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A model  of  an e l e m e n t a r y  heat  channel  is ana lyzed  which s i m u l a t e s  the zone of  contac t  
with an oxide f i lm.  An equat ion is de r ived  which d e s c r i b e s  the i n c r e m e n t  of  con tac t  r e s i s -  
tance  due to the p r e s e n c e  of  an oxide f i lm.  The theo re t i ca l  r e s u l t s  a g r e e  c l o s e l y  with t e s t  
data .  

It has been noted in the c o u r s e  of s e v e r a l  s tudies  on eontac t ive  hea t  t r a n s f e r  [1-4] that  the t h e r m a l  
r e s i s t a n c e  of meta l l ic  contac ts  i n c r e a s e s  dur ing  s u r f a c e  oxidat ion.  Ne i the r  Soviet  n o r  fore ign  s o u r c e s ,  
h o w e v e r ,  r e f e r  to any t he o re t i c a l  r e s e a r c h  conce rn ing  the effect  of  oxide f i lms on the t h e r m a l  r e s i s t a n c e  
of  con tac t s .  

Most  n e a r l y  comple t e  informat ion  about  the phys ica l  na tu re  of  the heat  t r a n s f e r  th rough  an i n t e r -  
face  with an oxide f i lm can be obta ined by  ana lyz ing  an e l e m e n t a r y  channel  with an i n t e r l aye r  which s i m u -  
l a tes  an oxide fi lm. The data can then be g e n e r a l i z e d  and extended to the p rob l em of r e a l  oxidized metal  
s u r f a c e s  in contac t .  

We will cons ide r  one ha l f  of such  an e l e m e n t a r y  heat  channel  with a meta l  s u b s t r a t e  and an oxide 
f i lm (Fig.  l a ) ,  equa t ing  the t h e r m a l  f luxes and the t e m p e r a t u r e s  at  al l  points  a long the s u r f a c e  0 < r < r o, 
z = 6. The total  t h e r m a l  r e s i s t a n c e ,  a c c o r d i n g  to  this mode l ,  is the s u m  of r e s i s t a n c e s  in s e r i e s  which 
a r e  due to cons t r i c t i on  of t h e r m a l  flux l ines  within the metal  zone R 1 and within t h e  oxide zone R2, r e s p e c -  
t ively: 

R = R1 + R~. (I) 

R e s i s t a n c e  R 1 will be e x p r e s s e d  in t e r m s  of the r e s i s t a n e e  due to cons t r i c t i on  of t h e r m a l  flux l ines  
f r o m  sec t ion  a r e a  vr~ at  z >> 5 to sec t ion  a r e a  ~r~l at  z = 5, the t h e r m a l  flux a s s u m e d  cons tan t  th roughout ,  

and r e s i s t a n c e  R 2 will be e x p r e s s e d  in t e r m s  of  the equiva len t  r e s i s t a n c e  due to c o n s t r i c t i o n  of  t h e r m a l  
flux l ines  th rough  a cy l inde r  of m a t e r i a l  with a r e s i s t a n c e  ident ical  to that  of  the meta l  s u b s t r a t e  within 
the zone 0 < z < 5. M o r e o v e r ,  the cons t r i c t i on  of  t h e r m a l  flux l ines  s t a r t s  at  sec t ion  z = 6 with an a r e a  
r r ~  a n d e n d s  at  sec t ion  z = 0 with an a r e a  ~a 2. 

The  t h e r m a l  r e s i s t a n c e  due to cons t r i c t i on  of the t h e r m a l  flux in the meta l  s u b s t r a t e  is, a c c o r d i n g  
to [51, 

R1 = AT1 -- I %. (2) 
O 4~..~r 

The cons t r i c t i on  f ac to r ,  with the t h e r m a l  flux a s s u m e d  cons tan t ,  can be app rox ima ted  as  

32 ( t - -  J~-~-']: :'. (3) 
~I = 3--- ~ t. 0 } 

The zone which s i m u l a t e s  the oxide f i lm is in this model  r e p r e s e n t e d  by a d i sk  with a d i a m e t e r  2r01 
and a t h i ckness  5. 
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Heat  en te r s  un i fo rmly  th rough  the d i sk  face  at z = 6 a c r o s s  the a r e a  ~rr~. T h r o u g h  the o the r  d i sk  

face  at z = 0 the t h e r m a l  flux undergoes  m a x i m u m  c o n s t r i c t i o n  into a con tac t  spot  of  a r e a  va  2. 

The  solut ion of  this p r o b l e m  reduces  to in tegra t ing  the Lap l ace  equat ion in cy l ind r i ca l  coo rd ina t e s  

OZT .~_ 1 a T  . 8~T 0 (4) 
Or ~ r Or Oz" 

with the fol lowing b o u n d a r y  condi t ions  : 

. OT 0 
for z = O  and O .'.< r < a "- '% Oz ~ a -  

_> j for z==O and a < r < ] b ,  " '  3- :.:~0, , 

for z =-6 and any r __.),. OT Q 

OT 
for r -  0 --;% Or 

for r : :  ro, and any z __Zr ' ? T  = O~ 
<er 

(5) 

(6) 

(7) 

(s) 

We will r e p r e s e n t  funct ion T( r ,  z) in the f o r m  

T (r, z) = G (z) B (r). (9) 

Having found the pa r t i a l  d e r i v a t i v e s ,  i n se r t ed  them into (4), and then dividing (4) by G:B, we obtain 

d~-B . 1 d__B . _ ~ B . _ 0 .  (10) 
d r  ~ r d r  

dZG 
- -  -- p~S : o. (11) 
,dz 2 

The method of  power  s e r i e s ,  when appl ied to the solut ion of  Eqs .  (10) and (11), y ie lds  

B (r) AIJ,, ~; ;  

Giz~ - D I C h , 6 z - - D . _ , S - f , L  (12) 

We now in se r t  so lu t ions  (12) into (9) and obtain 

T .... :i:Yo'l~.n fD 1 Ch (13z) - O., Sh ,~:;]. (13) 

Using the t r i g o n o m e t r i c  f o r m u l a  for  the hype rbo l i c  cos ine  of the d i f fe rence  between two ang les ,  we 
can t r a n s f o r m  e x p r e s s i o n  (13) for  n roo t s  as  fol lows:  

Y E . 4  J , ,C~ ,z iChJ~ , , t6 - -z~ j .  (14 )  

In tegra t ing  Eq. (4) for  T = B(r) y ie lds  the e x p r e s s i o n  B = A01nr  + A 0, which under  condi t ions  (7) 
and (8) r e d u c e s  to 

s _4,,. (15) 

F o r  T = G(z), on the o the r  hand, Eq.  (4) under  condi t ion (6) b e c o m e s  

G .... Q ._O,d.~ ' (6 - -  z). (16) 

T h e r e f o r e ,  e x p r e s s i o n  (14) m a y  be r e w r i t t e n  as  

Q 
T = 4  o i ~kor~, (6 - -z )  " A , ~ C h [ ~ , . l ~ - - z l j , / n r ~ , , r ) .  (17) 
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Fig.  1. Model of an e l e m e n t a r y  hea t  channel  (a) and t e m p e r a t u r e  p ro f i l e  
(b), for  an ox id ized  con tac t .  

Fig.  2. C o n s t r i c t i o n  f ac to r  for  the r eg ion  with  an oxide f i lm,  a t  v a r i o u s  
va lues  of  5/a: 1) 0.01; 2) 0.05; 3) 0.10; 4) 0.20; 5) 0.30. 

We will now expand condit ion (5) into a F o u r i e r  s e r i e s  of t e r m s  conta in ing  the B e s s e l  function:  

/ OT" t Q . 2 _ Q ' ~  g,(~,.a,J,,(i~, r l  
-~o (.-g-z L-:o .,+,, ,-,a ~ ~,,o,~,o J~(f-~,,,o:) 

T r a n s f o r m i n g  e x p r e s s i o n s  (14) and (18) r e c i p r o c a l l y  y ie lds  

(18) 

A,, = 2Q J 1 (l~,.,a) (19) 
a)o,,a 1,6, ro,) :~ J~ (13, r @ Sh (t~. 5) 

I n s e r t i n g  (19) into (17), we then t r a n s f o r m  the l a t t e r  e x p r e s s i o n  to 

T =- A o " Q (5 --- z) i 2Q ~ 7  Ch [8,,. (6 - -  z) J, (,8..a).[,, (,5,,r) 
a)~or~ ̀ aaoa ~ Sh (13,.8) (~,,ro.)"- J~ (~,J',.,,) (20) 

T h e  con tac t  r e s i s t a n c e  due to c o n s t r i c t i o n  of the t h e r m a l  flux within the reg ion  of the oxide f i lm is,  
on the b a s i s  of  this  mode l ,  

R~--  AT~ 
Q a~-0ro, (2]) 

The  mean  t e m p e r a t u r e s  a c r o s s  a r e a s  va  2 a t  z = 0 and 7rr~l at  z = 5 a r e  e x p r e s s e d  as  

a 

T~ --2~ t" T:=.rdr, 
~ a  2 . 

0 

r4* i 

T~ = 2a ~arS, .f Tz~rdr" 
0 

Solving (21) with (20) and with the mean  t e m p e r a t u r e s  a t  those  a r e a s ,  we obtain the t h e r m a l  r e s i s -  
t ance  of a con tac t  in the r eg ion  of the oxide f i lm 

w h e r e  

R~ = 4 %,, (22) 

-:-r~ ~ J~(~,~a) (23) % - -  .3 2 
.= t  th (~,,6)(~,~ro,)" Jo (~,d'o) 
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Fig.  3. Rat io  R m a x / R  c as  a function of the r a t i o a / r 0 ,  for  ~ M / ~  0 
~- 10 (curves  1-3) ,  20 (curves  1 ' - 3 ' ) ,  50 (curves  1" -3" ) ,  and fo r  
5 / a  = 0.05 (curves  1, 1 ' ,  l " ) ,  0.1 (curves  2, 2 ' ,  2~), 0.2 (curves  3, 
3 ~, 3"). 

Fig.  4. S c h e m a t i c  d i a g r a m  of a s p e c i m e n  s imula t ing  one ha l f  of  an 
e l e m e n t a r y  channel  with an oxide f i lm in the con tac t  zone (a) and the 
t e m p e r a t u r e  prof i le  a long it (b). 

The cons t r i c t i on  fac tor  q~2 is shown g r a p h i c a l l y  in Fig.  2, as  a function of the r a t io  a / r o t  , for  va r ious  
va lues  of  the p a r a m e t e r  5 / a .  

We may  now r e w r i t e  Eq, (1) with (2) and (22), and thus obtain for  the total  r e s i s t a n c e  of a con tac t  
with oxide f i lms 

16 ~., / 
R - ~ 1  ( o q, - q~] . (24) 

2A,~ta " r(I, ~ 2'o 

F o r m u l a  (24) is not  su i tab le  for ca lcu la t ing  R, however ,  because  r01 is a hypo the t i ca l  quanti ty.  

Among  all  poss ib le  r e s i s t a n c e  values  based  on a r b i t r a r y  cho ices  of  the t he rma l  flux d i s t r ibu t ion ,  how-  
e v e r ,  the m a x i m u m  such  value will  obv ious ly  be c l o s e s t  to the ac tual  one. Thus ,  for a given g e o m e t r y  
of  the channel  componen t s  and for given values  of XM and X0, the choice  of rot within the range  a -< rot 

<- r 0 with which  R b e c o m e s  m a x i m u m  will  r e n d e r  the c l o s e s t  app rox ima t ion  to the t rue  cons t r i c t i on  r e s i s -  
t ance .  

The  r e l a t i ve  i n c r e a s e  in the t h e r m a l  r e s i s t a n c e  of  a con tac t  due to the p r e s e n c e  o f  an oxide f i lm 
is app rox ima ted  by the re la t ion  

Rma x l ( t i 16 ~, q,._,) (25) 
Rc ~ (P' ~ - -  -~T max. 

The t h e r m a l  r e s i s t a n c e  R c of  a s ingle  channel  wi thout  an oxide f i lm is e x p r e s s e d  as  

1 
Rc 2)~,a % 

where  the cons t r i c t i on  fac tor  # is a function o f a / r  0 and can be ca lcu la ted  a c c o r d i n g  to f o r m u l a  (3). 

(26) 
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TABLE 1. Tes t  Values and Calcula ted Values of R m a x / R  c 

a/ro Test data for 5/a Theoretical data for 5/a 

0,22 

0,15 
0,2 
0,4 

0,06 0, Ii 0,15 0,22 

4,7 6,4 7,2 I0,4 
4,2 5,7 ,8 7,6 
2,5 3,3 4,1 

0,06 0, II 0,15 

4,1 5,7 7 
3,5 4~4 5,4 
2,5 219 3,3 

10,8 
7,7 
4,4 

The max imum values of the t e r m  in b racke t s  in (25) were  calcula ted on a digital computer  for each 
speci f ic  combination of ra t ios  a / r 0 ,  6/a,  ~M/~0,  and the se lec ted  value of r01. The r e su l t s  of this c o m -  
putation,  namely  R m a x / R c  as a function o f a / r 0 ,  is shown in Fig. 3 for  var ious  values of the p a r a m e t e r  
6/a and three  values of ra t io  ~M/~0. 

An ana lys i s  of the graphs  in Fig. 3 indicates that the effect  of an oxide film becomes  s t ronge r  at  
h igher  ra t ios  5/a and hM/~0.  Although these  data do not r e p r e s e n t  exact  solut ions,  they a r e  useful for  
predic t ing  and app rop r i a t e ly  regulat ing the buildup of t he rma l  r e s i s t a n c e  at a contact  with oxidized s u r -  
f aces .  

In o rder  to ver i fy  the val idi ty of this p roposed  model ,  a prototype ~ u d y  was made on spec imens  
s imula t ing  a heat  channel with an oxide film in the contact  zone ~Fig. 4a). A cyl indr ical  blank of grade 
M-2 copper  was welded end-on-end  to a cyl inder  of grade 1KhlSN9T s ta in less  s teel .  Both cyl inders  were  
80 m m  in d i ame t e r  and 70 m m  long. 

The s tee l  port ion of these composi te  cyl inders  was mechanica l ly  shaped into a fo rm shown in Fig. 
4a. Such t e s t  spec imens  se rved  s imul taneous ly  as t h e r m o m e t e r s ,  for the purpose  of which five Chromel  
- A l u m e l  the rmocouples  had been mounted in each at var ious  heights.  

The t e m p e r a t u r e  prof i le  along a spec imen  su r f ace  is shown in Fig. 4b, f rom which the t e m p e r a t u r e  
drop  AT due to cons t r ic t ion  of t he rma l  flux l ines can be calculated.  

T e m p e r a t u r e s  T~ and T~ a r e  found by extrapolat ion of the cu rves ,  which have been plot ted f rom the 
readings  of the rmocouples  1-5 and 6-10. T e m p e r a t u r e  T~' is de te rmined  f rom the the rma l  flux densi ty ,  
the t e m p e r a t u r e  T~, and the known t he rm a l  conductivity of grade  1Khl8N9T s teel .  

Specimens  were  tes ted  with th ree  different  ra t ios  a / r  e (0.15, 0.20, 0.40} and four different  ra t ios  
5/a (0.06, 0.11, 0.15, 0.22) for each value o f a / r  0. The ra t io  of t he rma l  conductivit ies XM/X0 was ma in -  
tained a t  the 23.8 level .  

The t e s t s  were  p e r f o r m e d  with an updated vers  ion of the appara tus  in [4]. The t he rma l  r e s i s t a n c e  of 
spec imens  s imula t ing  a m e t a l - o x i d e  junction was measu red ,  as was that  of spec imen  made of a s ingle 
meta l  {copper} with analogous geomet r i ca l  d imens ions .  

A compar i son  between tes t  data and calculat ions according  to formula  ~24) is shown in Table  1. 
The resu l t s  indicate a s a t i s f ac to ry  a g r e e m e n t  between them.  The widest  d i sc repancy ,  up to 20-25%, oc -  
curs  in the range of smal l  r a t ios  6 / a .  

The c o r r e c t n e s s  of the proposed  model contr ibutes  to the feas ib i l i ty  of extending these resu l t s  to 
mul t ieontact  junctions in joints between oxidized metal  su r f aces .  

R 

a 

r0 
r01 

~M = 2hM1XM2/(XM 1 + XM2), 

X 0 = 2~ih02/()t01 + )~02 ) 

Q 
6 

N O T A T I O N  

is the t he rma l  r e s i s t ance  of contact  r e p r e s e n t e d  by a single channel,  deg 
/W; 
is the radius of the contact  a rea ;  
is the radius  of the heat  channel; 
is the hypothetical  in te rmedia te  radius ;  

a r e  the r e f e r r e d  the rma l  conduet ivi t ies ,  r e spec t ive ly ,  of the meta l  sub -  
s t r a t e  and the oxide fi lm in contact ,  W / m - d e g ;  
is the the rma l  flux through a single channel,  W; 
is the thickness  of  an oxide fi lm; 
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r, z 

Jn 

i .  

2. 
3. 
4. 

5. 

are space coordinates; 
are the constriction factors r e f e r r ed  to thermal flux lines; 
are  eigenvalues; 
is the n-th order Bessel function. 
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