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Solutions are presented for the heat-conduction equations of the liquid- 
bridge-solid system which is set up on separation of electrical con- 
tacts. The conditions are given for the selection of contact materials 
to ensure minimum erosion of one of the electrodes. 

E l e c t r i c a l  c o n t a c t s  f ind e x t e n s i v e  a p p l i c a t i o n  in 
v a r i o u s  b r a n c h e s  of e n g i n e e r i n g  and m u c h  e f f o r t  has  
b e e n  devo t ed  to t h e i r  s tudy.  Of p a r t i c u l a r  i n t e r e s t  a r e  
t he  p r o b l e m s  a s s o c i a t e d  wi th  the  m e l t i n g  of con tac t  
m a t e r i a l s  w h e n  c i r c u i t s  a r e  opened .  

We know tha t  t h e r e  e x i s t s  a p e r i o d  d u r i n g  the  l a s t  
s t a g e  of the  opening  of c o n t a c t s  in which  the  dens i t y  
of the c u r r e n t  p a s s i n g  t h rough  the  c o n t a c t  s u r f a c e  
a t t a in s  v a l u e s  which  c a u s e s  the  m e l t i n g  of the  m e t a l  
in one  of the  e l e c t r o d e s .  A f u r t h e r  sh i f t  in the  con t ac t  
e l e m e n t s  does  not  r e s u l t  in the  b r e a k i n g  of the  c i r -  
cui t ,  s i n c e  a n e c k  of  m o l t e n  m e t a l  has  b e e n  f o r m e d  
b e t w e e n  the  c o n t a c t  and it  con t inues  to p a s s  c u r r e n t  
( see  f i g u r e ) .  

F o r  the  so lu t ion  of a l a r g e  n u m b e r  of  i m p o r t a n t  
p r a c t i c a l  p r o b l e m s ,  we have  to d e t e r m i n e  the d i s -  
t r i b u t i o n  of t e m p e r a t u r e  in the  con t ac t  e l e m e n t s ,  a l l  
the way to the breaking of the electrical circuits. 

The coordinate origin is set at the point of contact 
between two electrodes prior to separation, and the 
x-axis is made to coincide with the axis of electrode 
symmetry (see figure). We assume that the contact 
elements have been made from various materials. 

The heat-conduction equation for the liquid bridge 
can be written in the form [i] 

0~1 0201 + hi,  
Ot = a~ Ox-- 7 -  

t > 0 ,  - - a~  1 / Y < x < 0 ,  (1) 

w h e r e  ~,  is the c o e f f i c i e n t  f o r  the  m e l t i n g  of the  m a -  
t e r i a l  in the  f i r s t  e l e c t r o d e ;  in a s p h e r i c a l  s y s t e m  of 
c o o r d i n a t e s  we can  w r i t e  the  h e a t - c o n d u c t i o n  e q u a -  
t ion  f o r  the  so l i d  e l e c t r o d e  in the  f o r m  [2] 

Ot " = a~ \ Or' + r Or ~ 7 ' 

t > O ,  b < r <  oo, (2) 

where 

hi = 911= 9". 12 
7 cF ~ ; q~ --  - -  4~2~2 

Conditions for the unique definition of solutions 
(i) and (2) can be expressed by the following system 
of equations: 

oi (-- ~i ]/r, t) = o'i~, (3) 

O~ (r, O) = ~ (r), (4) 

e~ (o, t) = ~ (b, t), (5) 

O 01 00~ 

OF }r=b ' 

0~(~, t) = O, (7) 

w h e r e  r is a known func t ion  d e r i v e d  on so lu t ion  of 
the  h e a t - c o n d u c t i o n  equa t ions  fo r  so l id  con tac t  e l e -  
m e n t s  p r i o r  to the  ins tan t  a t  which the  e l e c t r o d e s  
m e l t  and is equal  to [3] 

B q2 
(r)  : =  {}lm; 

r 2r 2 (8) 

B is a coefficient which is a function of the thermal 

conductivity of the solid electrodes, of the magnitude 

of the current, of the radius of the surface covered, 
etc. ; the determination of this coefficient can be found 

in [3]; ~m is the temperature of the solid contact 
element at the point of contact with the liquid phase 
of the first electrode. 

The solution of the system of equations (I)-(7) is 
assumed in the following form: 

~l  (x, t) = h~t + A1 t + ~ + 

t 

1/~exp - 4a~( t - -T)  J d r +  
+ C1 (t - -  ~)~/2 

0 

t 

exp 4a~ (t - -  ~) 
+ ~Im+ N~x + P1 (t - -  ~)1t2 

0 

X 
+ 4Ml t i  ~ erfc 2a~ V'/- ; 

B 
,~ (r, t) = - -  + 

r 

t 

+ K 2  exp 4a~ (t - -  ~) 

r ,J ( t _ ~ ) l / 2  d r - - - -  
0 

d ~ +  

(9) 

q~ (lO) 
2r~ ' 

w h e r e  

i ~ erfc z = 

X 

z =  2alV---T ; 

orfc ]); 
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A1, C1, N1, M1, Pl, and K 2 a re  the coefficients whose 
determinat ion has been ca r r i ed  out on the basis  of 
conditions (3)-(7). 

Schematic representa t ion  of liquid 
bridge consis t ing of one mater ia l .  

F rom (3) and (9) we obtain 

~im==lht + Ait ( l+ ~ ) q - 

�9 ~-- C 1 x 1 t -]- ~lm-~" P, ~, 1 / r T -  N ,  (~, ] / -7"+  ~,11 ~1 t, 

where a m 

=( 
2a~ ] 2ai 

2a, exp - -  4a~ 1 ; 

% [ (____al2_/ 1 ai ( ~i i ]  + i  exp + erl~c - -  ; 
al t, 4al ~ ] ~ 2al 2a l /  

61 = 2 exp - -  a,l/~2a, erfc a ~ ] .  

The unknown coefficients A1, C1, M1, N1, Pi, and 
K 2 can be found on the bas is  of the solution of the 
sys tem of equations (3)-(8): 

(11) 

K , =  b 

Pi = - ~ - ,  N1 = Ks; 
a i b 

L a, ] / a  / + 

q-~ (V,~ --2wl) Ks + V-~  ( 1 - -  w ) ] x  
(Z 1 

_ o; - '  

L a, L / ~  -~-a~2/JJ 

a 2 ~l hl 2;% K= a2 

C i =  ~.i [ 2• 

kT;- + 2a~ /J  

M 1 

2aai "-bTK'[ zi -~- ( 1 -t- --~a~ ] ] 
;q [ 2• + a s l+ ]l 
a, 2a, / J 

Of significant in teres t  is the tempera ture  at the 
point of contact between the liquid bridge and the 
solid body of the second electrode:  J2(b,t) .  The t ime 
var iat ion of this t empera tu re  can be determined f rom 
(10), assuming that r = b: 

t 

03(b, t)= B___ q_2%+ K~ I d'~ 
b 2b 2 ~ "  , (t - -  "17) 1/2 

0 

B % 2K~ v(~. 
--  b 2b ~ + ~ (12) 

The f i r s t  two t e rms  in Eq. (12) define the initial value 
of the t empera tu re  a2(b, 0), while the third t e rm gives 
the var ia t ion in the t empera tu re  of the contact s u r -  
face during the p roces s  of l iquid-bridge format ion at 
the f i r s t  e lect rode.  

If the t empera tu re  at the surface  of the solid e lec -  
t rode r = b does not reach  the melt ing point during 
the time t = t c of the existence of the liquid bridge,  
the mater ia l  of the second electrode will not melt  and 
only one electrode will be subject  to erosion.  To sa t -  
isfy this condition the mate r ia l s  of the contact e le-  
ments  mus t  be chosen so as to sat isfy the following 
condition: 

~(b,  t,:) -~ 0~m, (13) 

where  ~ m  is the mel t ing point of the second electrode.  
With considerat ion of (12) 

B q2 + 2Ks ]/~c'<Os,n (14) 
b 2b ~ 

Assuming that at the instant t = 0 for  r = b, the 
t empera tu re  

O~(b, 0 )=~ , (0 ,  0 ) = 0 , , ,  (15) 

with considerat ion of (8) we obtain 

B q2 ~im- (16) 
b 2b ~ 

F rom (13)-(16) we can wri te  

2K~ #-~.  (17) ~m-- 01m> ~ 

Proceeding f rom the fact  that '~2m > a i m ,  we have 

K~>O (18) 
o r  

a i  

> 0 ,  
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where 

B = ql (2~1 + ~2) -t- q~ ~2 
2b (~1 + ~2) 

In the case under  considera t ion,  dur ing the ini t ia l  
commutat ion  cycles ,  we find that only the ma te r i a l  of 
the anode mel t s ,  which is poss ib le  when 

Pl ~ 93 

o r  

q~--q~ ~ O. 

Consequently,  to sat isfy  inequal i ty  (18) we mus t  
have 

ks 4 k~. 

Thus, to sat isfy  condition (13) the contact m a t e r i a l s  
should be selected on the bas i s  of the following in-  
equal i t ies :  

~},m<~2m, Pl<P2, and k1>/)~2. 

The following combinat ion can se rve  as an example:  

Ag (anode) and W (cathode) 

' l~lm = 960~ @~n= 3400 ~ C 
p, = 1.65.10 -6 ohm �9 cm p~ = 5.5-10 -~ ohm �9 cm 
~ = 4.18 W / c m  �9 deg ;% = 2,2 W/era �9 deg 

The re la t ionships  der ived here  can be used in s e -  
lec t ing the contact ma t e r i a l s  for low-load dc re lays .  

NOTATION 

I is the cu r ren t ;  ,~ is the superheat  t empera tu re ;  
p is the specific r e s i s t a nc e ;  )~ is the the rmal  conduc- 
t ivi ty;  ~ and c a re  the specific weight and heat ca-  
pacity,  r espec t ive ly  ; F is the c r o s s - s e c t i o n  of the liquid 
br idge.  Symbols:  1 l iquid phase;  2 is the solid phase. 
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