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Contact  t h e r m a l  r e s i s t a n c e  is cons idered  for  joints  with cor ruga ted  s u r f a c e s .  F o r m u l a s  a r e  
der ived that  a r e  conf i rmed by exper iment .  

T h e r e  a r e  [1-3] f a i r ly  many pape r s  on heat t r a n s f e r  in the contact  zones of sol ids;  but these  in the 
main  deal with joints  with rough flat  su r f aces ,  

On the other  hand, mos t  industr ial  f inishes have [4, 5] deviations f r o m  planar i ty  as per iodic  r idges  
and depress ions  with sepa ra t ions  cons iderably  l a r g e r  than the mic ro roughness  of the sur face ;  such s u r -  
f aces  may  be ca l led  co r ruga ted .  

When co r ruga ted  s u r f ace s  a re  in contact ,  there  a r e  d i sc re te  points of contact  between the ve r t i c e s  
of p ro jec t ions  on the r idges ;  the deformat ion  and hence the product ion of the actual  a r e a  of contact  and the 
gap a r e  in this  c a s e  different  f r o m  those for  p lanar  su r faces  [4, 5]. 

The mode of contact  heat  t r an s f e r  is [2] comple te ly  de te rmined  by the actual  a r e a  of contact and the 
s ize  of the gap between the s u r f a c e s .  

Here  we cons ider  the ef fec ts  of cor rugat ion  on such a contact and the poss ib le  f ea tu res  of the heat 
t r a n s f e r  be tween such s u r f a c e s .  

The t h e r m a l  r e s i s t a n c e  of a contact may [2] be  e x p r e s s e d  as two r e s i s t a n c e s  in pa ra l l e l :  

l 1 _ 1 (1) 
R c RM'  Rcl 

The following fo rm u l a  defines [6] the t he rma l  r e s i s t a n c e  via  spots  of actual  contact  on account of con-  
ve rgence  of hea t - f lux  l ines to the points:  

q~So (2) 
R~,=: 2a~l n 

The coeff icient  r for  convergence of these lines can be exp re s sed  via the re la t ive  a r e a  of actual  con-  
tac t  [7]: 

q~ = 1--  1.4h]V 2 + 0.3~1~/2. (3) 

If  we a s s u m e  [8] that a = 3 . 1 0  -5 m and n = Snv/zra 2, (2) may be put as 

�9 10-'. (4) 
R~, = -2,12~MVl 1 

The  r e l a t ive  contact  a r e a  appea r s  in (4) and is found f r o m  an equation [5] for  the mos t  common e l a s -  
tic deformat ion  of the roughness:  

V 

( ~z~/v b~/~ r~qe] ~+~' (5) 
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T A B L E  i .  

Material 
tm 

1. 1Khl8N9T 
1Kh:lS}q9T 

2; II<hI8N9T 
IKhlSN9T 

3. 1 KhlSN9T 
II<hlSN9T 

4. 1Kh18NgT 
1Khl8N9T 

5. D16T 
steel 45 

6. D16T 
steel 45 

7. steei45 

8. 1Kh18N9T 
1Kh18N9T 

C h a r a c t e r i s t i c s  of Spec imens  and Condi t ions  

Finish Treatment 

V8~5 " -- V9 ,bj milling 
�9 grinding 

milling 
vb--v9 "c" | grinding 

IIl .... . millin8 
-- V ~ o grinding 

V7"C " -  V9 "b" 

VII 
V---67~, ~ ---- V6"b" 

V3--v6"b" 

_ V  _. _ V  8 "c' 
V/, a 

v8V--~.b.--V 9~b" 

milling 
grinding 

milling 
grinding 

milling 
grinding 

milling 
grinding 

milling 
grinding 

Con- ~ [~ ' Mean 
, I tact i o ~. rougnnessj t ,'~ 

,temp4 >" 
height,, Io K [ ~ ;~ 

[13,5--0,9[ 443 

3,2 1 2 ] 445 V,S-  ' / 

3,4--1,04 445 

46--6 1 383 
7,9 ' 

44,6--6,1 383 

-~--1,9 423 ! 

2~2--1,04 440 

Notes 

69,8 One surface with 
regular spherical 
waves 

66,8 Rough flat surfaces 

69,6 One surface with 
regular cylindrical 
waves 

67,2 Rough flat surfaces 

64,9 One surface with 
regular cylindrical 
waves 

57.2 ~ough flat surfaces 

103 3ne surface with 
:rmgular spherical 
~raves 

-- Vacuum between 
surface: 

However ,  to  use  (5) we need  to m e a s u r e  a l a rge  n u m b e r  of p a r a m e t e r s  fo r  the s u r f a c e s .  T o  fac i l i t a te  the 
des ign  ca lcu la t ions ,  we have examined  n u m e r o u s  shapes  of s u r f a c e s  toge the r  with the phys i ca l  and m e c h a n i -  
ca l  c h a r a c t e r i s t i c s  fo r  f in ish  c l a s s e s  f r o m  3 to 10, a f t e r  the s u r f a c e s  have p r e v i o u s l y  been  loaded to P / E  
= 5 �9 1 0 - 6 - 5  �9 10 -4. 

T h e n  the va lues  m a y  be  p r o c e s s e d  v ia  (5) to g ive  

t l~= A , 

w h e r e  F ig .  1 shows coeff ic ient  A as  a funct ion of hav 1 + hay 2. 

F r o m  (4) and (6) we have 

r .. 10-4. 

(6) 

(7) 

One can use  (7) with known values  of the contact  a r e a  S c in ~72; the contour  a r e a  of contac t  is g iven  
by  H e r t z ' s  f o r m u l a  [9]. Th i s  can be s impl i f i ed  if we a s s u m e  [10] that  the  a r e a s  of  contac t  f o r  s p h e r i c a l  
and e l l ipsoida l  c o r r u g a t i o n s  a r e  g iven by  the s a m e  r e l a t ionsh ip ,  and a l so  that 1 - # 2  = 0.9: 

fo r  contac t  of two s u r f a c e s  of s p h e r i c a l  o r  e l l ipsoida l  c o r r u g a t i o n s  

rlwr:~wNnlw/2 ]~/a, 
S:csp_s p = 2.38 [ (qw + r2w)E' 

(s) 

fo r  contac t  be tween  rough  flat  and c o r r u g a t e d  s u r f a c e s  

rwNn w )213. 
Sesp. fl-r ~ 2,38( E (9) 
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Fig.  1. Curves for  1) A = f (hav t 
+ hay2) and 2) 1 - m  = f (hav  ). 

The number  of contact spots on the waves is taken as n w 
= 3 for  smal l  loads and n w = So/Lel  Lp for  high loads.  If the 
sur faces  have cyl indrical  corrugat ions ,  the contour a rea  of con-  
tact  is defined by the following formulas :  

contact between two cyl indr ical  cor ruga ted  sur faces  

Sr c = 1.52 ( ra~ r2~u. N----LI'/2 (10) 
r l W §  r~w E ] ' 

contact of a fiat rough sur face  with a cor ruga ted  one 

The following formula  defines the the rmal  r e s i s t ance  
when the heat is t r a n s f e r r e d  via a contact medium of low the rmal  
conductivity: 

Rc1:= ~er (12) 
The equivalent thickness 6eq for  the layer  between the contacting sur faces  is found as follows: 

for  contact between cor ruga ted  sur faces  

6~q = (Hay ' -~ Hav~) (I -- K) (I --  e), (13) 

for contact between a corrugated and a rough flat surface 

6"eq = iHav (1 - -  K) + hay(1 --m)] (1 - -  e). (14) 

The dif ference 1 - m  appearing in (13) and (14) is shown in Fig.  1 as a function of hay; this resul t  was 
obtained by process ing  numerous  prof i le  curves  for  specimens with sur face  f inishes of c lasses  f rom 3 to 
10 for  metals  having E > 7 - 10 l~ N/m 2. 

We der ived  the numer ica l  value of the shape filling factor  for  the corrugat ions  by process ing  published 
prof i les  [11] and also pa t te rns  r eco rded  f rom corrugated  surfaces ;  for  most sur faces  the resu l t  was in the 
range 0.45-0.5. 

The re la t ive  approach s = C/hma x is [5] given by 
1 

' ( .  r ~  - -  
= ( 1 5 )  

  bKBh / 

Use of (15) involves the same difficulties as for  ~t; it is much eas ie r  to use relat ionships  der ived f rom (15) 
by process ing  data on the geomet ry  and proper t i es  of sur faces  with var ious fo rms  of mechanical  working: 

shaping, turning,  and milling 

grinding 

[ 01 lqc ~0,~a (16) 

[ 0.0125qc'~ -O'Iss 
e :  ~ )  , (17) 

polishing and honing 

e : ( 0.0064qc1~ 'as (18) 

We substi tute (7) and (12)-(14) into (1) to get the following equation for  the thermal  r e s i s t ance  of joints 
with cor ruga ted  sur faces :  

contact between cor ruga ted  sur faces  

(_~_)0,8 § 
Re ~ . § Hay) (1 K)(1 --e) ' 

(19) 
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Fig .2 .  The rma l  res i s tance  of contact, m 2 .deg/W, as a 
function of contact p r e s s u r e  {N/m2): a) wavy sur faces :  
1, 3, 5) regular ;  7) i r regu la r ;  2, 4, 6) no waves,  air  in 
space (the numbers  of the pa i rs  are  as in Table 1), b: 
9) waves present ,  space evacuated: broken line) ca lcu-  
lation; upper dot -and-dash  line) contour a rea  of contact 
defined by (9); lower dot -and-dash line) contour a rea  of 
contact measured  by the color  method. 

contact between cor rugated  and rough flat surfaces  

1 = 2.12~- M A -? [Hay(1 --K)+hav(1--m)l(1--e) 

Numerous assumptions are  involved in deriving (19) and (20), and the justif ication for  these can only 
be experimental .  

We used a sys tem of rod type [12] to measure  the thermal  res i s tance  of contacts between metal  s u r -  
faces in the presence  and absence of corrugat ions .  Table 1 gives the charac te r i s t i c s  of the specimens .  
To eliminate effects f rom the individual project ions and microroughness ,  the specimens were  f i rs t  com-  
p re s sed  to P /E  = (6-6.5) �9 10 -4 for up to 20 min. 

We used the instrument  t e rmed  Kalibr B]~I to measure  the surface profi les  against the flat r e fe rence  
plane in the instrument;  the corrugat ion c lass  was determined f rom the upper limit to the wave height in 
accordance  with the All-Union State Standard 2789-59. 

Figure  2a gives the experimental  and calculated resul ts  as R c = f(P) for  corrugated and flat sur faces ;  
we compared pa i rs  in one ease having a rough flat surface  and a corrugated surface,  and in the other having 
the corrugated surface  replaced by a rough fiat one whose nonunfformities had a height equal to the height 
of the corrugat ions .  

It is c lear  that (19) and (20) descr ibe  the thermal  res i s tance  as a function of p r e s s u r e  with accuracy  
sufficient for design calculat ions.  

The experimental  tes ts  also revealed numerous interest ing features of the heat t r ans fe r  through 
joints between corrugated surfaces ;  corrugat ion on even one of the two surfaces  ra i sed  the thermal  r e s i s -  
tance relat ive to that between rough flat surfaces ,  andthe r i se  in R c was larges t  in the range of initial loads 
(up to 5" 10 -6 N/m2). 

The corrugat ion  height had the main influence on the thermal  r e s i s t ance .  Figure  2 shows that the 
res i s tance  was increased by more  than an order  of magnitude when the pair  consis ted of steel 1Kh18N9T 
with pa rame te r s  L = 25 �9 10 -4 m and H = 0.14 �9 10 -4 m, the compar ison being with the cor rugated  surface in 
which L = 50 �9 10 -4 m and H = 0.032 �9 10 -4 m. 

The curves  of F ig .2  a re  shown also as R M = f(P). It is c lear  that the actual a r ea  of contact controls  
the overal l  the rmal  res i s tance  when the surfaces  a re  corrugated.  
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It is common industrial practice to use surfaces having irregular  corrugation. Figure 2a shows r e -  
sults for the case where S c was measured by the die method and where it was calculated from (9); the two 
sets of curves agree satisfactori ly.  The following suggestions may be made on the basis of the above r e -  
suits. If there is thermal contact between corrugated surfaces up to class HI, one can assume that R c will 
not exceed the value for rough flat surfaces with nonunfformities of height equal to the height of the corruga-  
tions; this assumption is the more justified because R c does not exceed 10 -4 m2.deg/W for many common 
systems with heat fluxes of qav = 10-60" 103 W/m 2. 
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N O T A T I O N  

is the total thermal resistance of contact, m 2 �9 deg/W; 
are  the thermal resistance of real  contact and of contactless region, m 2 �9 deg/W; 
is the coefficient of contraction of heat flux lines to spots of real  contact; 
a re  the real ,  contour and nominal areas of contact surfaces,  m2; 
is the mean radius of contact spot, m; 
is the reduced thermal conductivity of contact (1 and 2) materials,  W/m .deg; 
is the thermal conductivity of contact medium, W/re.  deg; 
is the number of contact spots of microroughnesses at nominal contact surface; 
is the area ratio; 
a re  the parameters  of support curve of surface; 
is the radius of roughness, m; 
is the contour pressure ,  N/m2; 
is the normal load, N; 
is the coefficient depending on deformation mechanism; 
is the coefficient characterizing properties;  
is the coefficient depending on v and r 
a re  the maximum and mean height of microrouglmess protrusions,  m; 
is the specific normal load to contact surface, N/m2; 
is the Young's modulus, N/m2; 
is the wave radius,  m; 
is the numbers of wave contact spots at nominal surface; 
a re  the longitudinal and t ransverse  wave pitch, m; 
is the equivalent thickness of intercontact laminar,  m: 
is the mean height of waves, m; 
is the relative approach of surfaces under load; 
is the approach of surfaces under load; 
is the BrineU hardness, N/m2; 
is the Poisson's ratio; 
a re  the relative contact surfaces.  
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