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The temperature  field is investigated of a liquid bridge in a tungsten f iber  immersed  in copper.  
The feasibility is shown analytically,  as well as experimentally,  of minimizing bridge t ransfer  
by modifying the fiber dimensions.  

It is  known that the magnitude and di rec t ion of a bridge t ransfer  depend on the thermophysical  and elec-  
trical cha rac te r i s t i c s  of the contact mater ia l  [1], and also on the external conditions (medium, heat-diss ipat ion 
intensity, etc~ [2, 3]. By p roper  selection of var ious  contact mater ia ls  [1, 2, 4] and by art if icial  heat dissipation 
f rom one of the e lectrodes  [2, 31, oriels able to minimize the t ransfer  of the mater ia l  f rom one electrode to 
another and even to achieve an inversion of erosion.  

Considerable attention has recently been focused in the l i tera ture  on the suitability of using in contact 
mater ia ls  with a fibrous s t ruc ture  of the hea t -proof  component with normal  distribution of the f iber  towards the 
working surface  of the contact [5-7]~ It will be shown later  that the application of the la t ter  enables one to tackle 
the problem of se l f - res t r i c t ion  of the bridge erosion using a fundamentally different approach. 

A simple fiber electrode is considered; in par t icu lar ,  a tungsten f iber  immersed  in a copper  base. In 
this case the bridge eros ion  is a two-front problem (solid p h a s e - m e l t  o f  both components) with conditions of 
the fourth kind valid on the fiber surface [8]~ 

To obtain one-dimensional  es t imates  the cylindrical  f iber is replaced by a ball of the same radius r b. 
Then the contact surface c o p p e r -  tungsten remains  unchanged in the zone of intensive heating. The gap in the 
intensity of heat dissipation f rom the hemisphere  surface and f rom the lateral  cylinder surface is compensated 
to some extent by an additional heat  dissipation f rom the base of the cylinder into the depth of the electrode.  
If one now adopts the contact r es i s t ance  as constant and concentrated at the fiber center  and ignores the density 
change of the mat te r  when melting and also the dependence of thermophysical  constants on the tempera tures  and 
on the phase state (Fig. la) ,  one obtains for the temperature  in the zones (in the quasistat ionary approximation) 
the following express ions  [8]: 
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Fig. 1. a) T u n g s t e n - c o p p e r  interface versus  fiber 
surface in the spher ical ly  symmet r i c  case; b) station- 
ary tempera ture  field f rom a two-dimensional source 
(curve 1) and f rom a point source (curve 2) of equal 
strength.  

On the boundary of the phase interface one has the relat ion [9] 

L~ OT, ~,, OT, = pL d_._aa . (5) 
Or Or dt 

Substitut2ng (1).(4) into (5), the energy balance is obtained on the phase boundaries and the fiber surface:  

q ~1 Tmel-- Tr, rb paLz dal (6) 
4~,a~ rb - -  az a, dt ' 

~,lTmel--Tb al =L~ Tb-Trae~ a~ , (7) 
r b -- a I rb as ~ r b rb 

~,~ T b -  Tree2 rb ~ Tme~--To = p~L~ da~ 
a~ - -  rb a~ a~ dt (8) 

It is not difficult to show [10] that specific t imes of heat conduction and of melting for  tungsten and copper 
are  of the o r d e r  10-7-10 -8 see. Consequently, instability of thermal conductivity and phase transit ion are only 
essential  in the initial pa r t  of bridge forming and can be ignored at the instant of bridge breaking down (~-M ~ 
10-3-10 -2 sec).  Then in agreement  with (6)-(8) the mel t : radius  al for  the tungsten can be expressed in the 
terms of the fiber radius r b in the following manner:  

Tree2" To ~'* t )--~--  ] -~ . (9) 
a l :  al I 1 - [ - T m e l - - r o  ( ~ 1  �9 " " 

By analogy with the corresponding relat ions for homogenous mater ia l s  the expression for the melting 
i so therm al ,and, by the way, for any other  i so therm can be written a s fo l lows :  

q 
al 

4~)~ eft (Tme I -  T o) ' (10) 

where the effective value of the coefficient  of thermal conductivity is given by 

' Tmel-- To s ~-b-- " (11) 

It should be mentioned that the bridge center  can be located with equal probabili ty at any point of the f iber 
surface,  different points contributing in a different way to the total heat  flux. The lat ter  can be taken into 
account by replacing rb in the formula  (12)', by its average ,  

rb= 1 [ 1 = 2 { - - a ~ - )  ~] (12) 

Thus by employing the model of a point source ,  the approximate formula  (11) has been obtained for the 
effective thermal conductivity Xeff of the component mater ia l  as a function of the f iber  radius r b and of the 
coefficients of thermal  conductivity of the components ~1 and ~2- For  r b -~ co, one has ~ = h i ,  and for r b = al 
one has ~ = ~2, that is,  in the interval  al_< rb < ~ the function ~ is bounded (~1 -<},eft -< ~2), if reasonable 
values at both ends are  assumed.  
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F i g .  2. E x p e r i m e n t a l  ( c u r v e s  1 and  2) and t h e o r e t i c a l  ( c u r v e s  3 and 4) v a l u e s  of  
r e d u c e d  t e m p e r a t u r e s  of b r i d g e  b r e a k d o w n  on f i b e r  e l e c t r o d e s  W - C u  v e r s u s  f i b e r  
r a d i u s  r b f o r  Jp = 40 A ( c u r v e s  1 and 3) o r  Jp = 20 NA ( c u r v e s  2 and 4),  r b,  #m.  

F i g .  3. M a n i f e s t a t i o n  of e r o s i o n  on n e g a t i v e  e l e c t r o d e s  of c o p p e r  and m e t a l  c e r a m i c s  
MB-50  and MB--70 and on f i b e r  e l e c t r o d e s  W - C u  fo r  Jp = 40A a f t e r  2 �9 104 d i s c o n n e c t i o n s  
(in b r a c k e t s  the d i a m e t e r s  o f  tungs ten  f i b e r s  a r e  shown in mm) .  

We now p r o c e e d  to d e t e r m i n e  the t e m p e r a t u r e  o f  b r i d g e  b r e a k d o w n  a s  a func t ion  of the f i b e r  r a d i u s ;  i t  
should  be m e n t i o n e d  that  f o r  r b > a 1 the h e a t  d i s s i p a t i o n  f r o m  the m e l t  (keff) t a k e s  m a i n l y  p l a c e  a t  the e x p e n s e  
of the r e g i o n  r > r b which  can be v e r i f i e d  on a m o d e l  of  a p o i n t  s o u r c e s ,  w h e r e a s  the  b r e a k d o w n  i s  d e t e r m i n e d  
by the h o t t e s t  r e g i o n  (r < rb ) ,  the f ac t  that  the s o u r c e  i s  a d i s t r i b u t e d  one be ing  e s s e n t i a l .  The  coe f f i c i en t  of 
t h e r m a l  conduc t iv i t y  of  the c o m p o n e n t  m a t e r i a l  k e f f  i s  t h e r e f o r e  adop ted  a s  in  (11), and  the t e m p e r a t u r e  d i s -  
t r i bu t i on  in  the f i b e r  i s  c o n s i d e r e d  wi th  f in i te  d i m e n s i o n s  of the s o u r c e  taken  into a c c o u n t .  

I t  i s  known [8] that  i f  h e a t  i s  s u p p l i e d  to a s e m i i n f i n i t e  body th rough  a c i r c l e  of  r a d i u s  b (with a u n i f o r m  
h e a t  f low d i s t r i b u t i o n  o v e r  the c i r c l e  s u r f a c e  a r e a )  t e m p e r a t u r e  d i s t r i b u t i o n  in  the body i s  e s t a b l i s h e d  and i s  
of the f o r m  

T = q ~ exp {--  vz} I o (vr)  I x (vb) 
d__ !_v 

2~Z r o v (13) 
0 

Hence  the t e m p e r a t u r e  d i s t r i b u t i o n  o v e r  the con t ac t  s u r f a c e  o r  o v e r  the e l e c t r o d e  dep th  o r  the m a x i m a l  t e m -  
p e r a t u r e  a r e  g iven ,  r e s p e c t i v e l y ,  by  the fo l lowing:  

T ( r ,  z = 0) = q F 1 1 1, --b2- , (14) 
2 ~ L e f f b  2 ' 2 ' 

T (r : 0, z) q [(z 2 + b~) l / ~ -  z], (15) 
2 ~ e f f b  2 

T m a x : T ( r = 0 ,  z = 0 ) =  q 
2n~,effb 

(16) 

The s t a t i o n a r y  t e m p e r a t u r e  f i e ld  of  a t w o - d i m e n s i o n a l  s o u r c e  e v a l u a t e d  by u s i n g  the f o r m u l a  (16) i s  
shown by c u r v e  1 in F i g .  l b .  It i s  s e e n  c l e a r l y  that  i n s i d e  the  b r i d g e  ( r /b  < 1) the t e m p e r a t u r e  f i e ld  of  a two-  
d i m e n s i o n a l  s o u r c e  i s  qui te  d i f f e r e n t  f r o m  that  of a po in t  s o u r c e  (curve  2 in  F ig .  l b ) ,  and  v a r i e s  f r o m  the 
v a l u e  Trnax  a t  the c e n t e r  up to T ~ 0.637 a t  r = b. Ou t s ide  the  m e l t i n g  zone  the t e m p e r a t u r e  f i e ld s  of the two-  
d i m e n s i o n a l  s o u r c e  and the po in t  s o u r c e  a p p r o a c h  each  o t h e r  a s y m p t o t i c a l l y  wi th  r i n c r e a s i n g .  
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It is  known [1-4, 11] that the breakdown of the bridge occurs  when in the highest heating zone the break-  
down temperature  T D is reached.  One can est imate the value of TBand its dependence on the fiber radius r b 
by setting TB-- Tmax in the formula  (15)o In the case of solid tungsten electrodes  (r b - -  ~) one has 

V ~  ~ TB, = q (17)  
2n~b 

Con sequently, 

TB(~) _ i 

TB., 1 ~ Tmr To )~1 rb 

(18) 

Using Eqs. (14) and (15) it is not difficult to determine the radius and the depth (rme and Zme ) of the melt 
bath within the tungsten fiber as dependent on rb; this is done by setting the r ight-hand sides of these equations 
equal to the melting tempera ture  of tungsten, Tme. 

If one regards  the melting zone as half of an ellipsoid of rotation, it is easy  to determine the reduced 
volume of the liquid phase by using the formula 

y ' =  r~e'.me (19) 
b3 

To verify experimental ly  the quantities determined by Eqs. (18) and (19) experiments  were conducted on 
the bridge t ransfer  on e lect rodes  of a f iber  s t ruc ture  of the W - C u  type in the medium of an inert  gas (He). 
The radii of the reinforcing f ibers  of tungsten were 9.5; 16.5; 45; 150 and 20 #m with about ~ 70% tungsten 
content in the specimens.  The switching cur ren t  was implemented by an installation descr ibed in [7]. The 
magnitude of the contact erosion was determined grav imet r ica l ly  with an e r r o r  of ~ 10 -4 g. During the dis- 
connection p roces s  ca r r i ed  out with the aid of the CI-54 osc i l logram,  the voltage on the contacts  was kept 
constant. Using the same osc i l lograms  the breakdown voltage U B and the duration - r ~ o f  the bridge were 
determined. 

It is  known [11] that the breakdown tempera ture  T ~  of the bridge is related to the breakdown voltage 
U B by the following relation: 

TB = AUB, A .~ 3200 ~ 

For  solid tungsten electrodes  one has T]31 = AU]3 i and, consequently,  

TB UB 
(20) 

In Fig.  2 the theoretical  (TB/TB1) values and the experimental  (TI~/T]~I) values are  shown of the depend- 
ence of the reduced tempera tures  of the bridge breakdown on the fiber radius r b for switching cur ren t s  of 20 
and 40 A. It can be seen that the discrepancy between the experimental  and the evaluated data is insignificant 
and remains  basical ly  within the limits of 15-20~c. This shows that the model used above is suitable for es t imat-  
ing the quantity ~ elf and the tempera ture  field in the tungsten fiber.  

It became evident that during the contact p roce s s  a t ransfer  of mater ia l  takes place f rom the a~ode to the 
cathode (Fig. 3). If one knows the quantity of erosion for the anode Am~ and for  the cathode - A m k  (the sign 
- indicates that the electrode weight has increased),  it is  easy to evaluate the volume V~r of the t r ans fe r r ed  

mater ia l  in one full o n - o f f  cycle:  

2p (21) 

The volume of the evaporated mater ia l  u  during one cycle can be represented in the form 
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T A B L E  1. 
sus  F i b e r  Size  

C h a r a c t e r i s t i c  P a r a m e t e r s  of B r i d g e  T r a n s f e r  v e r -  

14,19 i 9,5 
14,19113,6 
14,19118,0 
14,19150,0 
14,19183,o 
14,191 '~ 

! 
7,36i 7,04 
7,36! 7,70 
7,36 15 80 
7,36 50,0 
7 36 83,0 
71361 

/~1• , : 
" ~ '  9,5 18,47 

16,5 18,47 
45 18,47 

150 18,47 
250 18,47 

~z 18,47 I 
20 9,5 ~1 9,40 

16,5] 9,40 
'14~ "19,409'40 
250 ~ 9,40 

cr I 9,40 

I 

o ] o 
0,4 0,04 
0,73 0,18 
1,01 0,67 
1,03 0,78 
1,06 1,06 

0,52 0,07 
0,62 0,tl 
0,97 0,45 
1,04 0,90 
1,05 0,96 
1,08 I,II  

v Iv era3 

0,10 2,24. l0 -9 
0,68 !1,52.10 -8 
0,83 11,86.10 -9 
1,13 2,52.10-s: 

i 
5,4 0,02 i .i0:11 

0,04:1,08.10 -lo 
0,42 ,1.14.10 -~ 
O, 97:2,62.1 O- 9 
1,01 ~2 72.10-~ 
1,20:3,34.10 -8 

v~ ,cm 3 Vev, cm a 10~,se c 

5.8 -10 -9 Jl,06.10 -9 1,8 
1,35-t0-1913,9 �9 10 -i~ 0,04 
6,75"10-9 [ 1,55"10-~ I 7,7 
3,1 .10 -9 tl.04.10-8 t 4,2 
2,95"10-9 ] 0,66"10-9 t 3,3 
L85.10 -9 t0,26.10-9! 2,4 

8,3.10-ni8.3 .10-1110,14 
7,8.10-1~ .lO -lo 2,9 
7,4.10-1olI,7 .10,1o~ '3,1 
7,2.10-1d0.73.10-1ol 2,7 
4,7.10 -~90,78.10 -~o, 2,2 
5,9.10-1~ 0,62 �9 10 -1~ 1,8 

Vev - Area - -  Amk (22i 
2p 

u n d e r  the a s s u m p t i o n  that  the e v a p o r a t i o n  r a t e  i s  i ndependen t  of  the e l e c t r o d e  p o l a r i t y .  

In T a b l e  1 the  v a l u e s  a r e  shown of the  q u a n t i t i e s  a p p e a r i n g  in the  r e l a t i o n s  (10)-(22) f o r  swi tch ing  
c u r r e n t s  of 20 and 40 A. C o m p a r i n g  the v a l u e s  of V, V t r ,  Vev  and -r M f o r  v a r i o u s  c o n t a c t s  i t  i s  e a s i l y  found 
that  they a r e  i n t e r r e l a t e d  and one o b s e r v e s  t h e i r  e f f ec t  on the m a g n i t u d e  o f  the e r o s i o n .  Thus ,  fo r  Jp = 40A 
in the c a s e  o f  e l e c t r o d e s  wi th  r b = 9.5 pm the m a t e r i a l  i s  t r a n s f e r r e d  m a i n l y  a t  the c o s t  of  the m e l t e d  c o m p o -  
nen t ,  s i n c e  V '  ~ 0 and a I < r b* F o r  e l e c t r o d e s  wi th  r b = 16 # m  the b r i d g e  i s  m a d e  i n s ide  the f i b e r ,  the  m e l t e d  
v o l u m e  V,  h o w e v e r ,  and - ~  a r e  r e l a t i v e l y  s m a l l ,  s i n c e  T B -< Tree  i .  T h e r e f o r e ,  t h e r e  i s  v e r y  l i t t l e  e r o s i o n  of 
such e l e c t r o d e s  in  the d e s c r i b e d  s t a t e  (F ig .  3).  

F o r  l o n g e r  r a d i i  r b of  the f i b e r  the v o l u m e  of  the m e l t  ba th  a l s o  i n c r e a s e s ,  and  one now has  TB > T m e  i. 
In th is  c a s e  the magn i tude  of the b r i d g e  e r o s i o n  h a s  p r o v e d  to be dependen t  to a c o n s i d e r a b l e  ex t en t  on TM, 
which thus  d e t e r m i n e s  the a m o u n t  o f  the t r a n s p o r t e d  v o l u m e  V~r. 

One can a l so  app ly  s i m i l a r  c o n s i d e r a t i o n s  f o r  Jp  -- 20A. 

Thus ,  a t  the i n s t a n t  o f  the e l e c t r i c  c i r c u i t  b r e a k i n g  down,  the  t e m p e r a t u r e  in  the r e g i o n  of the m a x i m u m  
hea t i ng  of  c o n t a c t s  with f i b r o u s  s t r u c t u r e  of  the h e a t - p r o o f  componen t  i s ,  i n t h e  f ina l  a n a l y s i s ,  d e t e r m i n e d  by  the 
d e g r e e  of d i s p e r s i o n  (the v a l u e  of  rb)  and  the b r i d g e  t r a n s f e r  can  be m i n i m i z e d  (T B ~ T m e l )  b y  m o d i f y i n g  the 
s i z e s  of the f i b e r s  fo r  g iven  v a l u e s  of  the  swi t ch ing  c u r r e n t s .  

N O T A T I O N  

T, t e m p e r a t u r e ,  ~ q,  r a t e  of  hea t  r e l e a s e s ,  c a l / s e c ;  X, coe f f i c i en t  of t h e r m a l  conduc t i v i t y ,  c a l / c m "  s e c .  deg; 
Tme  m e l t i n g  t e m p e r a t u r e ,  ~ Tf,  t e m p e r a t u r e  a t  the f i b e r  b o u n d a r y ,  ~ T B, t e m p e r a t u r e  of  b r i d g e  b reakdown ,  
~ Tbo bo i l ing  t e m p e r a t u r e  ~ T 0, i n i t i a l  t e m p e r a t u r e  ~ a,  r a d i u s  of the m e l t  cm;  r ,  r a d i u s  v e c t o r  of c u r r e n t  
po in t  in  the r e g i o n  u n d e r  i n v e s t i g a t i o n ;  i ndex  1 r e f e r s  to tungs ten ,  2 to c o p p e r ;  i n d i c e s  l and s r e f e r  to l i qu id  
and so l id  p h a s e s ,  r e s p e c t i v e l y ;  t ,  c u r r e n t  t ime ;  L,  l a t en t  hea t  of m e l t i n g ,  c a l / g ;  nl = 9 / 4 ~ l ( T m e l -  To) and a 2 = 
9/47r~2(Tme 2 - To) ' r a d i i  of m e l t  in h o m o g e n o u s  s a m p l e s  of W and Cu, r e s p e c t i v e l y ;  I0, Is, B e s s e l  func t ions  of 
the  z e r o t h  and the  f i r s t  o r d e r ,  r e s p e c t i v e l y ;  F(~ , f l ,T ,  r2/b2), h y p e r g e o m e t r i c  funct ion;  b ,  r a d i u s  of contac t ;  V ' ,  
r e d u c e d  v o l u m e  of me l t ;  V, v o l u m e  of m e l t ,  cm3; UB, vo l t age  of b r i d g e  b r e a k d o w n ,  v; Ume ,  vo l t a ge  of b r i d g e  
m e l t ,  v; T*,  t e m p e r a t u r e  e v a l u a t e d  f r o m  e x p e r i m e n t s ,  ~ TM.  , m e a n  l i f e t i m e  of b r i d g e  e v a l u a t e d  e x p e r i m e n -  
t a l l y ,  sec ;  p, d e n s i t y  of e r o d e d  e l e c t r o d e  m a t e r i a l ,  g /cm~;  Area ,  and Am~,  e r o s i o n  of anode  and ca thode  p e r  

* v o l u m e  of e v a p o r a t e d  m a t e r i a l  f r o m  each  e l e c t r o d e  p e r  one cutoff ,  cm3; Jp ,  sw i t ch ing  c u r -  one cutoff ,  g; Vev,  
r e n t ,  A.  
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H E A T  

WI  TH 

EXCHANGE IN THERMALLY INITIAL PORTION OF TUBE 

VARIABLE WALL TEMPERATURE 

S.  L .  M o s k o v s k i i  UDC 536.242:517.516 

An asympto t ic  solution is obtained for  the l amina r  hea t -exchange  p r o b l e m  with var iable  wall 
t empe ra tu r e .  

The heat  p rob l em  for  the boundary l aye r  on the sur face  whose t empera tu re  follows the law 

Tw = To § Az~, (1) 

p o s s e s s e s  a s e l f - s i m i l a r  solution; i t  was studied in detai l  in [1] p r i m a r i l y  by asympto t ic  methods.  

The thermal ly  initial  por t ion  of the tube where  the liquid t e m p e r a t u r e  v a r i e s  f r o m  i ts  value at the wall 
T w to the t e m p e r a t u r e  of the flow co re ,  TO, is equal to the incoming t empera tu re ;  this takes p lace  in the region 
5 <<d (see Fig.  1), and can be analyzed in the s ame  way as  a boundary layer ;  the s e l f - s i m i l a r  solution of the 
heat  p r o b l e m  can a lso  be  obtained.  

In the case  of T w = const  [T = 0 in (1)] this solution was obtained f i r s t  by Leveque [2]. At tempts  to 
genera l i ze  this solution to the var iab le  c a s e  were  made  by Leveque h imse l f  [2] and also by o the r s  in [3, 4] 
although Nu as a function of ~/ was  not avai lable  as is the case  in a bounda ry - l aye r  p rob lem . . . .  

In the p r e sen t  a r t i c l e  the Leveque solution is  d i rec t ly  genera l ized  to the case  of the wall  t empe ra tu r e  
following a power  law. 

The heat  equation for  the t h e r m a l l y  init ial  port ion is given by [5] 

OT a~T 
pc,,u a - - ~  = ~ ~ (2) ay ~ 

In a thin hea t -exchange  l ayer  the liquid veloci ty  can be r e g a r d e d  as  p ropor t iona l  to y: 

u = ~ y .  

In p a r t i c u l a r ,  for  l am i na r  flow in a c i r cu la r  tube one has [5] 

(3) 

~ S~/d (4) 
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