
THERMAL CONTACT RESISTANCE IN A GASEOUS MEDIUM 
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The t h e r m a l  c o n t a c t  r e s i s t a n c e  of j u n c t i o n s  with r o u g h  f l a t  s u r f a c e s  in a g a s e o u s  m e d i u m  i s  
s tud i ed  t h e o r e t i c a l l y  and e x p e r i m e n t a l l y .  A w ork ing  equa t ion  t a k i n g  a c c o u n t  of the S m o l u k h o v -  
sk i t  e f f e c t  i s  d e r i v e d .  

I t  was  shown in [1, 2] tha t  by  m a k i n g  a n u m b e r  of a s s u m p t i o n s  the  t h e r m a l  c o n t a c t  r e s i s t a n c e  R e of 
f l a t  r o u g h  s u r f a c e s  in c o n t a c t  in a g a s e o u s  m e d i u m  is  d e s c r i b e d  by  the equa t ion  

i 1 l 
Rd R m Rg (i) 

The thermal resistance of the actual contact R m arising from the redistribution of the heat flow lines 
within each of the contacting bodies, with circular areas of contact of radius a uniformly distributed over 

the nominal contact surface, can be written in the form 

R m =  -rta �9 ~ ,  (2) 
2Lm ~1 

w h e r e  an  a n a l y t l c  so lu t ion  fo r  the c o e f f i c i e n t  of c o n s t r i c t i o n  fo r  c o n s t a n t  t e m p e r a t u r e  of t he  a r e a  of c o n t a c t  
ha s the  f o r m  

r = 1 - -  1.7"q 1/2 - -  O,7T I. (3) 

The  m a i n  d i f f i cu l t y  in u s i n g  E q .  (2) i s  in f ind ingr l  and a .  The va lue  o f n  can  be  c a l c u l a t e d  f r o m  a u n i -  
v e r s a l  r e l a t i o n  r e c o m m e n d e d  in [3]: 

T A B L E  1. V a l u e s  of v, b ,  r t r a n  s ,  r l o n g ,  Y t r ans ,  and Ylong 

IClass ofsur- 
Type of preparation [face finish v b r~r~,  g lrlong, g Vtran s 

Surface grinding 

Shaping 

Surface grinding 

Shaping 

Steel 45, steel 80, 1 Khl8N9T, 30KhGSA, brass 

V5 
V6 

V7, V8 
V9 

V4 
V5 
V6 

2,05 0,6161 6,2 
1,95 0,93 [ 7,5 
1,76 1,37 [ 12,4 
1,46 1,97 I 20,6 

! 
2,1 1,64 [ 17 
1,97 1.97 ~ 30 
1,95 2,04 / 92 

2,1 j 164 
D16, D16T, DIT, titanium 

V5, V 6 
V7 
V8 
V9 

V4 
V5 
V6 
V 7 

1,87 1,0 15 
,62 1,25 21 
.3 1.38 30 

1,22 1,6 33 

2,0o 2,1 23 
1,85 2,28 45 
1,63 2,35 121 
1,53 2,46 180 

1250 
3110 
4700 

15290 

157 
246 
610 
940 

663 
870 

175 
297 
707 

1044  

4 o 
2030 ' 

12 ~  :30, 
5 ~ 

18 ~ 
15 ~ 

12o30 '  :30' 
5 ~ 

t~long 

J 

1 o 

40' 
20, 
10' 

2 o 
1~30" 
40' 
30' 

2~ �9 
lO3/y 
45' 
30' 

2 ~ 
1 o 
50, 
40" 
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�9 Fig .  1. The rma l  r e s i s t a n c e  of actual  
contact  R m in m 2 �9 deg/W as a function 
of the load P in Pa  for  a 1Khl3 pa i r  a t  
initial loading (Tc= 43 8 ~ K): 1)V9b (gr ind-  
ing, V6a (shaping): hmaxl = 2 .4  �9 10 -6 
m;  hmax2 =14.1  �9 10 -6 m; T t rans  =4~ 
Tlong=20~ v =1.97;  b =2; r t r a n  s =92 �9 
10 -6 m; r long=611 �9 10 -6 m; 2) V9b 
(grinding), Vba (grinding): hmax, = 

�9 - 6  . - . - g ~  . 2.55 10 m,  h m a x - 5 . 2  10 m,  
Ytrans =3~ Tlong =2I)~ v=1"76;  b = 1 . 3 7 ;  
r t r a n  s =50 �9 1 0 - ' m ;  r long =310 �9 10 -s m .  
Open curve  calculated f r o m  Eq .  (7). 

( acO/V bO)/V r6,p ~v+~ 
~ ] = \  h~naxK B ] �9 (4) 

By analogy with [2, 4-6] crude approx imat ions  for  
ave r age  loadings can be made by taking the rad ius  of m i c r o -  
contact  a r e a s  as  constant  and equal to 30/z. For  accu ra t e  
calculat ions it is n e c e s s a r y  to take account  of the change in 
size of the contact a r e a s  with roughness ,  thekind of m a t e r i a l ,  
and the loading. We use  a conical model of rough su r faces  
and introduce the following r e s t r i c t i o n s :  1) the height of the 
mic rop ro j ec t ions  is the same in the t r a n s v e r s e  and longi-  
tudinal d i rect ions;  2) the radius  of the base  of a cone is 

to hma x (tan 3,tran s tanTlong)- l /2 .  Then for a rough equal 
sur face  in contact  with a smooth sur face  the rad ius  of the 
a r e a  of contact for a deformat ion  of a project ion by an a -  
mount  d is equal to 

a = d~ I t-g ~, I. (5) 

By substi tut ing for  d f r o m  the equations in [3] e =d /hma  x, 
=beY, the l as t  exp res s ion  b e c o m e s  

hmax(Wb) l/v 
a--  --I vl (6) 

Combining (2), (3), and (6) we obtain 

hmax(Wb)'/v ( 1 - l'7rl'n + 0'7TI ) (7) 
R m -  0-637~'m1-~ u ~1 " 

He re  hma x for  repea ted  loadings is r ep laced  by hma x (1 -- ec r ) .  

Ordinary  engineer ing  calculat ions can be pe r fo rmed  by using the values  of b, v, r t r ans ,  rlong, Ttrans ,  
and Tlong f rom Table 1 obtained by p rocess ing  a large number  of cu rves  of r e f e r e n c e  su r f aces  constructed 
f rom prof i les  of meta l  su r faces  t rea ted  by the mos t  typical  mechan ica l  p r o c e s s e s .  

The c o r r e c t n e s s  of Eq .  (7) was tes ted by using samples  of 1Kh13 on an a r r a n g e m e n t  of the rod type 
[6] in a high vacuum.  Figure  1 shows that the exper imenta l  and theore t ica l  r e su l t s  a r e  in sa t i s f ac to ry  

a greem ent.  

The the rma l  r e s i s t a n c e  of the medium due to the r e s i s t a n c e  of the gaseous  in te r l aye r  is given in 
genera l  f o rm by the express ion  

R g -  Zg" (8) 

By the equivalent  th ickness  6 we unders tand the th ickness  of a hypothetical  gaseous  in te r l aye r  which 
has  the same conductivity as  the var iab le  th ickness  in te r layer  for  the same  the rma l  head.  As a consequence 
of the var iab le  th ickness  of the in t e r l aye r  of the medium the h e a t - t r a n s f e r  p r o c e s s  will change as  the width 
of the gas gap approaches  the mean  f ree  path of the gas mo lecu l e s .  Taking account  of the Smolukhovskti  
ef fect  [7] the equivalent in te r l aye r  th ickness  is given by [8] 

Sr 1 

" 6i dSn = Sn/  + li _~ 12" (9) 
0 

Here  the lengths of the t e m p e r a t u r e  jumps It and 12 depend onthekind  of gas and the sur face  of the solid 
and a re  determined f rom molecu la r -k ine t i c  concepts  [9]. 

To e s t ima te  the influence of the Smolukhovskii  effect  on 6 we introduce by analogy with [8] the d imen-  
s ionless  quanti t ies  

X --- -6max(1 - -  e) ~imax(l - -  e) (10) y _ ~ _ - -  
l 1 -+- l z ' ~" 
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Fig.  2. Resul ts  of p rocess ing  exper imenta l  data on the 
equivalent in te r layer  thickness for  contacts  of highly e l a s -  
t ic  meta l s  in re la t ive  coordinates  (I, II, grinding, r e s p e c -  
t ively,  v9, V5; HI, IV, shaping and milling, V7, V5): 1) 
a i r  [10]; 2) a i r  [11]; 3) a i r  [12]; 4) a i r  [5]; 5) a i r  [6]; 6) a r -  
gon, helium [13]; 7) a i r ,  argon [14]; 8) helium, argon, 
neon [8]; 9) a i r  [15]; 10) a i r  [16]; 11) a i r ,  helium [17]; 12) 
a i r  [18]; 13) a i r  [19]; 14) a i r  [20l. The curves  were  plot-  
ted f rom the equations of Table 2.  

Then Ln re la t ive  quantit ies Eq .  (9) for  the contact of plane rough sur faces  takes the fo rm 

1 

y = ~ d~ (11) 
�9 ] e + I /X  
o 

It is of prac t ica l  in te res t  to obtain working formulas  for  5 in which the surface geomet ry  is de t e r -  
mined by the fo rm of the actual p ro tuberances  and their  distr ibution in height.  Such formulas  can be ob- 
tained f rom r e f e r ence  surface curves .  

Longitudinal and t r ansve r se  surface prof i les  were taken f rom a l a rge  number  of steel  and Duralumin 
samples  subjected to va r ious  fo rms  of mechanical  t r ea tment  and used to plot r e f e r en ce  surface cu rves .  
The process ing  of these curves  led to the family of approximating functions 1 -- e =f(~) tabulated in Table 
2. The table a lso gives equations for the equivalent thickness of the Lnterlayer obtained by integrating Eq .  
(:[1) using the function 1 -- r =[{~). These equations are  plotted in F igs .  2 and 3. 

Y 

I I  

[ .~-/m-It  ~- 
�9 , n ~  -------~' x - -  ! o - - 7  ~ . , - - 2 0 - - 8  

5 "lEt ~ - -  3 �9 - -  9 

0 - - 0  ~ - - f O  

v - - 5  + - - f f  

2.,~ ~ 5. i~'  I ~ 1o 50 x 

Fig.  3. Resul ts  of p rocess ing  experLmental data on the equLva- 
lent in te r layer  thickness for  contacts of highly plast ic  meta l s  
in re la t ive  coordinates  (I, II, grinding, respec t ive ly ,  ~9 ,  V3; 
III, IV, shaping and milling, VS, V4): 1) a i r ,  hydrogen [10]; 
2) a i r  [2]; 3) a i r  [6]; 4) a i r  [15]; 5) air  [5]; 6) argon, helium 
[21]; 7) a i r  [11]; 8) a i r  [18]; 9) a i r ,  hel ium, hydrogen [4]; 10) 
a i r  [17]; 11) a i r  [22], The curves  were plotted f rom the equa-  
tions of Table 2. 
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3 

F ig .  4 .  T h e r m a l  contac t  r e s i s t a n c e  R c 
in m 2 deg/W as  a function of Ioading for  
1KhlSN9Tpai r s  (1, 2) and D16 (3,4) fo r  
initial (1, 3) and subsequent  (2, 4 ) l o a d -  
ings: 1, 2) su r face  f inish V8a, v5, P m a x  = 
350 �9 105 Pa, Tc=383~A; 3, 4) VS, V9a, 
P m a x = 2 2 0  �9 10 ~ Pa,  T c =373~ Open 
curves  calculated f r o m  Eq.  (14). 

An ana lys i s  of the equations of the equivalent  in te r layer  th ickness  shows that  for  smal l  values  of X 
(direct contact) Y ~ X  or 6 - - l l  + 12; i . e . ,  heat  is t r a n s f e r r e d  through the gaseous  in t e r l aye r  ma in ly  by f r ee  
m o l e c u l a r  heat  conduction.  As X~oo,  i . e . ,  for  a continuous in te rcontac t  medium,  Y and 5 approach  the 
l imit ing values  given in Table  2. The data in this table on the choice of 5, in con t ras t  with model  s c h e m e s  
in the in te rpre ta t ion  of the au thors  of [2, 8], were  obtained by taking account  of the geome t ry  of the actual  
s u r f a c e s .  

The c o r r e c t n e s s  of the p roposed  equat ions can be judged f rom the ca lcula ted  cu rves  shown in Figs .  
2 and 3 and data for the conductivity of the medium calculated f rom e x p e r i m e n t a l  values  f rom var ious  
p a p e r s .  For  X> 0.2 ,  which is of the g r e a t e s t  p rac t i ca l  in teres t ,  the expe r imen ta l  points a r e  in good a g r e e -  
men t  with the va l ue s  calculated f rom the equations of Table 2. The sp read  of points is c h a r a c t e r i s t i c  of 
e x p e r i m e n t s  under smal l  loads where  it is difficult to se lec t  the actual  value of 5max because  of the lack 
of data on hma x.  

Taking account  of the above,  Eq .  (8) is r ewr i t t en  in the fo rm 

(hmaxl + hmaxz )(1 - -  e) 
Rg=  /~gy (12) 

Here  Y is found graphica l ly  f r o m  F igs .  2 and 3 or  analyt ica l ly  f r o m  the equations of Table 2. For  
contacts  exper ienc ing  repea ted  loadings up to p r e s s u r e s  no higher than P m a x '  the n u m e r a t o r  of Eq.  (12) 
mus t  be rep laced  by (hmaxl +hmax2) (1 --  ecr)  and a s sumed  independent of p r e s s u r e .  

The re la t ive  convergence  can be de te rmined  f rom the expres s ion  given in [3]: 

I 

( 
= ~abKBh~nax (13) 

Substi tuting (7) and (12) into (1) gives a final express ion  for  the total t he rma l  contact  r e s i s t a n c e  of 
junctions with plane rough surEaces 

_ 0.637~ m I ~  71 TI 
R c - -  hmax(h/b) ~/v (i 1.7TI ~I~ -}- 0.7'q) 

, 

(hmaxl -l- hmax2)(1--e) " (14) 

F igure  4 c o m p a r e s  the theore t ica l  and expe r imen ta l  data for contact  p a i r s  of 1Kh18N9T and D16. 
I t  is c l e a r  that  in the region P / E  > (1-1.2) �9 10 -5 for  highly e las t ic  me ta l s  and P / E >  (2-3) �9 10 -~ fo r  highly 
p las t ic  me ta l s  the exper imen ta l  data a r e  in good a g r e e m e n t  with the theore t ica l  curves  plotted f r o m  Eq. 
(14). 
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The w~rking formula (14) enables one to compute the contact resistance for a given surface finish, 
materials  of the contacting pair,  and loading. 

N O T A T I O N  

R c, total thermal contact resistance; ~m =2kmiXm2/(Xml +Xm2), reduced thermal conductivity of 
materials  of contacting bodies 1 and 2; kg, thermal conductivity of intercontact medium; ~?, relative area 
of actual contact; e, relative convergence of surfaces; ecr ,  crit ical convergence at Pmax; P, Pmax, r e -  
spectively, contact pressure  and maximum specified contact pressure;  hmax, maximum height of micro-  
roughness; Sn, nominal surface of contact; r ,  radius of protuberances of microroughnesses; the subscripts 
trans and long refer  to machining in the t ransverse and longitudinaldirections; ,/, angle of inclination of 
mtcroroughnesses; v, b, parameters  of reference  surface curve; ,x, coefficient depending on the nature of 
the deformation; B, coeffLcLent characterizing the material  properties;  K, coefficient depending on v and 
~o; ~, coefficient characterizing the ratio of areas  during convergence; 5}, 5ma x, respectively, local and 
maximum thicknesses of the interlayer;  T c, average temperature in the contact zone. 
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