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DETERMINATION OF THE THERMAL RESISTANCE IN VA CUUM OF CONTACTS 
BETWEEN M E T A L L I C  SURFACES WITH VARIOUS DEGREES O F  ROUGHNESS 

M. G. K a g a n e r  and R. I. Zhukova  

I n z h e n e r n o - F i z i c h e s k i i  Zhurna l ,  Vol. 11, No. 3, pp. 329-337 ,  1966 

UDC 536. 212 

A measurement has been made of the thermal resistance in a vacuum 
of contacts between metal surfaces of various degrees of quality (from 
Class 5 to Class 10). Formulas have been obtained for calculating the 
thermal resistance of contacts, taking account of the degree of rough- 
heSS. The experimental and theoretical data are in satisfactory agree- 
m e a t .  

The p r o b l e m  of d e t e r m i n i n g  the t h e r m a l  r e s i s t a n c e  
be tween  two s u r f a c e s  r e d u c e s  to f inding the a r e a  of 
the ac tua l  contac t .  T h e r e  a r e  a n u m b e r  of f o r m u l a s  
fo r  d e t e r m i n i n g  Sa, b a s e d  on v a r i o u s  m o d e l s  of  the  
s u r f a c e  [ 2 J - - r o d - s h a p e d ,  s p h e r i c a l ,  conuso ida l ,  and 
e l l i p s o i d a l .  In t hese  mode l s  ( a p a r t  f r om the e l l i p -  
so ida l ) ,  the roughness  is  a s s u m e d  to be  the s a m e  in 
a l l  d i r e c t i o n s .  In fact ,  a s  m a y  be seen  f r o m  the c a t -  
a log  of  s u r f a c e  qua l i ty  [3], the  he igh t s  of  m i c r o p r o -  
t u b e r a n c e s  in  the  t r a n s v e r s e  and longi tud ina l  d i r e c t i o n s  
a r e  c o m m e n s u r a t e  wi th  r e g a r d  to  mot ion  of  the  p r o -  
c e s s i n g  tool ,  whi le  the  p i t ch  of  the  r o u g h n e s s  in the  
longi tud ina l  d i r e c t i o n  i s  g r e a t e r  than  in the  t r a n s v e r s e ,  
s o m e t i m e s  by a factor  of  s e v e r a l  t e n s .  

The e x i s t i n g  f o r m u l a  fo r  the t h e r m a l  r e s i s t a n c e  of 
a me ta l  con tac t  [ I ] ,  

R = 3~ n .10 4 (1) 
2.1P~, 

does  not take account  of the d e g r e e  of roughnes s ,  and 
does  not e x p r e s s  qui te  c o r r e c t l y  the dependence  on the 
c o m p r e s s i v e  fo rce .  

In th is  a r t i c l e  an a t t emp t  has  been  made  to obtain 
a f o r m u l a  which t akes  account  of the qua l i ty  of the 
ac tua l  s u r f a c e .  The conuso ida l  mode l  of s u r f a c e  rough-  
n e s s  is  a s s u m e d .  The d i f f e r en t  wav ines s  in the t r a n s -  
v e r s e  and longi tud ina l  d i r e c t i o n s  is  accounted  fo r  by 
the fact  that  the d i a m e t e r  of the b a s e  of the cone is  
a s s u m e d  equal  t o / f ~ .  The va lues  of the pi tch  of 
m i e r o - r o u g h n e s s e s  l and L may be d e t e r m i n e d  f r o m  
p r o f i l o g r a m s  of the s u r f a c e ,  o r  taken f rom the c a t a -  
log [3]. The fol lowing a s s u m p t i o n s  have been  made:  
1) the he ights  of the m i c r o - p r o t u b e r a n c e s  in the t r a n s -  
v e r s e  and longi tudinal  d i r e c t i o n s  a r e  the s ame ;  2) the 
d i a m e t e r s  of the a r e a s  of con tac t  a r e  the s a m e .  

Taking  into account  that the d i s t a n c e  be tween  a 
rough and an abso lu t e ly  smooth  (and hard)  s u r f a c e  is  
equal  to the d e f o r m a t i o n  of the h i g h e s t  p r o t u b e r a n c e s  
( [ l ] , p .  82), it  is e a sy  to obtain 

d ] = l  IL?~Hmax. (2) 

The amount  of  c r u m p l i n g  of a m i c r o - p r o t u b e r a n c e ,  
5, is  p ropo r t i ona l  to i ts  height:  

'; ~" H max" (3) 

The relation between the relative separation, e, 
and the relative area of contact, ~1, may be expressed 
by the formula [4] 

n = b d ,  (4) 

which a g r e e s  wel l  with e x p e r i m e n t a l  da ta .  
Fol lowing  subs t i tu t ion  of the va lue  of e f r o m  (4) 

into (3), and f u r t h e r  subs t i tu t ion  of 6 i n t o  (2), we ob-  
tain an e x p r e s s i o n  in f inal  f o rm  for  the d i a m e t e r  of 
the r eg ion  of con tac t  

d, = V i E  (n/b) '/ '. (5) 

Since the actual area of contact is 

Sa=m--  d~=~&, 
4 

the number of contact regions per unit nominal area is 
determined to be 

rnspec = 411/~t d~. (6) 

F r o m  (5) and (6) we find 

ra speed I = 4Vl ('-l}/' bl/*/~ V-EL (7) 

Tak ing  into account  the a s s u m p t i o n  r e g a r d i n g  the 
c i r c u l a r  shape  of the r eg ion  of contac t ,  we may  w r i t e  
fo r  m s p e c  of the r e g i o n s  of con tac t  [1] 

R = l/Lmspccdv (8) 

A f t e r  subs t i tu t ing  Eq. (7) into th is  e x p r e s s i o n ,  we ob-  
ta in  the f inal  f o rm  of the f o r m u l a  fo r  the spec i f i c  t h e r -  
mal  r e s i s t a n c e  of the p a i r  of m a t e r i a l s  in con tac t  as  a 
function of the s u r f a c e s  in con tac t  and t h e i r  c o m p r e s -  
s ive  fo rce :  

R = ~t V'/L/4X~I ( ' - w '  b I/'. (9) 

The t h e r m a l  r e s i s t a n c e  of a s t a c k  of iden t i ca l  p l a t e s  
is  equal  to the sum of the t h e r m a l  r e s i s t a n c e s  of the 
p a i r s  of con tac t s  c o m p r i s i n g  the s t ack .  

We sha l l  s i m p l i f y  (9) by subs t i tu t ing  for  the n u m e r -  
i ca l  va lues  of the coe f f i c i en t s  b and u. On the b a s i s  of 
Tab l e s  6 and 9 in [4], we sha l l  take  b = 2 for  s u r f a c e s  
of qua l i ty  c l a s s  5 - 8 ,  and b = 5 fo r  s u r f a c e s  of qual i ty  
c l a s s  beyond 8. We sha l l  take  coef f ic ien t  u equal  to 3 
for  s u r f a c e s  of qua l i ty  c l a s s  5 and above.  

The r a t i o  of the ac tua l  a r e a  of con tac t  to the nomina l  
77, may be ca l cu l a t ed  f rom (4) a c c o r d i n g  to the fo rmu la  

P spec b t "vp 

Hmax ' (101 

�9 ((7 O0 u+')" (Pspec) ( ' - '  " 



JOURNAL OF ENGINEERING PHYSICS 183 

l~ 13 /2 H 

�9 10 7 

17 5 

Fig.  1. Schemat i c  of the i n s t r u m e n t  for  m e a s u r i n g  the t h e r m a l  
r e s i s t a n c e  in plane con tac t s .  
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Fig.  2. Dependence  of the t h e r m a l  r e s i s t a n c e  R (degree  �9 m2/W) of a contact  between me ta l  s u r f a c e s  
on the  leve l  of  r oughnes s ,  H m (~), with P s p e e  = 3 Mn/rn  z (a), and 30 Nn/m2(b) ;  1) t e s t  da ta  fo r  
Khl8N9T and Kh21GTAN5 s t ee l s ;  2) a c c o r d i n g  to Eqs.  (11) and (12); 3) a c e o r d i n g  to (19); 4) a c c o r d -  

ding to (1). 
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The coef f i c ien t  C in (10) i s  roughly  equal  to  2.6. The 
l i m i t  of f lu id i ty  i s  a T ~ a r e  t, s i nce  the m i c r o - p r o -  
t u r b a n c e s  which a r e  in con tac t  a r e  a t  the cold w o r k  l i m i t .  
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Fig .  3. Dependence  of  the  t h e r m a l  r e s i s t a n c e  
R ( d e g r e e .  m~/W) of a contac t  be tween  two 
p l a t e s  of t h i c k n e s s  0.02 m m  m a d e  of s t a i n l e s s  
s t e e l  on the  spec i f i c  p r e s s u r e  P s p e c  (Mn/m2),  
for  a s t ack  of 209 p l a t e s :  1) e x p e r i m e n t a l  da t a  
of [5]; 2, 3, and 4) a c c o r d i n g  to Eqs ,  (12), (19) 

and (1). 

F o r  s u r f a c e s  which a r e  not  ve ry  s m o o t h ,  w e  can 
say ,  tak ing  into account  that  t h e r e  is  e l a s t i c  d e f o r -  
ma t ion  of the m i c r o - p r o t u b e r a n c e s ,  that  the second  
t e r m  is  s m a l l  in c o m p a r i s o n  with the f i r s t ,  which 
t a k e s  account  of p l a s t i c d e f o r m a t i o n ,  and we may  t h e r e -  
f o r e  neg l ec t  the second  t e r m .  

As  a r e s u l t  we obtain two f o r m u l a s  fo r  c a l c u l a t i n g  
the s p e c i f i c  t h e r m a l  r e s i s t a n c e  of a m e t a l l i c  contac t :  

f o r  s u r f a c e s  of qua l i ty  c l a s s  5 - 8  

V - ~  (Trot 2/3 
(11) 

for  s u r f a c e s  of qual i ty  c l a s s  8 

R = 0 46 V/T l .~. (12) 
I I 

F o r m u l a s  (11) and (12) have been  d e r i v e d  for  the c a s e  
of contac t  be tween two s u r f a c e s  which have the s a m e  
roughness  and a r e  f a b r i c a t e d  f rom the s a m e  m a t e r i a l .  

We may a l s o  obtain a f o r m u l a  for  c a l cu l a t i ng  the 
s p e c i f i c  t h e r m a l  r e s i s t a n c e  of a m e t a l l i c  con tac t  by 
us ing  t heo ry  [2]. A s s u m i n g  that  the d e f o r m a t i o n  of a 
m i c r o - p r o t u b e r a n c e  is  p l a s t i c  in na tu re ,  i t  is  not  d i f -  
f icul t  to obtain f rom the g e o m e t r i c a l  d i m e n s i o n s  of a 
m i c r o - p r o t u b e r a n c e  

PI 4Hmax 
8 ~ = - -  (13) 

a CoT IL 

The tota l  n u m b e r  of m i c r o - p r o t u b e r a n c e s  on a rough 
s u r f a c e  is  

M = S a IL. (14) 

The n u m b e r  of m i c r o - p r o t u b e r a n c e s  in d i r e c t  contact ,  
p e r  uni t  nomina l  a r e a ,  f r om the t heo ry  of [2], tak ing  
account  of the e q u a l i t y H c r  = Hma x - 5 and of f o rmu la  
(14), is  

_ P s p e c  I.I / exp(0 .7 .2Hmax5  
mspec Pl -- 21L L ~ a~ 

r )] - -0 .7  - ~ -  exp 0.7 H~nax (15) 
[ ]2  

where ,  a c c o r d i n g  to [2], a = 1 . 9 9 . n . H m ;  n = 0.33 fo r  
mi l l ed ,  0.5 fo r  ground,  and 0.66 fo r  po l i shed  s u r f a c e s .  

We sha l l  i n t roduce  the des igna t ion  

x = 0.7 8Hmax a ~- , (16) 

(17) 

A f t e r  expanding the n u m e r a t o r  of (15) in a power  
s e r i e s  to an a c c u r a c y  up to t h r e e  t e r m s ,  and r e p l a c -  
i n g  the d i f f e r e n c e  2Hma x - 5 by the quant i ty  2Hma x, 
we sha l l  r educe  (15) to the fo rm 

~ + x 3 = (~, (18) 

b e c a u s e  of the s m a l l n e s s  of 5 in the con tac t  hea t  t r a n s -  
f e r  r eg ion .  

The so lu t ion  of (18) in [6] a l lows  us  to obtain a 
f o r m u l a  fo r  the s p e c i f i c  t h e r m a l  r e s i s t a n c e  of a con-  
t ac t  p a i r ,  a l lowing  for  the roughness  of the con tac t  
s u r f a c e  

I {4  1,! ~ = ~  - ~  .) X 

21L exp 0.7 ~ 

[ 5  1 ~ @ V  1 I I-'/~ 
x + - ~ ( . A - - B +  )+  A + B J " - 4  - JJ "(19) 
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Fig.  4. Dependence  of the t h e r m a l  r e s i s -  
tance R(degree  �9 m2/W) of the con tac t  be -  
tween s t e e l  30 s u r f a c e s  on the spec i f i c  
f o r c e  Pspec  (Mn/m2) : I) e x p e r i m e n t a l  
d a m  of [7]; 2) a e e o ~ i n g  to Eq. (31); 3) 
a c c o r d i n g  to (I) ;  a) qua l i ty  c l a s s  7, H m = 
= 5.56~; b) qua l i ty  c l a s s  8, H m = 1.97~(. 
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O 

O z ~  

3 

Table  2 
Data on T h e r m a l  Res i s tance  of Meta l l ic  Contacts in Vacuum 

1,6 
4,7 
9,4 

22.3 

1,2 
4,1 

10.4 
18,2 

3.2 
11,0 
23,2 
41,2 

0.9 
6.0 

10.8 
16,5 

1,9 
5.8 
9.5 

13,2 
17,8 

Thermal resistance of 

a single contact,  R" 
�9 104, degree �9 m 2/W 

0.038 
0,019 
0.017 
0.015 

5.1 
1.7 
0.94 
0,73 

5.7 
3.2 
1.7 
0.60 

10 
5.6 
2.5 
1.3 

25 
14 

8.-t 
7.2 
4.3 

e~ 

'~ ~Z 

1.9 
5.6 

6 9.4 
15.0 
19.7 
23.4 

7 2.7 
14.7 
33.0 

1.9 
10,3 

8 18.3 
29.2 

1.3 
9 5.0 

17.2 
21.0 

1.9 
6.1 

10 14.5 
23,0 
31.0 

Thermal resistance of 

a single contact,  R" 
�9 10 4, degree" m 2/W 

15 
8.4 
3.3 
3.2 
2.9 
2.6 

35 
32 
22 

48 
37 
25 
21 

3.3 
1,8 
1.6 
1,5 

43 
35 
27 
19 
17 
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Here  

A=(q~ 3 + 
2 128 ~/ 

64 1 3 -}'- ~ -  (P3-1- -~- (Jbz"~- ]~-~ (jibq-5"5"lO-a ] , (20) 

B = ~  r 3 
2 128 

64 ~b3 + 1 3 ~_~_5.5.10_a (21) 

It should be noted that  f o r m u l a s  (1), 0 1 ) ,  (12) and 
(19) do not take  account  of the inf luence  of w a v i n e s s  
of the fol lowing types - -buck l ing ,  l ack  of p l ane ne s s ,  
c u r v a t u r e  of the p l a t e s ,  e t c . ,  which mus t  i n c r e a s e  
the con tac t  t h e r m a l  r e s i s t a n c e  if p r e s e n t  on the s u r -  
f aces  in contact .  

Using  the i n s t r u m e n t  of F ig .  1, we m e a s u r e d  the 
t h e r m a l  r e s i s t a n c e  in vacuum of con tac t s  be tween  
m e t a l l i c  s u r f a c e s  in the fo rm of a s ing le  p a i r  and a 
s t ack  of thin p la t e s .  

The t h e r m a l  r e s i s t a n c e  of a s t a c k  of p l a t e s  o r  of a 
s ing le  p a i r  in contac t  1 was d e t e r m i n e d  unde r  s t e ady  
t h e r m a l  condi t ions  by  m e a s u r i n g  the amount  of l iquid 
oxygen evapora t ed  f r o m  the i n n e r  v e s s e l  6 and the 
t e m p e r a t u r e  d i f f e r ence  be tween  the hot  and cold ends  
of the s p e c i m e n ,  with the aid of the m a n g a n i n - c o n s t a n -  
tan t h e r m o c o u p l e s  18 of w i r e  d i a m e t e r  0.1 ram, i n s e r -  
ted f r o m  the j a c k e t  9 through the sea l  14. 

To r educe  the spu r ious  hea t  flux, the i n n e r  v e s s e l  
was su r rounded  b y  a guard  c h a m b e r  7 with l iquid oxy-  
gen and the c o p p e r  guard  r i n g 4 .  The hea t  c u r r e n t  f rom 
the l a t e r a l  s u r f a c e  of the s p e c i m e n  due to r a d i a t i o n  
was r educed  by  means  of a cold coppe r  s c r e e n .  Tubes  
8 and 16 we re  used fo r  f i l l ing  with the l iquid.  

The i n s t r u m e n t  was evacua ted  through tube 10. 
A f t e r  the l iquid oxygen was poured  in, the p r e s s u r e  
in the evacua ted  space  was main ta ined  a t  1 - 2  �9 10 -2 
N / m  2 by means  of a zeo l i t e  ad so rp t i on  pump.  

C o m p r e s s i o n  of the s p e c i m e n  was a c c o m p l i s h e d  
with the aid of the l e v e r  11, fas tened  on the p i l l a r  17, 
by put t ing on the weights  3. The m a x i m u m  load ing  was 
5000 N. The load was t r a n s m i t t e d  to the s p e c i m e n  
through the th in -wa l l ed  tube 5, the SVAM p l e x i g l a s s  
b e a r i n g  15 and the Khl8N9T s t e e l  rod,  which could 
move to and f ro  in the m u s h r o o m  sea l  13. The d i s -  
p l a c e m e n t  of tubes  8 and 16 due to c o m p r e s s i o n  of the  
s p e c i m e n  was compensa t ed  fo r  b y  the sylphon be l lows  
12. 

The e x p e r i m e n t a l  and ca lcu la ted  da ta  a r e  shown in 
Tab les  1 and 2. The va lues  of 1 and L fo r  the t h r e e  
s p e c i m e n s  we re  m e a s u r e d  with the aid of a p r o f i l o -  
graph;  fo r  the o the r s  va lues  we re  taken a p p r o x i m a t e l y  
a c c o r d i n g  to the ca t a log  of qua l i ty  of machined s u r -  
f aces  [3]. The mean  height  of m i c r o - p r o t u b e r a n c e s  was 
d e t e r m i n e d  for  a l l  the s p e c i m e n s  with the aid of the 
p ro f i log raph ,  and for  s p e c i m e n  No. 1, on an i n t e r -  
f e r o m e t e r .  The s p e c i m e n s  had d i a m e t e r s  of 14-20  ram, 
and the s u r f a c e s  tes ted  were  n o n - p l a n a r  to the extent  
0 .04 -0 .06  ram. 

The p la te  c u r v a t u r e  was l e a s t  when t h e i r  t h i ckness  
was 0.1 m m  (0.2 m m  fo r  d i a m e t e r  20 ram),  and d e -  
c r e a s e d  with both i n c r e a s i n g  and d e c r e a s i n g  t h i cknes s .  
The hea t  f lux in the t e s t s  did not  exceed  24 W, and the 
t e m p e r a t u r e  d i f f e r e nc e  was 30~176 the mean  t e m -  
p e r a t u r e  was in the r ange  145~ ~ K, and was ma in ly  
180  ~ K. The contac t  t h e r m a l  r e s i s t a n c e  R was d e -  
t e r m i n e d  by  s u b t r a c t i n g  the t h e r m a l  r e s i s t a n c e  of the 
m e t a l  f r o m  the to ta l  m e a s u r e d  r e s i s t a n c e  of  the  s p e c -  
i m e n .  

It may  be  seen  f r o m  the t ab l e s  tha t  a s  the d e g r e e  
of qua l i ty  of the s u r f a c e s  making  con tac t  ge ts  w o r s e ,  
f r o m  C l a s s  5 to 10, the t h e r m a l  r e s i s t a n c e  d e c r e a s e s  
by  roughly  a f ac to r  of 10. T h e r e f o r e ,  a su f f i c i en t ly  
r e l i a b l e  d e t e r m i n a t i o n  of the t h e r m a l  conduc t iv i ty  of 
m e t a l l i c  con tac t s  is  i m p o s s i b l e  without  t ak ing  account  
of t h e i r  qua l i ty  and the kind of t r e a t m e n t  they  have had.  

A c o m p a r i s o n  of the e x p e r i m e n t a l  and t h e o r e t i c a l  
da t a  fo r  Kh18N9T and Kh21G7AN5 s t e e l s ,  which have 
about  the s a m e  t h e r m a l  conduct iv i ty  and h a r d n e s s ,  is  
shown in Fig .  2. The e x p e r i m e n t a l  va lues  of R fa l l  
be tween  those  ca l cu la t ed  f rom (11) and (12), and those  
found f rom (19). In the roughness  r ange  f rom Class  5 
to C la s s  8 the ac tua l  va lues  a r e  on the a v e r a g e  h ighe r  
by a f ac to r  of 2 than those  ca l cu la t ed  f r o m  (11). This  
may  b e  a t t r i b u t e d t o  the n o n - p l a n e n e s s  of the t h i ckp la t e s  
and to the c u r v a t u r e  of the thin p l a t e s :  In the s m o o t h e r  
con tac t  r eg ion  the dev ia t ion  i s  about  10%. The s t r a i g h t  
l ine  4, obta ined f r o m  (1), i n t e r s e c t s  the e x p e r i m e n t a l  
cu rve  at  the qual i ty  c l a s s  of about  7 - 8 .  

F igs .  3 and 4 show a c o m p a r i s o n  with theo ry  of the 
e x p e r i m e n t a l  da t a  of o the r  i n v e s t i g a t o r s .  It may  be 
s een  f r o m  Fig .  3 that  ca l cu l a t i on  a c c o r d i n g t o  (12) 
g ives  the b e s t  a p p r o x i m a t i o n  to the e x p e r i m e n t a l  da ta ,  
somewha t  g r e a t e r  va lues  be ing  obtained us ing  (19). 
The s lope  of l ines  2 and 3, c o n s t r u c t e d  a c c o r d i n g  to 
(12) and (19), is  c l o s e  to tha t  of the e x p e r i m e n t a l  Curve  
1. The s t r a i g h t  l ine  4, c o n s t r u c t e d  a c c o r d i n g  to (1), 

n o t  only  g i v e s  va lues  of t h e r m a l  r e s i s t a n c e ,  i n c r e a s e d  
by  a f ac to r  of  10 ,  but a l so  d i f f e r s  a p p r e c i a b l y  f r o m  
the e x p e r i m e n t a l  cu rve  as  r e g a r d s  s lope .  

The dependence  of the t h e r m a l  r e s i s t a n c e  on p r e s -  
s u r e  for  the s t r a i g h t  l ines  on Fig.  4, cons t ruc t ed  a c -  
co rd ing  to (11), i s  a l so  c l o s e r  to the e x p e r i m e n t a l  
value ,  than for  the s t r a i g h t  l ine  cons t ruc t ed  a c c o r d i n g  
to  (1). 

The s a m e  holds  a l so  fo r  the m a j o r i t y  of the o t h e r  
e x p e r i m e n t a l  da ta ,  not  shown h e r e ,  obta ined in the 
r e f e r e n c e s  ment ioned .  

A n a l y s i s  of the e x p e r i m e n t a l  and t h e o r e t i c a l  da t a  
l e a d s  to the fol lowing conc lus ion .  Since ac tua l  s u r -  
f aces  a lways  have m a c r o - w a v i n e s s ,  in addi t ion  to 
m i c r o - r o u g h n e s s ,  in p a r t i c u l a r  buckl ing,  l a ck  of 
p l a n e n e s s ,  and c u r v a t u r e ,  which i n c r e a s e  the  t h e r m a l  
contac t  r e s i s t a n c e ,  f o r m u l a s  (11) and (12) should be 
used  fo r  p r a c t i c a l  c a l cu l a t i ons ,  with n u m e r i c a l  coef -  
f i c i en t s  i n c r e a s e d  by  a f ac to r  of 1 . 5 - 2 . 0  o v e r  the theo-  
r e t i c a l  va lues .  

NOTATION 

H m, Hmax denote,  r e s p e c t i v e l y ,  the  mean  and 
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maximum heights of mic ro -p ro tube rances ;  Hcr is  the 
height of the crumpled mic ro -p ro tuberances ;  l and 
L a re  the distance between adjoining micr , J -pro tuber -  
a~ces in the t r an sve r se  and longitudinal d i rect ions  
of the roughness,  respect ive ly ;  p is the radius  of cur -  
vature of the tops of the mic ro-pro tuberances ;  d~ is 
the d i ame te r  of the region of contact of one m i c r o - p r o -  
tuberance;  Sa, S n a r e  the actual  and nominal a r e a s  of 
contact  of a pa i r  of prof i les ,  r espec t ive ly ;  ~ = Sa/S n 
is the re la t ive  a r ea  of contact; M is the total number 
of mic ro -p ro tube rances  on the surface;  P is  the com- 
p re s s ive  force;  ~ is the Poisson rat io;  X is the thermal  
conductivity of the contact mater ia l ;  R is the thermal  
r e s i s t ance  between the two metal  sur faces .  Subscripts:  
1 r e f e r s  to a single region of contact; spec r e fe r s  to 
unit nominal surface  area .  
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