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T H E R M A L  C O N T A C T  R E S I S T A N C E  IN 

T H E R M O P H Y S I C A L  M E A S U R E M E N T S  

V. V.  K u r e n i n  UDC 536.2 

The author  d e s c r i b e s  the bas i s  for  an exper imenta l  co r rec t ion  to the t he rma l  contact  r e s i s t ance  
(TCR) in invest igat ion of the rma l  conductivity and the rma l  diffusivity of solids,  using spec imens  
in the f o r m  of pla tes .  Relat ions a r e  obtained for  the rma l  deformat ion  of spec imens  and the con-  
tact  p r e s s u r e  to compensa te  for  t he rma l  deflection. 

The use  of a pe rmanen t  a s s e m b l y  of thermocouples  in the contact p la tes  of a t h e r m a l  m e a s u r e m e n t  cell  
s impl i f ies  the opera t ion  of the the rmophys iea l  ins t rument ,  i n c r e a s e s  i ts  re l iabi l i ty ,  and by means  of c a l i b r a -  
tion allows e r r o r  due to pa ra s i t i c  thermocouple  e m f ' s  to be eliminated.  However,  there  then a r i s e s  an addi-  
t ional e r r o r  due to t h e r m a l  contact  r e s i s t a n c e s  (TCR) of the spec imen  with the t h e r m a l  m e a s u r e m e n t  cell .  In 
mos t  cases ,  in invest igat ing the t he rma l  conductivity and diffusivity of m a t e r i a l s  with k -> 0.5 W / ( m ' ~  one 
mus t  introduce a co r r ec t i on  for  the TCR, de te rmined  exper imenta l ly  on a spec imen  of known the rma l  conduc- 
t ivi ty,  or  on a meta l l i c  spec imen  whose the rma l  conductivity is cons iderably  l ess  than the r e s i s t a n c e  of the 
t es t  spec imens .  Fo r  a number  of p rac t i ca l  considera t ions  one usually p r e f e r s  the second method, which is 
based  on the hypothesis  that the TCR depends only on the c leanl iness  of p repa ra t ion  of the su r faces  in contact,  
the contact  p r e s s u r e ,  and the type of lubricat ion,  and is independent of the t he rma l  conductivity of the m a t e r i -  
a ls  in contact .  

It is known that  heat  is  t r ansmi t t ed  through a contact  zone due to conduction by two methods : through the 
p lace  of immed ia t e  (actual) contact  of the bodies,  and through the medium filling the space  between rough p r o -  
tuberances .  The conductances of the med ium a m  and of the actual contact  c~ M a re  in para l le l ,  and the re fo re  
the specif ic  conductivity of the contact  can be e x p r e s s e d  as the sum of the specif ic  eonduetivi t ies  [ 1] 
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w h e r e  Y is  the  r e l a t i v e  gap;  f o r  p o l i s h e d  s u r f a c e s  u n d e r  n o r m a l  cond i t ions  Y = 3.33; and 

15.10 -6 
k =  for hay t- j-hav ~ .~10  pro. 

hay, -I- haw 

As can be seen from Eqs. (1) and (2), the first component of the conductivity isdetermined only bythe proper- 
ties of the filling medium and the cleanliness of preparation of the surfaces, while the second depends only on 
the conductivities of the contact materials. The contact plates of thermal measurement cells are ofter/made 
of aluminum alloy, and therefore in the calibration test it is in contact with copper, and in the specimen tests, with a 
specimen of plastic, for example. The average thermal eonductivities XMfor the aluminum-copper andthe alumi- 

num-plastic pairs differ by a factor of 600, varying from 233 to 0.4 W/(m - %K). Hence it follows that one should use 
a copper specimen to determine the TCR correction only under specific conditions when the medium conduc- 
tivity ~Mwill predominate in the contact conduction. Calculations using Eqs. (I) and (2) for typical conditions 
achieved in thermophysical instruments are shown in Table L It can be seen that optimal conditions for spec- 
imen con tac t  a r e  ob t a ined  with  a h i g h  d e g r e e  of  c l e a n l i n e s s  in t h e p r e p a r a t i o n  of the  s u r f a c e s  V6-V 8 and wi th  
r e l a t i v e l y  low c o n t a c t  p r e s s u r e s  p = (1 - 2) �9 105 N / m  2, and  with r e q u i r e d  u s e  of l iqu id  l u b r i c a n t .  If  tha t  i s  so,  
no add i t i ona l  c o r r e c t i o n  i s  needed ,  even  in  the  p r e p a r a t i o n  o f  the  s u r f a c e s  ~76 due to the  d i f f e r e n c e  in t h e r m a l  
c o n d u c t i v i t i e s  o f  the con t ac t  m a t e r i a l s  in the c a l i b r a t i o n  and a c t u a l  t e s t s .  The  r e s i d u a l  e r r o r  A P e  = 9 . 1 0 -  ~ 
m 2- K / W  i s  i n s i g n i f i c a n t  f o r  s p e c i m e n  t h e r m a l  r e s i s t a n c e s  of  P s p  - 2 0 . 1 0 -  4 m2.  K /W.  

The  d a t a  of  Tab le  1 can  be u sed  in d e s i g n i n g  t h e r m o p h y s i c a l  i n s t r u m e n t s  and  s p e c i f y i n g  r e q m r e m e n t s  
f o r  s p e c i m e n  p r e p a r a t i o n .  

The  e x p e r i m e n t a l  i n v e s t i g a t i o n s  show tha t  the  TCR i s  v e r y  u n s t a b l e  a t  low p r e s s u r e s  p < 50" 105 N / m  2. 
Th is  i s  a s s o c i a t e d  with p o s s i b l e  c o n t a m i n a t i o n  of  the  s u r f a c e  in  p r e p a r i n g  the t e s t ,  the  p r e s e n c e  of  m i c r o d e -  
f ec t s  on the  c o n t a c t  s u r f a c e s ,  and wi th  an uneven  l u b r i c a n t  l a y e r .  T h e r e f o r e ,  i t  i s  e s p e c i a l l y  i m p o r t a n t  to i n v e s t i -  

ga t e  TCR e x p e r i m e n t a l l y  u n d e r  t y p i c a l  m e a s u r e m e n t  cond i t i ons .  

At  t e m p e r a t u r e s  f r o m  - 150 to 400~ f o r  d e n s e  m a t e r i a l s ,  type  P F M S - 4  s i l i c o n e  o i l  i s  u s e d  s u c c e s s -  
fu l ly ,  fo r  h i g h e r  t e m p e r a t u r e s  of  TCR one can  r e d u c e  the  g a s e s  - a r g o n  and h e l i u m .  In i n v e s t i g a t i n g  m e t a l l i c  
m a t e r i a l s  a t  m e d i u m  t e m p e r a t u r e s  i t  i s  a p p r o p r i a t e  to u s e  l iqu id  m e t a l  l u b r i c a n t s  of e u t e c t i e  I n - G a  type .  How- 
e v e r ,  the l a t t e r  r e q u i r e s  c a r e f u l  handl ing ,  and cannot  be  r e c o m m e n d e d  f o r  wide  u se .  In i n v e s t i g a t i o n  of  p o r o u s  
m a t e r i a l s  one canno t  u se  l iqu id  l u b r i c a n t s ,  s i n c e  t h e s e ,  e n t e r i n g  the m a t e r i a l ,  can  m a r k e d l y  a l t e r  i t s  p r o p e r -  
t i e s .  Some  i m p r o v e m e n t  in the  con t ac t  in such  c a s e s  can  be  a c h i e v e d  b y  u s i n g  d r y  l u b r i c a n t s  b a s e d  on f ine ly  
d i s p e r s e  p o w d e r s  of good c o n d u c t o r  m a t e r i a l ,  e .g . ,  g r a p h i t e ,  a l u m i n u m ,  o r  s i l v e r .  

T A B L E  1. C a l c u l a t i o n  of  TCR f o r  V a r i o u s  P a i r s  of  M a t e r i a l s  

" ] ~ " ~ / Residual error 
Type ~" or' ~m[ cz~ o ~ AP-104 
of lu" Contact materials ,~ ~ ~ ~ . o J c 
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Aluminum- Copper 
~, kin1 = 170 W/(m. ~ 
4 x =  -- ~70 W/(m.~ 

~r ~'i Aluminum-- Plastic 
~ kml = 170 W/(m. ~K) 
~ o ,  �9 ] kme = 0.2 W/(m.~K) 

.< 

W 
V6 

233 V 7 
V 8 

I V6 
0,4 I V 7 

[ V8 

I V6 
233 ! V 7 

V8 

V 7 
V 6 

0,4 
I v8 

3045 
5314 

10406 

3045 
5314 

10406 

15228 
26569 
52030 

15228 
26569 
52030 

208: 
263( 
4671 

3,6 
4,5 
8 

208~ 
263( 
4671 

3,6 
4,5 

.8 

1,95 
1,25 
0,66 

3,3 
1,9 
0,96 

0,57 
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Note: The c a l c u l a t i o n s  w e r e  m a d e  fo r  v a l u e s  of  the  p a r a m e t e r s :  
P = 2 .105  N/m2; or B = 2200 .105  N/m2; Y = 3~ ~76 (hay = 8.2/zm);  

V 7 ( h a v =  4.7 Din); V 8 (hav = 2.4/zm) 
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Fig. 1. Distr ibution of TCR over  the speci -  
men surface.  

To confirm the possible use of Eqs.  (1) and (2) to calculate TCR for low contact p r e s su re s  we invest i-  
gated TCR on the DK-acX-400  ins t rument  [2] in the tempera ture  range - 100 to 400~ with air  and type 
PFMS-4 oil filling the contact  zone. A measu remen t  was made on one, two, and three copperpla tes  with identi- 
cal cleanliness of preparat ion,  which cor responded  to two, three,  and four contact layers .  With each of the 
above numbers  of specimens we made three  tes ts  over  the entire working tempera tu re  range, each t ime with 
a new specimen.  In this way we el iminated the influence of paras i t ic  thermocouple emf ' s ,  singled out the TCR 
of the two copper plates,  and es t imated the instabili ty of the TCR typical of the working conditions. The tests 
were made on specimens of d iamete r  15 m m  with prepara t ion  cleanliness Y7 at a p r e s s u r e  of 2.105 N/m 2. 
The TCR remained prac t ica l ly  unchanged over  the whole tempera ture  range and turned out to be equal to that 
for  dry  contact:  (1 • 0.7) �9 10 -4 m2-~ and (0.4 • 0.25) �9 10 -4 m2.~  for wetted PFMS-4 oil. Calculation 
using Eqs. (1) and (2) for identical contact  conditions gave 1.05.10 -4 and 0.32- 10 -4 m 2. K/W, respect ively,  in-  
dicating the good agreement  with the experimental  data. However, it can be seen that the TCR instabili ty is 
quite large.  In introducing cor rec t ions  to TCR in the calculation formulas  for the thermal  conductivity, the 
noneliminated par t  of the e r ro r ,  allowing for  the two contact layers  of the specimen, for dry contact (do) will be 
APdc = ] �9 10 -4 m 2. ~ and APoc = 0.35 �9 10 -4 m 2- ~ for wetted oil. 

In addition to mieroroughness  elements on the contact  surfaces ,  the TCR is also influenced by the p r e s -  
ence of the micrononuniformit ies ,  var ious  types of deviations of the surface  shape f rom plane-paral le l .  

In general ,  micronontmiformity  sources  a re  e r r o r s  in fabrication, nonuniform wear,  and mechanical  and 
thermal  deformations of the contact  plates of the thermal  measurement  cell and specimen. E r r o r s  due to 
manufacture and wear  a re  easi ly control led by ve ry  simple means,  for example with s t ra ight -edge templates,  
or  by taking impress ions  on a fiat surface .  Mechanical and thermal  deformations usually a r i se  during the test  
and it is considerably more  difficult to detect  them. For  design and operation of thermophysical  ins t ruments  
it is important  to establish the allowable deviations in the shape of the contact  surfaces  of the thermal  mea-  
surement  cells.  The p resence  of concavity or  convexity on the contact plate of the thermal  measurement  cell 
introduces a sys temat ic  e r r o r  into the measurement ,  and it is therefore  desi rable  to investigate the possibil i ty 
of allowing for  this by the same methods as  were used to eliminate TCR due to microroughnesses .  Our in te r -  
est  in prac t ice  is to consider  the influence of concavity and convexity of a maximum value of 0.1 to 0.2 ram. 

The p resence  of a gap of some shape w(r )  between the surface  of the specimen and the i so thermal  con- 
tact  plate is equivalent to introducing an additional TCR with the same law for distr ibution over  the surface 

Pc (r) = w (r)A m . 

We consider  a specimen in the fo rm of a p lanar  c i r cu la r  plate, over  the edge of which TCR is distributed in 
parabolic fo rm (Fig. 1) 

P (r) -- Pcirc - -  Pm r 2 -t- Pm" 
R= 

At the edge of the specimen the TCR is determined by the microroughness ,  and at the center  it is de te r -  
mined by the maximum bending. We shall make la te r  calculations for Pe i rc  = 0.4- 10 -4 m 2 .~  and Pm = 13. 
10 -4 m2"~ which cor responds  to a maximum bending of 0.2 mm and to filling of the contact layer  with 
PFMS-4 oil with k m = 0.15 W/(m" ~ Because of the symmet ry  we shall consider  only one half of the speci-  
men with a single contact  layer .  The total thermal  res i s t ance  of this sys tem can be obtained approximately by 
subdividing it with adiabats. (P~) and i so the rms  ( P ~ ) .  Here the true value of the res i s tance  PZ must  lie be-  
tween the values P~ and P~.  
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Analysis shows that for subdivision by adiabats the thermal  conduction of the sys tem can be calculated 
by the formula 

R 

Az ~ 2a* Pcirc-- Pm r 2 q_ Prn q- Psp 
0 Rz 

and the specific thermal  res i s tance  is given by the expression 

P c =  A:~ =[(Pcirc--Pm) P - - ~ P s - ~ ] J  

For  subdivision of the sys tem by i so therms,  eorrespondingly,  we obtain 

R 

i ~  rdr = ~rRz in (~mirC) 

4 

(3) 

and 

i + [ 1 /Pc l Pz=P:p ~ = P p  q- ~ lrl~-~mJJ " (4) 

It can be seen f rom Eqs. (3) and (4) that the specific values of TCR do not depend on the specimen 
l 

radius. In addition, in the cal ibrat ion tes t  with a copper  specimen, when Psp << Pc i rc ,  the resul ts  of the cal-  
culation with the two formulas  give identical resu l t s :  

i 

F rom Eqs. (3) and (4) we can determine the TCR due to macrononuniformit ies  
a a ' Pi =*'~ - - & p .  (5) 

L c �9 

The calculation of the TCR of the macrononuniformit ies  f rom the cal ibrat ion test  with a copper specimen, and 
a =  6.2. also with the different, subdivision sys tems,  gives the following resul ts :  PM = 3.6" 10- 4 m2" ~ Pc 

10 .4 m 2. ~ P~ = 3.6" 10 -4 m 2" ~ 

) = m 2  o For a specimen with an optimal thermal  res i s tance  of Psp 20" 10 .4 ~ the e r r o r  due to m a c r o -  
nonuniformities lies in the range 18-31~0 and must  be cor rec ted  for  in the formula.  When we introduce the c o r -  
rection (0 - 2.6) �9 10 .4 m 2" ~ the noncorrec ted  e r r o r  is PM, depending on which of the two est imates  Eq. 
(5) or  Eq. (6) lies c loser  to the real  case.  A numerica l  calculation on a computer  for specimens of 15 mm di- 
amete r  and an optimal thermal  res i s tance  of P~p = 20- 10 .4 m 2. ~ has shown that the est imate  of TCR for 
subdivision by adiabats pract ical ly  coincides with the real  TCR, which is obtained by considering the two- 
dimensional tempera ture  field in the specimen.  Thus, for mater ia l s  with thermal  conductivity 2,~ = 0.2 
W/(m.  ~ and )t a = 1.4 W/(m.~  the calculation gave a TCR of Pe, theoryl  = 6.2- 10 TM m 2. ~ and Pc , theoryl  
-- 5 .9 .10-  4 m 2 �9 ~ respect ively.  

F rom the resul ts  obtained we can recommend Eqs. (3) and (5) for specimens with Psp >- 20 .10  .4 m 2" 
~ to find the limiting value of the noneliminated e r r o r  due to macrononuniformit ies ,  and here  the value will 
not be overes t imated too much for >. < 10 W/(m-~  

Thus, Eqs. (3) and (5) can be used to choose the technical l imits for fabricating the contact  plates and 
determining their  allowable wear in operation. It should be noted that the formulas  obtained remain  valid even 
for a convex contact surface,  when Pc i r c  > Pro" 

As was mentioned ear l ier ,  another source  of macro i r r egu la r i t i e s  is thermal  deformation of the specimen. 
This a r i ses  when there  is a t empera tu re  drop through the specimen thickness. Gaps appear between the con- 
tact  plates of the thermal  measuremen t  cell and the specimen, and the thermal  contact becomes  nonuniform, 
which leads also to the appearance of an additional TC1R at the specimen boundary. In some cases  the thermal  
deflection of the specimen can reduce or  completely eliminate the applied compress ion  of the specimen be-  
tween the contact plates. It is known f rom thermal  s t r e ss  theory [3] that the deflection of the central  point of 
a freely supported c i rcu la r  plate is equal to: 
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TABLE 2. Calculation of Thermal  Deflection and Compensating 
P r e s s u r e  

Material 

Amorphous 
polymers 

Reinforced 
polymers 

Glass 
Ceramic 

E . l O - S ,  

Nlm 2 

15 

150 
 oog o 

B �9 10 5, 
I/.~ 

IO 

3 

0il 

W/(m �9 

-0,2 

0,3 
5 
7 

m] P "I04' 
~,m (m~~ 

1 50 

1 30 
lO 

5 

w v ,  ~ m  

84 

25 
0,17 
1,7 

~p, % 

11 

6 
0,1 
1,6 

p . 1 0  - l ,  

N/m ~ 

0,56 

1,7 
5,6 
190 

6M~ Rz (7) 
~A T - -  - -  

E,~3 

With a l inear t empera ture  distr ibution through the plate and tempera tu re  drop 4 in it, the specific bend- 
ing moment is [3] : 

h 

-T- 

M~ = ~E ~ t (x) xdx = I~E~h~i2 (8) 
h 

2 

By substituting Eq. (8) into Eq. (7) we can find the thermal  bending of a c i r cu la r  plate 

[ 3~R2 (9) 8PT 

2h 
Assuming that the thermal  bending w T is equivalent to an additional flat l ayer  of the same thickness with 

the thermal  conductivity of the oil, the relat ive e r r o r  in measur ing  the thermal  res i s tance  of the specimen is 
determined to be 

AP WTL 
6P 

Psp ~ m h 

The compress ive  s t r e ss  can be found by comparing the thermal  deflection w T and that of a f reely  supported 
c i rcu lar  plate Wp under a uniformly distr ibuted load (pressure)  p. The mechanical  deflection is [4]:  

wv--  PR~ ( 1 + - - ~ 4  ~ (10) 
64D k lq-~tJ 

The cylindrical  rigidity D appearing in Eq. (10) is:  

Eh 3 
D (11) 

12 ( l  - -  ~) 
Taking account of Eqs. (9)-(11) we find the contact p r e s s u r e  compensating for the thermal  deformation of the 
specimen: 

8~ff Eh 2 
P = 3R 2 (~tzq-4/~-- 5)" (12) 

Taking into account that the Poisson coefficient for  most  mate r ia l s  lies in the range 0 .15-  0.45, we can write 
Eq. (12) in a form convenient for use 

P = ( 0 . 6 - - 0 . 9 ) ~ E ( ~ )  2. (13) 

By way of example Table 2 shows the resul ts  of calculating the relat ive e r r o r  5 p and the compensating p r e s -  
sure  p for mater ia ls  with various physical  and mechanical  proper t ies .  The calculation was done for 15-ram- 
diameter  specimens with a t empera ture  drop of $ = 30~ and with the contact  zone filled with PFMS-4 oil with 
k m = 0.15 W/(m.  ~ It can be seen f rom Table 2 that in the investigation of amorphous and re inforced poly-  
mers  one must  always provide for applied compress ion  of the specimen, while for r igid mater ia l s  - g lasses ,  
ce ramics ,  etc., one cannot provide the s t r e s s  required to avoid thermaldef lec t ion;  but it is useful, in any case,  
to apply a p r e s s u r e  of (1-2) �9 105 N/m 2 to stabilize the contact  res is tance .  

The basic formulas ,  Eqs. (3), (9), and (13), canbe used also for flat specimens of more  complex s h a p e -  
squares,  hexagons, with the proviso that for  these one must  substitute the effective radius found f rom the con- 
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dition that specimen a reas  be equal. 

N O T A T I O N  

r ,x ,  ambient coordinates;  R, h, specimen radius and thickness; hart, hay2, average heights of m ic ro -  
roughnesses  of the contact  surfaces;  w ( r ) ,  deflection at the point r; w T,  Wp, deflections of the specimen een-  
t e r  f rom thermal  deformation and f rom pressure ;  M T, bending moment; D, eyl indrieal  rigidity; E, ~, Young's 
modulus and Poisson coefficient; ~B, s trength l imit  of the more  plast ic  mater ia l ;  ~, t empera tu re  coefficient  of 
l inear  expansion; ~, t empera tu re  drop in the specimen; p, p ressu re ;  Y, k, re la t ive  coefficients in calculating 
~m; l ,  kin, kM1, kM2, ~M, thermal  conduetivities of the spec imen,  the oil, the contact  mater ia l s ,  and the a v e r -  
age the rmal  conductivity of the pair  of mate r ia l s  in contact; C~c, a m, aM, specific the rmal  conductivity of the 
contact,  the medium, and the actual contact; Psp,  thermal  res i s t ance  (TR) of the specimen; APe,  noneliminated 
par t  of the TCR e r r o r  due to the di f ference in proper t ies  of the contact  mater ia ls ;  APde , APoc , random e r -  
r o r s  in determining the cor rec t ions  to the TCR for  the dry  and wet.contacts;  Pe i rc ,  Pro, TR due to maeronon-  

1 uniformit ies  at the edge and the center  of the specimen; PZ, P~,  Pr.,  t rue value and approximate values of TR, 
obtained by subdivision by adiabats and i so therms,  consist ing of one half the specimen and the gap due to mac-  
rononuniformit ies;  P~I, P ~ ,  TR of the sys tem consist ing of one half of a copper  specimen and l aye r  with sub- 
division by adiabats and i so therms;  Pc a, Pic, Pc, theory,  TR of the gap obtained by approximate subdivision by adia- 
bats,  i so therms ,  and numer ica l  solution; A~, A~, total thermal  conductivity of the sys tem specimen - l ayer  

with subdivision by adiabats and of the layer  with subdivision by isotherms;  AP and 6p, absolute and re la t ive  
? 

e r r o r s  in measu remen t  of the rmal  res i s t ance  of the specimen; Psp,  TR of half of the specimen.  

1.  

2. 

3. 
4. 
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