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DETERMINATION OF THE EXCESS T E M P E R A T U R E  OF E L E C T R I C A L  
CONTACTS WITH CONTINUOUS CURRENT VARIATION 

V. T. O m e l ' e h e n k o  

I n z h e n e r n o - F i z i c h e s k i i  Zhurnal ,  

UDC 536.491 

An analytical solution is given of the heat conduction problem for a 
single-point contact in the closed position, under conditions of 
continuous variation of the current passing through it. 

The t h e r m a l  p r o c e s s e s  on the s u r f a c e s  of e l e c t r o d e s  
d e t e r m i n e  to a c o n s i d e r a b l e  extent  the r e l i a b l e  o p e r -  
a t ion of e l e c t r i c a l  con tac t s .  Such p r o c e s s e s  as  
w e l d a b i l i t y  of contac ts ,  b r eakdown  of e l e c t r o d e  s u r -  
f a c e s  due to e l e c t r i c a l  e ro s ion ,  and s p u r i o u s  c o m -  
muta t ion  a re ,  among o the r s ,  d i r e c t  consequences  of 
the ac t ion  of e l e c t r i c  c u r r e n t  on the con tac t s .  T h e r e -  
f o r e  the s tudy of t h e r m a l  p r o c e s s e s  on the s u r f a c e  
of con tac t  e I e c t r o d e s  is  of c o n s i d e r a b l e  i n t e r e s t .  

We sha l l  a s s u m e  tha t  the con tac t  e l e m e n t s  a r e  
made  of a s ing le  m a t e r i a l ,  that  the e l e c t r i c a l  con-  
t ac t  i s  r e a l i z e d  in one c i r c u l a r  a r e a  of r a d i u s  r0, 
and that  t h e r m o e l e c t r i c  e f fec t s  a r e  absen t .  The 
con tac t  e l e m e n t s  a r e  a s s u m e d  to be s y m m e t r i c a l .  

The r e s i s t a n c e  of the con tac t  e l e m e n t s  in a s ingle ,  
r e l a t i v e l y  s m a l l ,  con tac t  a r e a  l e a d s  to a c o n s t r i c t i o n  
of  the c u r r e n t  l ines  into p l a c e s  with good conduct ion.  
The r eg ion  in which the c u r r e n t  l ines  b e c o m e  non-  
p a r a l l e l  (F ig .  1) i s  ca l l ed  the neck  r eg ion .  A p i c t u r e  
of the t h e r m a l  and e l e c t r i c  f i e l d s  in the neck  r eg ion  
i s  p r e s e n t e d  in F ig .  2. The c i r c u l a r  con tac t  a r e a  
of r a d i u s  r0 is  shown in the f o r m  of an in f in i t e ly  
thin disk ,  th rough  which the c u r r e n t  f lows to a s e m i -  
inf in i te  e l e c t r o d e .  The equ ipo ten t i a l  and i s o t h e r m a l  
s u r f a c e s  of the con tac t  e l e c t r o d e s  a r e  s e m i e l l i p s o i d s  
( l ines  1), and the l ines  of c u r r e n t  and hea t  f lux 
( l ines  2) run  p e r p e n d i c u l a r  to these  s e m i e l l i p s o i d s .  

/ 

Fig .  i. Schema t i c  
r e p r e s e n t a t i o n  of 
the c o n s t r i c t i o n  of 
c u r r e n t  l ines  into 
a s ing le  c i r c u l a r  
conduc to r  con tac t  

a r e a .  

The c o n s t r i c t i o n  of the c u r r e n t  l ines  is  due to the 
add i t iona l  pinch r e s i s t a n c e  Rk; g iven cons tan t  r e s -  
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i s t i v i t y  of the con tac t  m a t e r i a l  p, for  one con tac t  
e l e m e n t  we have 

Rk  - p/4ro (1 )  

F o r  the whole  neck r e g i o n  at  both con tac t  e l e m e n t s  

Rk = p/2ro. (2) 

The m a t h e m a t i c a l  ca l cu l a t i on  of the t e m p e r a t u r e  
f i e ld  a c c o r d i n g  to the exac t  mode l  shown in F ig .  2, 
is  v e r y  c o m p l i c a t e d  and l a b o r i o u s .  To s i m p l i f y  the 
m a t h e m a t i c a l  p r o b l e m ,  Holm [1] p r o p o s e d  a d i f -  
f e r e n t  mode l  of the f i e ld  in the r eg ion  of the neck 
(F ig .  3). The s t r a i g h t  r a d i a l  l ines  denote  l ines  of 
c u r r e n t  and h e a t  flux, and the c i r c l e s  a r e  equipo-  
t en t i a l  and i s o t h e r m a l  s u r f a c e s .  The con tac t  s u r f a c e  
i s  r e p l a c e d  by a s p h e r e  k of inf ini te  conduct iv i ty  
and r a d i u s  b. 

F ig .  2. P i c t u r e  of the t h e r m a l  
and e l e c t r i c  f i e l d s  in the neck  

reg ion .  

The to ta l  p inch r e s i s t a n c e  R k of the two con tac t  
e l e c t r o d e s  in the s i m p l i f i e d  s c h e m e  (Fig .  3) is  d e -  
t e r m i n e d  to be 

R k = p /~  b. (3) 

It should be noted that  the subs t i tu t ion  was  c a r r i e d  
out  by Holm on the condi t ion that  the s a m e  amount  
of l i b e r a t e d  hea t  p r o d u c e s  the s a m e  a v e r a g e  t e m p e r -  
a t u r e  i n c r e a s e  in the r e a l  and equ iva len t  con tac t s .  
This  condi t ion  is  fu l f i l l ed  if the value of the pinch 
r e s i s t a n c e  ob ta ined  f r o m  (2) and (3) is  the same ,  i . e . ,  
the fo l lowing b a s i c  condi t ion  for  r e p l a c e m e n t  of the 
one mode l  by  the o the r  is  fulf i l led:  

2ro - -  ~ b. 

Heat ing  of the e l e c t r i c  con tac t s  o c c u r s  due to 
l i b e r a t i o n  of e n e r g y  in the ac t ive  r e s i s t a n c e  of the 
contac t  and in the pinch r e s i s t a n c e .  The f i r s t  p a r t  
of the e n e r g y  p r o v i d e s  cont inuous hea t ing  of the 
whole  volume of the con tac t  m a t e r i a l  up to t e m p e r a -  
tu re  | y, z, t). This  t e m p e r a t u r e  is  c a l c u l a t e d  
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according to known methods [3]. The second par t  of 
the energy provides addit ional  heat ing of f inite 
regions  of the contact  to the t empera tu re  T(x, y, z, t), 

Fig.  3. Simplif ied model of 
cons t r i c t ion  of the c u r r e n t  

l ines .  

The di f ference of these t e m p e r a t u r e s  

T ( x .  y.  ~, t ) - - ( - ) ( x ,  !/. z, t ) ,  O(x ,  y, z, t) 

is called the t empe ra tu r e  excess  of the contaet .  
The p rob lem of de t e rmin ing  the t empera tu re  

excess  0 (x, y, z, t) is met  very often In pract ice :  
in ca lcula t ing contact  p r e s s u r e s ,  in de t e rmin ing  
welding of contact  e lements ,  in inves t iga t ing  r e -  
s i s t ance  to erosion,  in de te rmin ing  re l i ab i l i ty  of 
contacts,  etc.  

Let there  be a continuous var ia t ion  of c u r r e n t  I, 
s t a r t ing  at t ime t = 0, according to the law 

/ ---At, 

where  A is the ra te  of change of e u r r e n t  Ca/see). 
A cu r r en t  var ia t ion  of this kind occurs  in the 

commuta t ion  of h igh-speed de apparatus  in ae ro -  
naut ica l  equipment ,  in the chemical  and me ta l l -  
u rg ica l  indus t r i e s ,  in r a i l road  substa t ions ,  in 
subway, t ramway and t ro l ley  yards ,  ete. In 
actual  power sys tems  the ra te  of change of c u r r e n t  
fal ls  in the range 1 -2  �9 10 6 a / s e c .  

We obtain the di f ferent ia l  equations of heat con-  
duction on the bas i s  of a heat  balance set  up for  a 
hemisphe r i ca l  shel l  with radi i  r and r + dr  (Fig. 3): 

O ~ aS I 0~ ~ 2 0 ~ P '42t' ] 
at ~ ,  + - -  + �9 C4) . . . .  ~ - ~  4~--~5r~ ~, ] 

We choose the condit ions for a unique solut ion of 
(4) as follows: 

0 ~  0 0(r, 0 ) - -0 ;  --~-r !,=h= ; ~ ( ~ ,  t):.~0. 

To solve (4), we in t roduce the new var iab le  

t1:=~r 

and, in addition, putt ing 

r . = b ( l  /-x), 

we obtain from (4) 

On ~ u  
_ .  _ i~2 _ _ _  + iV (x) ~2 t.~, 
dt Ox "~ 

where 

,~ ::  a/b, i v ( x )  = pA 'Z /4a2~b( l  q- x)'L 

The condit ions for the solut ion of (5) to be unique 
wil l  have the form 

u(x, 0 ) = 0 ;  (0~ - -  u )lx=0=O; u(oo, t) = O. 

We solve (5) with the aid of an opera t ional  method 
[2]. F o r  the mos t  heated pa r t  of the contact,  i . e . ,  
for x = 0, the solut ion in r e spec t  of ~ (0, t) has the 
following form: 

0(0, t ) =  u(O, t) PA2tx ~(z), (6) 
b 2n'k b z (--~t? 

where 

(z) = exp (e + z)erfc 2 j z -t- l , "z  ) - -  

0 

4 

- -  (--  2 Vz-) "~/merfc (1 . .  e) '~" 
rn~O 

If we make the subst i tu t ion in (6) 

b ---- 2ro/t~, ~ --- a al2ro, 

qe 

0 2 .l ," 

Fig.  4. Graph of the 
function @(z). 

then 

{~(0, t)== 2pA~r~ ~-~-~ ___ ~;(z) (7) 

The function 

xp (z) =- 0 (0, t) a '  knV2p ASr~ 

may be cons t ructed  (Fig. 4) once and for all for 
var ious values of z, and so the p rocess  of de t e rmin ing  
t empera tu re  ~ (0, t) is cons iderab ly  s impli f ied.  

We shall  de t e rmine  the t empera tu re  excess  of the 
contact  a r ea  of a h igh-speed dc switch with c u r r en t  
varying at the ra te  A = 106 a / s e c  for a t ime in te rva l  
t = 3 �9 10 -3 sec.  The ma te r i a l  of the contacts is 
copper.  For  the calculat ion we choose the following 
data: a 2 = 1 cm2/sec ;  r0 = 5.3 �9 10 -2 cm;  ). = 3.8 W/cm �9 
�9 degree ;  p = 1.75 �9 10 -6 ohm �9 cm. 
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We de termine  the value of z: 

z : : ~ "  l = a" l /b ' - '  = a '~ n " / / ( 2 t o )  ~, 

z ~ ! ~ - n :  . 3 . 1 0 - : ~ / 2 - ~ ( 5 . 3 ) ~  �9 1 0 - 4  . 2 . 6 .  

From the curve of Fig. 4 we find 

~1,(2.6) = 0.53. 

We determine the t empera tu re  of the contact a rea  
f rom (7): 

t~ (0. l) :: 2p A2~_~ ~,(z); 
a4~rA 

2.1.75, l0 -~. 10 TM,(5.3) 2. 10-* 0.53 = 13.7 ~ C. 
(0, t) =: 14.3.81102 

NOTATION 

r0--radius of contact a r ea ;  Rk--pinch res i s tance ;  
p - - re s i s t iv i ty ;  b - - rad ius  of sphere ;  @(x, y, z, t)-- 
bulk t empera tu re  of contact;  T(x, y, z, t ) - - t empera -  
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ture of neck region of contacti  d(x, y, z, t ) - - temp-  
e ra tu re  excess ;  t - - t ime;  I - -cur ren t ;  A-- ra te  of change 
of current ;  a~--thermal diffusivity; ;~--thermal con,. 
ductivity. 
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