans fe r  coefficients on the t empera tu re  and p r e s su re .  

We take E = constant and a equal to some constant mean value a. 
with S r ~  = S00 and (dS/dr)r= 0 = 0 will be 

S = S o o -  oE 2 r2 (4) 
4 

In this case the solution of Eq. (1) 

The condition S r = r .  = S,  gives the expression for determining E, 

2 
E ~ - - -  - -  

r ,  F ( 7  

(5) 

while f rom (3) and (5) we obtain the expression for determining the cur ren t  s t rength,  

I = 2nr, V '~ -~o  o . (6) 

F r o m  the equation curl  H = j we get the well-known expressions for the azimuthal  component of the 
s t rength of the intr insic  magnetic field, by analogy with an infinite cyl indrical  wire containing a cur ren t .  
The res t  of MaxwelPs equations a re  satisfied automatical ly.  

The radius r ,  can be determined by joining the solutions of the equation of energy balance at the in- 
t e r face  between the electr ical ly  conducting and nonconducting zones.  For  this one would have to solve the 
t r a n s f e r  equations for  the e lect r ical ly  nonconducting region,  which have the form of boundary- layer  equa- 
t ions.  However,  one can use experimental  data on the heat exchange of a cylinder in t r a n s v e r s e  s t r e a m -  
line flow with subsequent refinement under the conditions of e l ec t r i c - a r c  burning. These data a re  usually 
represented  in the form of a power- law dependence of the Nusselt number on the Reynolds and Prandtl  
numbers and T,/Too [3]. If 

Nu = A R e  rn ~ ,  ( 7 )  

then the average  heat-flux density at the surface  of a cylinder of radius r ,  at the controlling t empera tu re ,  
equal to the t empera tu re  of the f ree  s t r eam,  can be obtained f rom the expression 

) (8) q, = A~ ~.=AT| 2Vr ,p .  m. 

2 r ,  F = 

The condition (dS /d r ) r= r .  = q ,  makes it possible to determine the radius of the electr ical ly conducting 
zone: 
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TABLE 1. Compar i son  of Equations Obtained in the Present  Re-  
por t  and in [5-9] 

Lit. 
SOUi'Ce 

16] 

I71 

[51 

181 

18l 

i91 

[91 

Equation 

E 
ho )r  p=u~o 

iv= Cp-;~ 

-V/ V2 
= 1,9"10 ~ --]-- (16) 

V =  5,9S. I0-' I/'H - ~/~ p~ (17) 

a. =8.1o-, r (,8) 

UL~176 - -  1,395 (19) 
1 I s 

P .  V2. L ( poho2 0o2 L6B ) ~176 
IB 2,52 1= (20) 

. = 3.7 {3.251 (odtotx,o I/P-~o/ / -~176 '3sl 

= 9.6[4.71 ( ~176176 pl/b'~o~eo / ) ~176 m " (22) 

Corresponds 
to Eq. 

IB 

E 

ho V port~ 

B 

E = 1,84. i0 ~ V ~ 

v=B,5.1o-' v ; { -  " 

d. =3.1o-,1}r ~ - 
~Loo, _o,~2 (,~'~4L")~ 

(.~,~oo~ L'" ) ~ P" v~'-----L- : 2'~ 7; 

_ _  _ 4 , 1  (2~o~or i-o,, 
5,6 ( o _ ~ ~  i. )o., 

(23) (10) 

(24) (12) 

(25) 03) 

(26) (i I) 

(27) 02) 

(28) (11) 

(29) 02) 

I 

r ,  = ' A ' ~ , = A T . ,  " 2Vp.. 
(9) 

By el iminating r ,  and AS00 f r o m  (5), (6), and (9), we obtain the e lec t r i c  field s t rength  as a function 
of the a i r f low veloci ty  and the cu r r en t  s t rength:  

2 2 "  2 "  

-E = (alia-) 2+., ~- (Aq~,=AT=) 2+~ (I0) 
] 2+., 

One can a l so  obtain the e lec t r i c  f ield s t reng th  e x p r e s s e d  through the cu r ren t  s t rength  and the magne-  
t ic  induction. F r o m  (2), (5), (6), and (9), with al lowance for  the fact  that  the drag can be approximated  by 
the function c x = CRe-P,  we have 

2rl1 2 "  

B2(2-p) +,,, 
2(2--p)--3m 
F ( 2 - m + "  

(11) 
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Fig. 2. Vol t - -ampere  charac te r i s t i c  curve for the a rc :  1) calcul-  
ated f rom (26); 2) general ized Eq. (19) [8]; outlined region: a r r a y  
of experimental  points for B = 0.012-0.108 T; L = 0.0127-0.038 m 
[8]; points: B = 0.0125 T; L = 0.0254 m [8]. H i = ULa0/I; II 2 =p0~  x 
h2LSB/I 3. 

Fig. 3. Comparison of calculated and experimental  data on the 
function V =f(B,  I): 1, 2, 3)ca lcula ted  f rom Eq. (24)for  I =4 ,  
300, and 70 A, respect ively;  4, 5) experiment [2] for  I =4 and 300 
A; 6) experiment [6] for  I = 70 A. V, m / s e c ;  B, T. 

Equating the right sides of (10) and (11), we obtain the dependence of the velocity balancing the a rc  or 
the velocity of motion of the a rc  with respect  to the electrodes on the external  magnetic field and the cur ren t  
s t rength:  

2p.+.m 2+m 2--2p 
l 2~-nz 2p+m 

2 ( 2 - - p ) + m  B ~ ( 2 _ p ) . ! . ~  n l-2~2_p)+m" (12) 

The radius of the e lectr ical ly  conducting core  of the a rc  is expressed through the known quantities by 
eliminating AS00 f rom (9) with the help of (6), af ter  which 

l rn 2 

(13) 

By substituting (12) into (13) one can also obtain the dependence r .  =f( I ,  B). 

Returning to (7), it should be noted that the re  a re  no experimental  data in the l i te ra ture  on the heat ex- 
change of s trongly heated cyl inders .  A data analysis made in [3] shows that for  laminar  flow in the boundary 
layer  the heat exchange is descr ibed by the c r i t e r i a  dependence (7) with the values A = 0.94-0.47 and m = 0.33- 
0.52, while for  turbulent flow A = 0.25-0.0239 and m = 0.6-0.8. In this case the coefficient A decreases  while 
the exponent m increases  with an increase  in the Reynolds number.  In the tes ts  the wall t empera tu re  of the 
cyl inder  was a maximum of 1300~ whereas the t empera tu re  of the i so thermal  sur face  of the a rc  core  below 
which the contribution of e lect r ical  conductivity becomes negligible is 6000 + 1000~ accord tng to  the data of 
[2]. 

We determine the coefficient A and the exponent m in (7) for a r c  conditions by using the experimental  
data of [2] and [4]. 

The resul ts  of an analysis of these experiments  in the form Nu = f(Re) a re  shown in Fig. 1. The Nusselt  
number for  heat exchange between the a rc  and the external s t r eam was found f rom the expression (AT~ = 
5700~ 

Nu = EI/n~.|174 (14) 

To determine the Reynolds number when analyzing the data of [2], we used the resul ts  of a measurement  
of the dimensions of the a rc  column presented there .  The dimensions were determined by photography under 
the same  exposure conditions. The calibration showed that the measured  dimensions correspond to the i so-  
t he rm of 6000 • 1000~ The s ize  of the a rc  column in the direct ion of the velocity vector  of the oncoming 
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s t r e a m  was taken as the control l ing dimension.  
culated f r o m  the equation [5] 

When t rea t ing  the data of [4] the column d i ame te r  was ca l -  

,~, = k V T ~ ,  (15) 

co r r ec t ed  with the data of [2]. Then the coeff icient  k proved to  be twice as l a rge  as that suggested by the 
author (k = 1.6.10 -3 m3/2-A-t /2,  sec - t /2 ) .  The  d i s a g r e e m e n t  and the necess i ty  of co r r ec t ion  a r i s ing  in con-  
nection with it may be explained by the different  methods of defining the dimensions  of the column. 

The dependence p resen ted  in Fig.  1 can be approximated  by the express ion  Nu = 0.2 Re o r ,  taking P r  ~1 
for  g a s e s ,  St = 0.2. We note that  the exponent to  Re mus t  not be l a r g e r  than one, s ince  in this case  St > 1 as 
Re -~ oo. 

AS for  the values  of the d rag ,  accord ing  to  [2] one can se t  c x = C --1, i .e . ,  p = 0. 

F r o m  (10), (12), and (13) with m = 1 and p = 0 it  follows that  E ~ V 2/3 I - l /3 ,  V ~ B3/5 I1/5, r ,  ~ I2/3V -~/3. 
Analogous r e su l t s  were  obtained in [1] through an analys is  of exper imenta l  da ta ,  equations,  and d imens ionless  
c r i t e r i a  under  ce r t a in  a s sumpt ions .  

A compar i son  between the equations obtained f r o m  Eqs.  (10)-(13) and the theore t i ca l  and empi r i ca l  func-  
t ions for  a i r  f r o m  [5-9] is  p resen ted  in Tab le  1. 

The values of the coeff icients  and exponents in the  case  of two-s ided  cu r r en t  supply [9] a r e  given in 
b racke t s  in (21) and (22). 

In the t r a n s f o r m a t i o n  of (10)-(13) to the equations obtained by the authors  of [5-9] we used the following 
values of the requ i red  quanti t ies:  A = 0.2, m = C  = ~ = I>r = 1, p~  = 1.18 k g / m  ~, p = 0, g~  = 1.86-10 .5 k g / m -  
s ec ,  h~ = 0.027 W / m . d e g ,  Cp = i03 J / k g . d e g ,  AT~ = 5700~ The coefficients  in Eqs .  (26)-(29) were  ca lcu l -  
ated with a l lowance fo r  the values of the cha r ac t e r i s t i c  quanti t ies taken by the authors  of [8, 9]. P0 = 1.95"10-2 
k g / m  3, h 0 =4.4.107 J / k g ,  a 0 = 3.10 z (~2-m) - i ,  p~  = 1.18 k g / m  3 for  (26_)and (27); ~e0 = 1.26"10-6 H / m ,  h 0 = 
3.105 J / k g ,  a o = 100 (~2.m) -1, P0 = 1.18 k g / m  3 for  (28) and (29). F o r  a we adopted i ts  i n t eg r a l -mean  value in 
that  r ange  of values  of S which co r responds  to the range  of var ia t ion  of T = (6-20). 103~ When using the data 
on ~.(T) f rom [10] and a(T) f r o m  [11] we took a =7 .7 -10  -3 (~ .m)  -1. M o r e o v e r ,  U = E L i n  (26}. 

AS seen  f r o m  Table  1, in s o m e  cases  the equations don' t  d i f fer  much f r o m  each other while in other 
cases  the a g r e e m e n t  is less  s a t i s f ac to ry .  

The dependence (26) is compared  with the exper imen ta l  data of V. Adams and with Eq. (19) [8] in Fig. 2. 
If is seen  that  whereas  the ent i re  a r r a y  of expe r imen ta l  points is desc r ibed  be t t e r  by (19), for  the curves  of 
B = coas t  (26) is  m o r e  su i tab le ,  although the s c a t t e r  of the  en t i re  a r r a y  of points will be g r e a t e r  than for  (19). 

The function Y =f(B,  I) calculated f r o m  (24) is compared  with the exper imenta l  data of [2, 6] in Fig. 3. 
As is seen ,  the calculat ions and exper iments  a g r e e  sa t i s f ac to r i ly .  

Thus ,  the model  dis cussed he re  for  an e lec t r ic  a r c  burning in an externa l  magnet ic  field and s tabi l ized by a e r o -  
dynamic fo rces  or  moving along para l l e l  e lec t rodes  ag r ee s  sa t i s fac to r i ly  enough withthe exper imenta l  data of var ious  
authors  and can be offered for  p rac t i ca l  us e.  The  theore t i ca l  and empi r i ca l  functions obtained in [5- 9] can be united 
within the f r a m e w o r k  of this model .  

N O T A T I O N  
T 

T,  t e m p e r a t u r e ;  S = f X(T, P)dT,  heat-conduct ion function; P,  p r e s s u r e ;  p,  density;  Cp, heat capaci ty;  
0 

q,  heat - f lux densi ty;  ~., ~,  a ,  coefficients  of t h e r m a l  conductivi ty,  v i scos i ty ,  and e lec t r i ca l  conductivity; ~e ,  
magnet ic  pe rmeab i l i ty ;  E,  H, e l ec t r i c  and magnet ic  field s t rengths ;  I ,  cu r r en t  s t rength;  U, voltage; B, m a g -  
netic induction; j ,  cu r ren t  density;  Y,  veloci ty;  Cx, drag;  r ,  running radius ;  d, d i amete r ;  L, d is tance between 
e lec t rodes ;  Nu, St, Re,  P r ,  Nusse l t ,  Stunt .n ,  Reynolds ,  and Prandt l  numbe r s ,  r e spec t ive ly ;  m ,  n, l ,  p,  
exponents;  A, C, k,  constants ;  ~ = l>rn(T. /T~) / ;  AS00 = S00--S,;  AT~ = T , - - T ~ .  Indices:  0% f r ee  flow; *, 
boundary of e lec t r i ca l ly  conducting zone; 00, value at axis ;  0, controll ing value; - ,  averag ing  sign. 
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D E T E R M I N A T I O N  O F  T H E  C H A R A C T E R I S T I C S  O F  

N O N S T E A D Y  H E A T  E X C H A N G E  IN O N E  D I S P E R S E  

R E A C T I V E  S Y S T E M  

A .  M.  G r i s h i n ,  G .  S .  L o s k u t o v ,  
a n d  T .  S .  S a n d r y k i n a  

UDC 536.242 

The laws of nonsteady heat exchange in a d i s p e r s e  r eac t i ve  s y s t e m  a r e  invest igated 
within the  f r a m e w o r k  of a new model  of heat exchange in a d i s p e r s e  medium not using 
the concept  of a coefficient  of heat exchange.  

The p rob l em of energy  t r a n s f e r  in s t a t iona ry ,  d i s p e r s e ,  nonreact ing and reac t ing  media  has been in-  
ves t iga ted  in [1-7]. An analys is  of the h e a t - t r a n s f e r  mechan i sm is g iven in these  r epo r t s  and the basic  equa-  
t ions a r e  obtained.  In [2], in p a r t i c u l a r ,  a r ev iew is made of the methods for  ma themat i ca l  modeling of the 
heat exchange in d i s p e r s e  media  and it is pointed out that the s imp le s t  means  of ma thema t i ca l  modeling is the 
use  of the o rd inary  heat-conduct ion equations and the volume h e a t - t r a n s f e r  coeff ic ients .  A sufficiently s imple  
t w o - t e m p e r a t u r e  model  for  the heat exchange in d i s p e r s e  media  is  obtained as a r e su l t .  A m o r e  complicated 
ma thema t i ca l  model  of the t r a n s f e r  p r o c e s s e s  in a reac t ing  medium,  allowing for  the mul t iphase  and mul t i -  
t e m p e r a t u r e  na ture  of the med ium,  is suggested in [4]. In this model ,  however ,  they use  the concept  of the 
h e a t - t r a n s f e r  coeff ic ient ,  which is a function of t i m e  not known in advance ,  and additional assumpt ions  a r e  in-  
t roduced in connection with the use  of so -ca l l ed  accomodat ion  equations.  

The p r o b l e m  of the nonsteady heat  exchange in a d i s p e r s e  s y s t e m  is analyzed below within the f r a m e w o r k  
of the ma thema t i ca l  model  given in [8]. 

Suppose t h e r e  is a ve s s e l  fi l led with a liquid or  gaseous  subs tance  whose t e m p e r a t u r e  is known and equal 
to T n. A constant  t e m p e r a t u r e  T n is maintained at the ve s se l  walls during the ent i re  p r o c e s s .  React ive  sp h e r -  
ical  p a r t i c l e s  of a solid subs tance ,  equal in m a s s  and having the s a m e  init ial  t e m p e r a t u r e  Tin , en te r  the v e s -  
se l  at  s o m e  moment .  We a s s u m e  that  the pa r t i c l e s  will be in a suspended s ta te  at equal d is tances  f r o m  each 
other  and that  chemica l  reac t ions  whose r a t e s  a r e  de te rmined  by the Arrhenius  law [9] can be observed  at the 
pa r t i c l e - -ga s  (liquid) in te r face .  We p r e s u m e  that  the depletion of the ma t e r i a l  of the par t ic les  during the i r  
ignition is s m a l l ,  so  that  the i r  deplet ion and the depletion of the gas  is ignored. Moreover ,  we a s s u m e  that 
the following assumpt ions  a r e  valid: 

1) the number  concentra t ion of pa r t i c les  per  unit volume of d i s p e r s e  medium is known and equal to n; 

2) the p roce s s  of heat t r a n s f e r  as a resu l t  of molecu la r  heat conduction is one-dimensional ;  

3) the t he rmophys i ca l  coefficients  of the par t i c les  and gas  a r e  constant;  

4) the t e m p e r a t u r e  inside any pa r t i c l e  does not vary  f r o m  point to point,  s ince  the radius of a pa r t i c l e  
is sma l l .  
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